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HCV infection: Extrahepatic manifestations
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Abstract

Currently, there is no doubt that hepatitis C virus (HCV) infection is a systemic disease affecting not only
the liver but also a range of other organs — extrahepatic manifestations (EHMs). Extrahepatic manifestations
usually occur concurrently with liver disease, primarily have animmunological basis, and/or are a consequence
of the direct impact of HCV on virtually all organs. The scope of the problem is significant; it has been shown
that 30—40% of HCV-infected individuals are affected, which aligns with our own observations. Viral
elimination (either spontaneous HCV clearance or as a result of pharmacotherapy) is crucial for the patient’s
prognosis, both in terms of liver disease and EHM. Achieving a sustained virological response (SVR) only
in many cases of EHMs is associated with remission of clinical symptoms of EHMs.

Key words: HCV, liver, mixed cryoglobulinemia
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Highlights

(EHMs) alongside liver involvement.
systems.

nificant improvement of extrahepatic manifestations.

+ Hepatitis C virus (HCV) is a systemic disease, with 30-40% of patients developing extrahepatic manifestations
« EHMs in HCV are driven by immune-mediated mechanisms or direct viral effects, impacting multiple organ

+ Sustained virological response (SVR) after HCV clearance improves outcomes, often leading to remission or sig-

Introduction

The term “viral hepatitis C” is a significant oversimpli-
fication of the problem, as it does not encompass a range
of highly diverse liver diseases associated with HCV, nor
the numerous extrahepatic manifestations of this infection.
Currently, there is no doubt that HCV infection is a sys-
temic disease affecting not only the liver but also a variety
of other organs — extrahepatic manifestations (EHMs). Ex-
trahepatic manifestations typically occur alongside liver
disease, are largely immunologically mediated, and/or result
from the direct effects of HCV on multiple organs. Most
experts believe that at least 1 form of EHM appears in 30—
40% of those infected with HCV. Viral elimination (either
spontaneous clearance of HCV or as a result of pharmaco-
therapy) is crucial for the patient’s prognosis, both in terms
of liver disease — regardless of its stage — and extrahepatic
manifestations. In many cases, achieving a sustained viro-
logical response (SVR) is associated with remission of clini-
cal symptoms of EHMs. However, causal treatment initi-
ated at a late stage of HCV-related disease often does not
bring significant clinical benefits; hence, early diagnosis and
therapy of HCV infection are of vital importance.!

Epidemiology

Infections caused by primary hepatotropic viruses
— HBV, HCV, HAV, HEV, and HDV - are among the most
serious infectious disease challenges in the modern world.
According to the WHO, an estimated 50 million people
are currently infected with HCV, compared with approx.
71 million a decade ago. In 2022, 242,000 deaths were at-
tributed to chronic HCV infection, primarily from liver
cirrhosis or hepatocellular carcinoma. Spontaneous elimi-
nation of HCV occurs in about 15-45% of infected indi-
viduals, usually within a few months, while the remaining
55—85% develop chronic infection. For untreated patients
with chronic HCV, the risk of cirrhosis ranges from 15%
to 30% within 20 years. The highest prevalence of HCV in-
fection is observed in the Mediterranean region, China, In-
dia, Russia, as well as in Alaska and the USA. On the other
hand, many countries — primarily wealthy, but not only
European — are on a fast track to eliminate HCV by 2030,

such as Canada, Australia, and Japan. The global decline
in infections is due to advances in knowledge, improved
sanitary and epidemiological standards, the use of dis-
posable medical equipment, easier access to diagnostics
— especially molecular techniques — and better availabil-
ity of safe, well-tolerated antiviral therapies based on di-
rect-acting antivirals (DA As). In Poland, approx. 700,000
individuals have anti-HCV antibodies, but active viral
replication (HCV RNA positive) is detected in only about
150,000. In 2024, according to NIZ-PZH data, just 3,526
cases of chronic HCV-related liver disease and 44 cases
of acute hepatitis were diagnosed — figures that are highly
concerning given the estimated number of individuals with
active replication. Notably, the registry does not capture
cases presenting with extrahepatic manifestations of HCV
infection. At the current rate of diagnosis, elimination
of HCV in Poland may not be achieved until around 2060,
a timeline similar to that projected for the United States.}~

Extrahepatic manifestations
of HCV infection

The hepatic manifestations of HCV infection are well
characterized. In contrast, EHMs are often not linked
to HCV in the absence of active biochemical liver disease.
This frequently delays initiation of antiviral therapy, thereby
reducing the likelihood of cure and adversely affecting
mortality and treatment costs (Fig. 1,2).5 Moreover, nu-
merous diseases involving different organs show a statisti-
cally significant association with HCV infection, although
the nature of this relationship remains unclear. Does HCV
infection increase the risk of these conditions? What im-
munological mechanisms are involved? (Fig. 3).10-%7

HCV extrahepatic manifestations
in details

Mixed cryoglobulinemia

Mixed cryoglobulinemia (MC), most commonly typeII,
is the most frequent EHM of HCV infection. It is defined
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Typical HCV extrahepatic manifestations

Mixed cryoglobulinemia syndrome
Non-Hodgkin lymphoma

Porphyria cutanea tarda

Lichen planus

Necrolytic acral erythema
Autoimmune thyreoiditis

Diabetes mellitus t. 2

Kidney diseases

Arthritis, myalgias, sicca symptoms
Cardiovascular diesases

Depression

Fig. 1. Typical HCV extrahepatic manifestations

by the presence of cryoglobulins—immune complexes that
precipitate at temperatures below 37°C — and is associ-
ated with vasculitis and multiorgan involvement. Mixed
cryoglobulinemia occurs approx. 11 times more often
in HCV-infected individuals than in uninfected ones, af-
fecting about 4.9% of patients with HCV. Notably, around
90% of patients with cryoglobulins have detectable anti-
HCV antibodies and HCV RNA, confirming active in-
fection. Mixed cryoglobulinemia is both an autoimmune
and lymphoproliferative disorder, resulting from per-
sistent activation of B lymphocytes by HCV to produce

Less known and discussed extrahepatic
manifestations of HCV infection

Chronic fatigue

Slowed cognitive processes

Encephalopathy not associated with liver cirrhosis
Inflammation of the spinal cord

Cerebral circulation disorders and their consequences

Polyneuropathies, including restless legs syndrome

Fig. 2. Less known and discussed extrahepatic manifestations of HCV
infection

antibodies. Clinically, MC is usually mild, but in 5-10%
of cases it progresses to non-Hodgkin lymphoma, with
arisk 35 times higher than in the general population. Cryo-
globulins precipitate and deposit in the walls of small- and
medium-sized blood vessels, leading to vasculitis. The or-
gans most commonly affected are the skin, joints, kidneys,
central and peripheral nervous systems, gastrointestinal
tract, and heart. Typical symptoms include weakness,
purpura (skin hemorrhages), and joint pain, usually with-
out true arthritis. The joints most frequently affected are
the proximal interphalangeal and metacarpophalangeal
joints of the hands, as well as the knees and hips. Renal
involvement is manifested by proteinuria and hematuria,
which may progress to membranoproliferative glomerulo-
nephritis and renal failure. Neurological symptoms include
paresthesias, tingling, and burning sensations in the feet
and hands, reflecting peripheral polyneuropathy, while iso-
lated mononeuropathies are uncommon. In severe cases,

Other diseases statistically significantly associated with HCV infection (lack of data on the effectiveness of DAA)

gastroesophageal reflux disease

systemic lupus erythematosus, keratitis (Mooren's ulcer)

syndrome, psoriasis

annular granuloma, vitiligo, Behget's disease

Gastrointestinal diseases: Celiac disease, inflammatory bowel diseases, irritable bowel syndrome,

Cancers: Prostate cancer, esophageal cancer, pancreatic cancer, anal cancer; other head and neck cancers

Others: Parkinson's disease, pulmonary fibrosis, immune thrombocytopenic purpura, antiphospholipid syndrome,

Dermatoses with presumed association with HCV Infection: Nodular arteritis, sicca syndrome — incomplete Sjogren's

Dermatoses with incidental association with HCV Infection: Prurigo

Dermatoses with casuistic association with HCV Infection: Erythema nodosum, erythema multiforme,
vascular urticaria (usually in the acute phase; also occurring in the course of infections with other viruses),

Fig. 3. Other diseases statistically significantly associated with HCV infection (lack of data on the effectiveness of direct-acting antivirals (DAAs)
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MC can progress rapidly, leading to renal failure, intestinal
ischemia, and pulmonary hemorrhage.

Treatment involves DAAs. Achieving SVR leads to re-
mission of symptoms in about 70% of treated patients.
In patients with clinically severe MC, unfortunately,
the pharmacological elimination of HCV does not affect
the course of this condition. This group of patients requires
immunosuppressive treatment.*%°

Non-Hodgkin lymphomas

The risk of developing B-cell non-Hodgkin’s ymphoma
(B-NHL) is increased by 28% among individuals infected
with HCV compared to uninfected persons. A meta-
analysis based on 48 clinical studies demonstrated that
HCV infection is present in approx. 15% of patients with
B-NHL. Furthermore, 90% of patients with NHL and
circulating cryoglobulins have detectable HCV viremia.
The most common subtypes of NHL associated with
HCYV infection include: diffuse large B-cell lymphoma
(DLBCL), lymphoplasmacytic lymphoma (Waldenstrom’s
macroglobulinemia), marginal zone lymphoma (MZL)
— particularly splenic marginal zone lymphoma (SMZL)
and nodal marginal zone lymphoma (NMZL) — and
MALT lymphoma. It has been shown that 2/3 of HCV-
associated lymphomas tend to have a less aggressive
clinical course. Approximately 10% of HCV-infected
patients develop monoclonal gammopathy, character-
ized by the production of IgM kappa antibodies, which
may indicate an increased risk of multiple myeloma. HCV
infection can also be associated with polyclonal or oli-
goclonal hypergammaglobulinemia, most often involv-
ing IgG, which correlates with the severity of hepatitis.
Coexisting chronic hepatitis further increases the risk
of hepatotoxicity during lymphoma therapy, particularly
with rituximab..

Treatment: DAAs should be considered as first-line
treatment in cases of indolent lymphomas. For more ag-
gressive lymphomas (intermediate and high-grade), initial
treatment with immunochemotherapy followed by antivi-
ral therapy is recommended. It has also been demonstrated
that effective HCV treatment (achieving sustained viro-
logic response, SVR) statistically reduces the risk of devel-
oping NHL in previously infected patients.®8-13

Dermatological diseases

Compared with uninfected individuals, HCV infection
increases the risk of porphyria cutanea tarda (PCT) more
than 8.5-fold and of lichen planus (LP) approx. twofold,
particularly in patients with HCV genotypes 1 and 4.
Both PCT and LP occur in 1-2% of HCV-infected indi-
viduals, independent of the cutaneous manifestations
seen in MC.

K. Simon, M. Pazgan-Simon. HCV infection

Treatment: Effective antiviral therapy reduces the sever-
ity of PCT symptoms. However, its impact on the incidence
and clinical course of lichen planus has not been demon-
strated. Necrolytic acral erythema, a rare skin condition
associated with HCV and clinically resembling psoria-
sis, may recur even after successful antiviral treatment.
The association between other dermatological diseases
and chronic HCV infection remains unclear.®$-1217

Endocrine diseases

Type 2 diabetes and insulin resistance occur in up
to 15% of HCV-infected individuals and are more than
1.5 times more common than in uninfected populations.
HCV is an independent risk factor, conferring a 70% higher
likelihood of developing insulin resistance and type 2 dia-
betes. Impaired glucose metabolism, in turn, accelerates
the progression of liver cirrhosis, increases the risk of he-
patocellular carcinoma, and contributes to cardiovascu-
lar complications. Antiviral therapy with DAAs reduces
the incidence of insulin resistance and type 2 diabetes,
while in patients with pre-existing diabetes, it improves
glycemic control. Achieving sustained virological response
(SVR) lowers the risk of vascular complications, including
end-stage renal disease (by 84%), ischemic stroke (by 47%),
and acute coronary syndromes (by 36%).

Thyroid disorders, most commonly autoimmune con-
ditions such as Hashimoto’s thyroiditis and Graves’ dis-
ease, constitute the 2"! major group of endocrine diseases
associated with HCV infection. They occur in 2-13%
of HCV-infected individuals, most frequently presenting
as hypothyroidism. An increased risk of papillary thyroid
carcinoma has also been reported in this population.

Treatment: Antiviral therapy with DA As is considered
the standard approach for all forms of HCV-associated
thyroid disease.®1012

Kidney diseases

Compared with uninfected individuals, those with HCV
infection have an approx. 26% higher risk of developing
and progressing kidney disease. The clinical spectrum
is diverse — about 10% of HCV-infected individuals eventu-
ally develop renal manifestations, most commonly mem-
branoproliferative glomerulonephritis (MPGN) and, less
frequently, nephrotic syndrome. Membranoproliferative
glomerulonephritis is typically associated with mixed
cryoglobulinemia.

Treatment: The first-line therapy is antiviral treatment
with DA As. Effective antiviral therapy reduces proteinuria,
although it usually does not result in complete resolution
of kidney disease. In cases with rapidly progressive re-
nal deterioration, immunosuppressive therapy remains
the primary treatment approach.®*12
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Arthritis, myalgias, sicca symptoms

The prevalence of musculoskeletal symptoms (myalgia
and arthralgia) and sicca syndrome among individuals
infected with HCV is more than twice as high as in unin-
fected individuals. Joint pain occurs in 6-20% of patients,
while arthritis is observed in a significantly smaller per-
centage of HCV-infected individuals (about 4—5%). In pa-
tients with circulating cryoglobulins, joint pain is more
frequently observed, affecting even 40—-80% of those
infected with HCV. Arthritis is usually polyarticular,
symmetrical, and involves the joints of the hands, knees,
ankles, and spine. Clinically, it often resembles rheumatoid
arthritis, but without accompanying joint surface erosion
and deformities. The detection of rheumatoid factor may
lead to misdiagnosis of rheumatoid arthritis, as it is also
present in 40% of HCV-infected individuals. Approxi-
mately 10-30% of individuals infected with HCV experi-
ence symptoms related to dryness of the mouth, eyes, and
genital organs. Significantly fewer, about 5%, have Sjogren’s
syndrome defined by the presence of specific antibodies
(anti-SSA and anti-SSB) and histological changes.

Treatment involves the use of DA As, regardless of im-
munosuppressive and biological therapy.®810

Cardiovascular diseases

The risk of cardiovascular complications (ischemic
heart disease, chronic heart failure, ischemic stroke, ca-
rotid artery atherosclerosis) in patients infected with HCV
is approx. 20% higher than in the uninfected population,
particularly in those with active HCV replication (HCV
RNA positive). This also applies to patients with HIV/HCV
co-infection, which presents a more complex issue. There
are reports from Japan linking HCV infection with myo-
carditis and cardiomyopathy. The presence of HCV has
also been demonstrated within atherosclerotic plaques.
Undoubtedly, these relationships result from the influ-
ence of many not fully understood factors associated with
chronic HCV infection, including endothelial dysfunction
and low-grade systemic inflammation.

Treatment with DA As significantly reduces the risk
of developing cardiovascular diseases.®10-12

Neuropsychiatric disorders

The HCV infection has been shown to be associated with
more than a twofold increased risk of a range of neuropsy-
chiatric disorders, including mood disorders, depression,
cognitive dysfunction, sleep disturbances, and chronic
fatigue syndrome. There is also evidence of HCV’s involve-
ment in demyelinating processes, functional and organic
brain disorders, and even a connection with certain forms
of encephalitis. Various forms of depression occur in 24.5%

1801

of individuals infected with HCV, while sleep disturbances
and chronic fatigue affect as many as 60%. In our observa-
tions, these issues are seen in nearly all patients infected
with HCV.

Treatment: DAAs should be considered as first-line
treatment in milder cases and in the course of neurological
diseases of vascular and demyelinating origin, particularly
those associated with cryoglobulinemia. Achieving SVR
is associated with the resolution of neuropsychiatric symp-
toms, mainly chronic fatigue symptoms, and allows for
the discontinuation of antidepressant medications in some
patients.1014-16

Treatment summary: Extrahepatic
manifestations of HCV infection

Elimination of the virus through pharmacotherapy with
DAAs is crucial for patient outcomes in both liver dis-
ease and EHMs. In most, though not all, cases, achieving
a sustained virological response (SVR) is associated with
remission of EHM symptoms. When treatment is initiated
at an advanced stage of HCV-related disease, however,
clinical benefits are often limited, underscoring the im-
portance of early diagnosis and therapy. In a large cohort
of more than 25,000 individuals with HCV in British Co-
lumbia, Canada, DAA treatment significantly reduced
EHM-related mortality risk by 78—-84%.18-23

Conclusions

Chronic HCV infection is associated with a wide spec-
trum of clinical conditions beyond liver disease. Antiviral
therapy with DA As, irrespective of its effect on liver dis-
ease regression or progression, has a significant impact
on the remission of selected EHMs. In addition, successful
DA A therapy improves quality of life and positively affects
overall wellbeing.!8-23

Use of Al and Al-assisted technologies

Not applicable.
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Abstract

Adverse childhood experiences (ACEs), such as childhood abuse and neglect, have a profound impact on our
bodies, affecting the brain, autonomic nervous system, endocrine system, immune and inflammatory sys-
tems, as well as genetic expressions. Childhood maltreatment can leave long-lasting neurobiological scars,
significantly increasing the risk of developing both physical and mental disorders, including depression
and posttraumatic stress disorder (PTSD). The ICD-11, an international disease classification system, has
recently introduced new diagnostic criteria for what is known as complex PTSD. In this context, we will
briefly overview the neurobiological effects of ACEs, the associated health conditions they can lead to,
and potential pathways to recovery. These pathways include promoting the reinstatement of emotional
and interpersonal skills that may have been impaired during early development. Approaching ACEs from
a holistic perspective may open new avenues for more effective clinical practices for individuals suffering
both physically and mentally.

Key words: childhood trauma, childnood adverse experiences (ACEs), posttraumatic stress disorder (PTSD),
complex PTSD, evidence-based psychotherapy
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Highlights

pathways.

regulation, self-concept, and relationships.

functional self-organization.

+ Childhood maltreatment has profound and wide-ranging effects on long-term physical and mental health.
« Early-life trauma can cause persistent alterations in the brain, autonomic nervous system, endocrine, and immune

+ Exposure to childhood abuse increases the risk of developing chronic physical illnesses and psychiatric disorders.
+ Complex PTSD (CPTSD) is strongly linked to childhood maltreatment and involves disturbances in emotional

+ Treatment for CPTSD emphasizes rebuilding emotional regulation and interpersonal skills as well as restoring

Introduction

Medicine is the science and practice of diagnosing,
treating, managing, and preventing diseases, injuries,
and related health conditions in humans. Clinicians rec-
ognize the importance of viewing diseases and health
problems from a holistic, biopsychosocial framework.
For example, the cause of a liver disease can be attrib-
uted to habitual excessive alcohol intake. In that case,
we need to consider and address the maladaptive alcohol
intake in treating the disease itself. External stressors
(e.g., pathogens, allergens and harmful substance expo-
sure) have, of course, detrimental effects on the body,
but scientists have revealed that psychological stress-
ors, such as trauma, also significantly affect our physi-
cal conditions — the brain, autonomic nervous system,
endocrine system, immune/inflammatory system, and
gene expressions.

Unfortunately, in psychiatry, there is no established
objective marker to determine the presence of mental ill-
nesses. Stressful life events and dysfunctional family en-
vironments often precede the development of psychiatric
diseases; however, it is challenging to clarify the causal
relationship between them. Thus, psychiatric diagnoses
are primarily based on the information collected dur-
ing a medical interview, including the types and dura-
tion of symptoms that the patient experiences. Among
these conditions, posttraumatic stress disorder (PTSD)
is unique in that its diagnostic criteria explicitly require
exposure to a life-threatening event — a clearly defined en-
vironmental factor. Such traumatic events include combat
experience, natural disaster, motor vehicle accident, and
sexual assault.

Recently, the International Classification of Diseases,
11th Revision (ICD-11), introduced new diagnostic crite-
ria for complex posttraumatic stress disorder (CPTSD).
Itis a disease strongly associated with long-term, repeated
traumas, rather than a single trauma, which include ad-
verse childhood experiences (ACEs), such as abuse and
neglect from a principal caregiver. Notably, ACEs are one
of the most serious social problems, affecting over 1/3
of the population in developed countries, as indicated

by extensive epidemiological studies.! In addition, physi-
cally and sexually abused individuals are reported to have
a 40% prevalence rate of CPTSD.? Its diagnostic criteria
consist of the disturbance of self-organization (DSO),
in addition to 3 PTSD criteria of trauma re-experience,
avoidance and sense of threat. Disturbance of self-orga-
nization further has 3 types of symptoms: 1) affect dys-
regulation (e.g., sudden outbursts of anger and intense
mood swings), 2) negative self-concept (e.g., feeling of self-
worthlessness) and 3) disturbances in relationships (e.g.,
overdependence on or overavoidance from others). It can
overlap with the symptoms of attachment disorders and
borderline personality disorder.?

Here, we provide a brief overview of the neurobiological
impacts of ACEs, the associated health conditions, and
possible pathways to recovery, with a focus on CPTSD.

ACEs and neurobiological scars

Substantial evidence indicates that, irrespective
of the presence or absence of psychiatric diagnosis, in-
dividuals with ACEs exhibit blunted cortisol responses
to psychosocial stressors, and increased levels of in-
flammatory markers such as C-reactive protein (CRP).
In addition, they show exaggerated amygdala responses
to emotionally negative stimuli and possess decreased hip-
pocampal grey matter volume (see Hakamata et al.* for
a comprehensive review).

Although the mechanisms underlying these neurobio-
logical alterations remain unclear, animal studies have
reported elevated glucocorticoid and glutamate lev-
els, as well as overactivation of N-methyl-D-aspartate
(NMDA) receptors, in mice exposed to repetitive stressors
during early development. Among them, NMDA recep-
tor overstimulation is known to cause neuronal death,
inhibit neurogenesis, and reduce dendritic branching
in the hippocampus.® In contrast, decreased cortisol se-
cretion is observed in adults who have experienced ACEs,°
which initially seems to contradict the findings on exces-
sive glucocorticoid secretion in animal studies. However,
cortisol levels may have similarly increased in humans who
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experienced ACEs at certain points in early life, potentially
leading to disruptions in neuronal growth and generation
in the hippocampus, as well as dysfunction of the hypotha-
lamic—pituitary—adrenal (HPA) axis. Supporting this no-
tion, a few longitudinal studies demonstrated the decline
of cortisol levels over time in adolescents with ACEs,”8
while their CRP levels increased as time passed,’ sug-
gesting low-grade inflammation caused by blunted cor-
tisol secretion. Furthermore, peripheral inflammatory
markers can penetrate the blood—brain barrier when
systemic inflammation persists,'® exerting detrimental
effects on the central nervous system through multiple
pathways.!!

Importantly, ACEs increase the risk of developing stress-
related mental disorders such as PTSD and depression
by approx. 4—5 times.!>!? In addition, childhood maltreat-
ment confers a 1.5-fold increased risk of lung disease, gas-
tric ulcers, and arthritis. Sexual abuse increases the risk
of heart diseases by about 4 times, and neglect increases
the risk of autoimmune diseases by 4 times.'*

The neurobiological alterations associated with ACEs
can exist transdiagnostically and lead to the development
or the increased risk of mental (and/or physical) diseases
through complex interactions between various environ-
mental and genetic factors. Future research should elu-
cidate the neurobiological alterations and the pathways
leading to each medical disease.

Recovery from ACEs

The diagnostic notion of CPTSD is relatively new, and
systematic research on its effective treatment is still un-
derway. However, according to a meta-analysis on pre-
vious randomized controlled trials for PTSD patients
with at least 1 symptom among the DSO (i.e., CPTSD
syndrome), cognitive behavioral therapy (CBT), exposure
component alone (EA) and eye movement and desensiti-
zation reprocessing (EMDR), which are evidence-based
psychological treatments for PTSD, improve interpersonal
difficulties with moderate-to-large effect sizes.!> Despite
the lack of EMDR findings, CBT and EA also alleviate
negative self-concept with moderate-to-large effect sizes.
Nonetheless, the effectiveness of treatments for affect dys-
regulation remains unclear.

Recently, the Skills Training in Affective and Inter-
personal Regulation (STAIR) Narrative Therapy,'® de-
veloped for childhood trauma survivors, has attracted
significant attention as a new, promising treatment for
DSO in CPTSD. STAIR Narrative Therapy consists of 16
sessions, including skills training in affect regulation and
interpersonal difficulties (i.e., STAIR), and repeated ima-
ginal exposure to trauma with cognitive restructuring (i.e.,
Narrative Therapy). Narrative Therapy is similar to CBT
and exposure therapy, which encourage patients to recall
trauma memories vividly and repeatedly and thereby help
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them integrate fragmented memories into a part of their
autobiographical memory in a less threatening manner
through cognitive restructuring.’” The key feature of this
psychotherapy is that it includes the component of STAIR
to develop and strengthen patients’ skills to be aware of,
accept and manage their feelings and emotions, and ex-
press them more adaptively. The STAIR is also similar
to the emotion regulation group therapy,'® whose effec-
tiveness has been shown in patients with borderline per-
sonality disorder with significant problems in regulating
their intense emotions.!® STAIR focuses on the recovery
and redevelopment of emotional and interpersonal skills
impaired due to chronic childhood abuse, and has been
demonstrated to effectively improve CPTSD symptoms,
including DSO.20-2!

A meta-analysis, although a preliminary quantitative
synthesis, has found that evidence-based PTSD psychologi-
cal treatments reduced the exaggerated amygdala activity
towards negative stimuli, accompanying decreased activ-
ity in the insula and anterior cingulate cortex, in PTSD
patients.?? These findings suggest that individuals with
ACEs can recover from the neurobiological scars they have
sustained. Future research should elucidate the neurobio-
logical mechanisms by which STAIR Narrative Therapy
or other potential treatments can ameliorate DSO, address-
ing the difficulties stemming from ACEs.

Conclusions

Clinicians and scientists find essential to consider the ef-
fects of psychosocial stressors that significantly affect our
mind and body — from the brain, autonomic nervous sys-
tem, endocrine system, immune/inflammatory system,
up to gene expressions — especially for individuals with
ACEs associated with various mental and physical health
problems towards better medical practice, holistic treat-
ment, and support for them.

Use of Al and Al-assisted technologies
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Abstract

The U.S. Food and Drug Administration (FDA) recently approved a blood-hased biomarker to confirm diag-
nosis of Alzheimer’s disease (AD-BBMs). When used in conjunction with human expertise in the diagnosis
of neurocognitive disorder due to Alzheimer’s disease (AD), blood-based biomarkers could increase both
the accessibility and sustainability of medical practice and research. Indeed, AD-BBMs are likely to be more
cost-effective in the long term and conservative calculations performed here suggest that they would have
an approx. 10-fold and 36-fold lower carbon footprint compared to cerebrospinal fluid (CSF) lumbar punctures
and amyloid positron emission tomography (PET) scans, respectively. Their use will require a careful balance
of trade-offs to maximize benefits and minimize harms for current patients, while ensuring the sustainable
integration of these tools into healthcare systems so that diagnostic precision remains accessible to present
and future generations in an aging global population amid anthropogenic climate change.
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Highlights

accessibility of Alzheimer’s disease diagnosis.

practice by lowering medical emissions and resource use.

+ Alzheimer’s disease blood-based biomarkers (AD-BBMs), when combined with clinical expertise, can improve

« Sustainability analysis indicates that AD-BBMs have a significantly lower carbon footprint — approx. 10 times less
than CSF lumbar punctures and ~36 times less than amyloid PET scans.
+ AD-BBMs may reduce healthcare costs and promote environmentally sustainable Alzheimer’s research and clinical

Introduction: A newly-approved
blood test to help in the diagnosis
of Alzheimer’s disease

According to the World Health Organization (WHO),
in 2021, over 55 million people were living with dementia,
a clinical syndrome of neurocognitive disorder defined
by the coexistence of acquired cognitive impairment, as-
sociated with behavioral and psychological symptoms
leading to functional impairment.!

Alzheimer’s disease (AD), first described as a rare
condition in the early 1900s, became widely recognized
in the 1970s as the predominant cause of late-life dementia
based on converging clinical and pathological evidence.?
It is now estimated to account for approx. 40 million cases
of dementia worldwide. Alzheimer’s disease is a progres-
sive neurodegenerative disorder characterized by the accu-
mulation of amyloid-f and tau proteins in the brain, lead-
ing to progressive memory loss, cognitive and functional
decline, and neuropsychiatric symptoms.

Historically, AD was defined and confirmed by post-
mortem neuropathological examination in people who
died with neurocognitive dementia. This neuropathologi-
cal examination typically revealed the presence of senile
plaques containing amyloid-beta outside neurons, and
neurofibrillary degeneration containing tau protein inside
neurons. For as long as in vivo biomarkers of amyloid and
tau protein were not available, in vivo diagnosis of AD was
probabilistic. However, since the late 2000s, in vivo bio-
markers — positron emission tomography (PET) imaging
and cerebrospinal fluid (CSF) lumbar punctures — have
been used to confirm diagnosis of AD, mostly in high-
income countries.? These biomarkers are also increasingly
used to define, explain, and treat AD.? Some anti-amyloid
antibodies with modest effects on the slowing of cognitive
decline in AD have recently been approved in different
health systems.*

Against this backdrop, on May 16" 2025, the U.S. Food
and Drug Administration (FDA) approved the first blood
test for in vitro diagnosis of AD via the FDA Breakthrough
Device Designation mechanism:

The Lumipulse G pTau217/3-Amyloid 1-42 Plasma Ra-
tio is for the early detection of amyloid plaques associated

with Alzheimer’s disease in adult patients, aged 55 years
and older, exhibiting signs and symptoms of the disease ...
[in] a multi-center clinical study of 499 individual plasma
samples from adults who were cognitively impaired ... 91.7%
of individuals with ... Plasma Ratio positive results had
the presence of amyloid plaques by PET scan or CSF test
result, and 97.3 % of individuals with negative results had
a negative amyloid PET scan or CSF test result. Less than
20% of the 499 patients tested received an indeterminate....
Plasma Ratio result ... the new blood test can reliably predict
the presence or absence of amyloid pathology associated with
Alzheimer’s disease at the time of the test in patients who
are cognitively impaired. The test is intended for patients
presenting at a specialized care setting with signs and symp-
toms of cognitive decline. The results must be interpreted
in conjunction with other patient clinical information.®

I will analyze this regulatory decision and argue that for
the global community to capitalize on this significant mo-
ment in the history of AD, there will be an important trade-
off to be made between clinical relevance in medical practice,
increased accessibility to a diagnosis of AD and improved
environmental sustainability of healthcare practices.

In clinical practice, blood tests
in AD should only be used after
evaluation by a physician

The regulatory approval of a drug, diagnostic test or med-
ical device should be understood in the context of a whole
health system.® The health system in the USA has a decades-
long tradition of governance and oversight of medical deci-
sion-making. One of the founding distinctions of regulatory
oversight in the USA is the analytic separation between
medical research — contributing to generalizable knowledge,
and clinical practice — using existing medical knowledge
with the intention of improving lives.” As the FDA approval
states, this AD blood test is “intended for patients present-
ing at a specialized care setting with signs and symptoms
of cognitive decline ... in diagnosing Alzheimer’s disease”.”
In other words, this blood test has been approved for clini-
cal use. While the primary focus here is on its application
in diagnostic practice, its potential role in medical research
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— particularly in efforts to make academic medicine more
sustainable — will also be considered.

How, then, is AD diagnosed? Here, there is another
important distinction to draw, this time with regards
to the meaning of AD. The Alzheimer’s Association
in the USA, the largest patient association with signifi-
cant global influence in research, policy and advocacy,
has a specialist workgroup which defends a “continuum”
concept based on the famous amyloid cascade hypoth-
esis of AD.? According to this definition, AD starts with
AP accumulation, which triggers downstream biomark-
ers of tau and neurodegeneration, and ultimately ending
in dementia.® Importantly, these authors believe that AD
should be understood in deterministic terms, with the ar-
rival of dementia a matter of time in AB-positive individu-
als, even though the timescale between A accumulation
and cognitive decline remains unspecified and would hap-
pen after death due to other causes in many or even most
people. However, the authors argue that “mortality from
unrelated causes should not be a criterion used to define
what is and what is not a disease”.?

Global estimates suggest that over 400 million people
are on the AD continuum,’ that is, they are amyloid-posi-
tive and have A A-2024-defined biological AD (bAD), even
though most of them will never develop dementia during
their lifetime.!° Hypothetically, these new blood tests could
be used to diagnose bAD in more than 400 million people,
with the aim of offering a significant proportion of them
anti-Ap antibody therapy to reduce the risk of future cogni-
tive decline. We will argue in the following paragraphs that
this would be a mistake because bAD does not meet the cri-
terion of clinical relevance to current and future patients.

The authors of the AA-2024 diagnostic criteria them-
selves argue that “AD can be diagnosed in asymptomatic
individuals, but we do not believe this should be done for
clinical purposes at this time” (though the authors also
state that this recommendation “would change in the fu-
ture if disease-targeted therapies, currently being evaluated
in trials, demonstrate benefit in preventing cognitive de-
cline and are approved for clinical use in individuals with
preclinical AD”).® Therefore, to maximize the clinical rele-
vance of blood tests in AD, a different definition of AD will
have to be used. The International Working Group 2024
Clinical-Biological Construct of Alzheimer Disease (IWG-
2024) is grounded in a probabilistic, rather than deter-
ministic, relationship between amyloid accumulation and
the clinical state of cognitive decline.'! The IWG-2024
argues that symptoms of a neurocognitive disorder and
AD biomarkers are both required to establish a diagnosis
of AD.! The neurocognitive disorder is typically char-
acterized by progressive amnesia, language impairment
(aphasia), and behavioral dysregulation, although atypical
forms also exist. For most people, accumulation of AD
biomarkers alone is a state of risk for AD: AP+ individuals
are at risk of AD, and according to IWG-2024, the term
“preclinical AD” is reserved for people with genetic risk
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profiles that make dementia “in the near future” the excep-
tion rather than the rule for those people.!!

Only the IWG definition of AD can ensure the clinical
relevance of blood tests in clinical practice, i.e., their use
only after expert evaluation.!? A blood test on its own with-
out knowing someone’s cognitive status will not provide
clinically meaningful information to those who need it,'®
and asymptomatic bAD could lead to psychosocial harms,
including legal and financial consequences, and unnec-
essary treatment.!! Primary care physicians should also
be wary of direct-to-consumer promotion of these blood
tests which may brush over the issue of clinical relevance
in the name of access.!? Commercial entities thus have
an obligation to avoid overstating the clinical relevance
of blood tests for asymptomatic people.'*

Finally, it is vital that the diagnostic performance
of blood tests is confirmed in diverse, global populations.!®
Inconclusive test results (up to 1in 5) should motivate more
sophisticated imaging technologies to enhance diagnostic
accuracy. Now that we have established clinical relevance
as a necessary safeguarding criterion for the use of blood
tests in confirming diagnosis of AD, we can now explore
the 2 potential benefits they offer to global health: im-
proved accessibility to diagnostic confirmation and more
sustainable healthcare actions.

Confirmation of AD diagnosis

is currently high-tech, high-cost,
and low-accessibility: Blood
biomarkers could improve access
to diagnostic confirmation

The FDA’s language to describe their approval and
the IWG definition of AD lead us to the following claims.
Blood tests do not answer the question: Does this as-
ymptomatic person have AD? They instead provide
a (high-probability) answer to the question: Is this per-
son’s neurocognitive disorder due to AD? Thus, all that
blood biomarkers can currently do is confirm or rule out
a diagnosis of AD as part of a (simplified) 2-step clinical-
biological process (Fig. 1) that is required to establish di-
agnosis of AD according to best practices.!

Both Step 1 and Step 2 suffer from low access both within
countries (e.g., rural vs urban settings), including high-
income countries,'” and between countries. The majority
of over 55 million cases of dementia worldwide are undi-
agnosed, though in richer countries, this trend is reduc-
ing.!® Thus, investing in human expertise to establish cases
of neurocognitive disorder is arguably the most important
step that global medicine can take to improve access to di-
agnosis of AD and dementia worldwide, rather than overly
focusing on technological development.!® Blood-based bio-
markers of AD cannot directly bolster this process due
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Clinical-biological diagnosis of Alzheimer's disease

Step 1: Clinical Step 2: Biological

Expert judgment Confirmation

Neurocognitive disorder PET, CSF, BBM

Fig. 1. Simplified 2-step process for diagnosing clinical-biological
Alzheimer's disease (AD) following the approval of blood-based
biomarkers. Step 1 involves establishing an AD phenotype, a complex
process in itself, while Step 2 uses biomarkers to confirm the clinical-
biological diagnosis of AD

to the need for robust health systems to perform the expert
clinical work of Step 1 that requires years of trying in neu-
ropsychological assessment.'®

As for Step 2, prior to the approval of AD-BBMs, AD di-
agnosis has required detecting the presence of pathophysi-
ologic biomarkers with high specificity for post-mortem
neuropathology, including amyloid PET scans and CSF
concentrations of amyloid and tau proteins via lumbar
puncture or “spinal tap”. Topographic biomarkers are also
used to study the regional consequences of AD pathology,
such as regional hypometabolism on fluorodeoxyglucose
(FDQ)-PET, tau PET, and atrophy on structural magnetic
resonance imaging (MRI), which can be used to measure
disease progression.!®

Globally, Step 2 of the AD diagnostic process also suffers
from low accessibility, because neither PET scanners nor
CSF lumbar punctures are available in many countries.
Even in high-income countries where specialist infra-
structure exists, the average time from symptom onset
to an established diagnosis is approx. 3.5 years.? More-
over, CSF punctures involve some degree of invasiveness
and significant rates of patient refusal in global contexts,
and there are important contraindications for use in AD.?!

Furthermore, cost is an important factor. In the USA,
PET scans cost at least 5,000 USD and are not reimbursed
by medical insurance except when performed in research
contexts.?? Lumbar punctures cost approx. 1,000 USD and
are more likely to be reimbursed; therefore, they are used
more frequently in routine clinical practice. But for mem-
ory clinics, performing lumbar punctures is expensive due
to the staff required for the long procedure.?? While blood
tests are thought to be marketed at 500-1,000 USD?** com-
peting tests are deliberately being designed to lower costs.?
In the long term, it is likely that blood tests will remain
the most cost-effective option, but more universal, equita-
ble access will only be attained with insurance coverage.?

Thus, diagnostic confirmation of AD is currently high-
tech, high-cost, low-accessibility. The overall low acces-
sibility of AD diagnosis worldwide is a barrier to the right
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to healthcare, the founding mission of the WHO.?” If — and
only if — used in conjunction with human expertise to es-
tablish clinical-biological AD, access to BBM-ADs world-
wide could be a boon for accessibility to timely diagnosis
by reducing technological, financial and time barriers
to achieve the goal of timely diagnosis of AD.?

In research and practice, blood
tests for use in Alzheimer’s disease
could be a step towards more
sustainable healthcare

Current healthcare practices take place within a period
of human-exacerbated climate change. Climate change
is arguably the greatest health threat facing humanity
across the global population, and health impacts will fol-
low and further exacerbate existing gradients of health
inequalities facing people with neurological disorders,
which are the most burdensome diseases worldwide, af-
fecting around 3.4 billion people.?3° The effects of climate
change exacerbate ill health across the spectrum of neu-
rodevelopmental, neurological and neurodegenerative
diseases.?"*2 There is an emerging brain-climate research
program to study the vulnerability of the human brain
to the effects of climate change.®

But health research and clinical practice themselves are
a significant source of carbon emissions, due to wet labo-
ratory and clinical research, diagnostics, therapeutics and
anesthetics, and computational research.?*3> It is now rec-
ognized that there is a major need for sustainable health-
care practices in neurology.?> However, as mentioned
in Section 1, healthcare systems involve both clinical prac-
tice (e.g., diagnostics) and research, the latter meaning
the creation of generalizable knowledge about health and
disease.” Thus, awareness of climate change should lead us
to think of both research and clinical practice in the light
of a “healthcare-harm” trade-off: Energy-intensive actions
in both practice and research actually contribute to wors-
ened emissions and climate change, and thus worsened
(brain) health worldwide. Thus, AD-BBMs could be used
to make this healthcare-harm trade-off more favorable
by making diagnostic practices and research projects more
environmentally sustainable.

Let us take the example of imaging and AD diagnosis and
calculate approximate carbon footprints per patient. PET
scanners used to confirm AD diagnosis have an annual en-
ergy consumption of approx. 10-11 4-person households,
leading to the annual emission of approx. 15 tons of carbon
dioxide (CO,), and they cannot usefully be switched off due
to the hours-long process of recalibration for routine use.°
Excluding all of the costs of making a PET scanner as well
as the indirect energy costs during the 2—3 h period of a pa-
tient being in the hospital (e.g., heating and lighting) for
a PET scan, let us focus just on the amyloid PET scan itself,
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which takes around 30 min. Assuming scanner availability
for a 40-h working week in non-hospitalized (i.e., new)
patients, approx. 80 patients could be scanned per week.
Assuming some operational time costs due to preparing
the scanner for different patients, let us say that a single
PET scanner can be used to scan 70 patients per week,
for 50 weeks of the year to allow for holidays, meaning
70 x 50 = 3,500 patients per year. Dividing the 15,000 kg
of annual emissions by 3,500 patients leaves us with approx.
4.25 kg of CO, emissions per new patient scanned in a PET
scanner. Conversely, a full blood test, leads to the emission
of approx. 116 g of CO,, accounting for all consumables,
associated waste for blood draw, and electricity and water
use for laboratory analyses.?” A rough estimate indicates
thata BBM-AD blood test produces approx. x36 fewer CO,
emissions than a PET scan (4,250/116).

How about the carbon footprint of lumbar punctures?
Once more, we will not calculate indirect emissions due
to a longer procedure. However, no specific calculations
exist for the carbon footprint of lumbar punctures. Related
data from anesthesia and surgical interventions provide
a rough benchmark, as lumbar punctures require both
anesthetic agents and consumables. The anesthetics them-
selves have a low median converted carbon footprint, e.g.,
of approx. 75 g, whereas the footprint of the surgical
consumables (i.e., a spinal anesthesia administration set)
and the preparatory consumables (e.g., gowns) are closer
to a kilogram.? Given the 116 g CO, footprint of a full
blood draw, it can be reasonably stated that AD-BBMs
generate approx. 10-fold lower CO, emissions compared
with lumbar punctures.

These rough estimates suggest that AD-BBMs have
an approx. 10-fold and 36-fold lower carbon footprint
compared with CSF lumbar puncture and amyloid PET
scanning, respectively. This means that they can increase
resource stewardship*® and make for more sustainable
healthcare actions when used in line with best practice
recommendations.

This could also include healthcare research, for in-
stance, to replace PET in low-precision studies includ-
ing exploratory longitudinal studies, pilot intervention
studies, feasibility studies, and proof-of-concept studies.
However, the scope of AD-BBMs is likely to be more lim-
ited to research and diagnostic practice, as they cannot
achieve other goals of medical imaging, e.g., the use of pre-
cision MRI in monitoring the side effects of current and
future treatments for AD. It is vital that the sustainability
gains from the lower carbon footprint of blood tests do not
lead to their misuse in diagnostic practice, which could
lead to a loss of those gains in reduced emissions if they
are used excessively.?” There are many instances when
blood-tests are overused,*® and given the unmet needs
of people with AD, there is the risk that these diagnostic
aids contribute to overtesting, particularly if the warnings
of the defenders of the clinical-biological definition of AD
are not heeded.
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Conclusions

A recent analysis found significant evidence gaps
for AD-BBMs: Most research focuses on their techni-
cal capacity; many other papers tend to promote them
in commentaries and reviews; a handful of papers have
addressed their diagnostic accuracy, whereas hardly
any have studied their impact on patients and society.*!
These gaps, alongside the revised biological criteria for
AD proposed by the Alzheimer’s Association in 2024,
suggest the possibility of widespread, clinically irrelevant
use of AD-BBMs. This bias should be corrected by re-
focusing research on findings that meet the criterion
of relevance to current and future patients.

Nevertheless, if their relevance to global populations
is confirmed, and if they are used wisely in conjunction
with clinical expertise, AD-BBMs could be an accessible,
sustainable front-line tool to increase the coverage of con-
firmation of timely AD diagnosis. Their use will require
alogic of trade-offs to maximize gains and limit harms for
current and future patients.
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Abstract

Immunotherapy has revolutionized oncology; however, its efficacy remains limited by the immunosuppressive
tumor microenvironment (TME). This editorial synthesizes recent advances demonstrating how rationally
designed combination strategies — particularly those incorporating the transforming growth factor beta/
programmed death-ligand 1 (TGF-B/PD-L1) bispecific antibody platform (YM101/BiTP) and the multi-
cytokine-armed oncolytic virus VG161 — can overcome resistance mechanisms. By concurrently dismantling
immunosuppressive networks, activating innate immunity and remodeling the TME, these approaches show
superior preclinical activity across challenging tumor phenotypes. The integration of mechanistic insights
with evolving biomarker-driven strategies heralds a new era of personalized combination immunotherapy.
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Highlights

in cancer immunotherapy.

tumors.

« TGF-B/PD-L1 bispecific antibody (YM101/BiTP) effectively reprograms the tumor microenvironment, overcomes
immune exclusion and enhances antitumor immune activation, highlighting its potential for clinical translation

+ VG161, a multi-cytokine-armed oncolytic virus, exhibits synergistic effects by activating innate immunity and
enhancing antitumor immune responses, providing a promising therapeutic strategy for immunologically “cold”

Introduction

The advent of immune checkpoint blockade (ICB)
targeting the programmed cell death protein 1 (PD-1)/
programmed death-ligand 1 (PD-L1) axis has marked
a paradigm shift in cancer therapy.? While a subset
of patients experience durable responses, the overall
response rate remains limited.? This limitation is pri-
marily due to the complex immunosuppressive mecha-
nisms within the tumor microenvironment (TME).*>
The TME comprises a heterogeneous network of cellular
and molecular components — including immunosuppres-
sive factors such as tumor growth factor beta (TGF-)
and PD-L1, impaired antigen presentation, and physical
or structural barriers that limit immune cell infiltration
— that collectively hinder effective antitumor immune
responses.

As a result, non-inflamed tumors — often classified
as immune-excluded (T cells restricted to the stromal
margin) or immune-desert (minimal T cell infiltration)
— exhibit resistance to ICB monotherapy.®” Overcom-
ing this resistance requires combination strategies that
not only relieve immunosuppression but also enhance
immune activation.® Recent preclinical studies have
highlighted 2 promising modalities: bispecific anti-
bodies targeting complementary immunosuppressive
pathways, and oncolytic viruses engineered to de-
liver immunostimulatory payloads.”~!! This editorial
focuses on how these approaches, particularly when
combined, may reshape current strategies to overcome
ICB resistance.

The immunosuppressive TME
as the primary barrier

The TME functions as an immunosuppressive niche that
actively inhibits antitumor immunity.>-* Among the key
mediators, TGF-B and PD-L1 signaling pathways play cen-
tral roles. Transforming growth factor beta suppresses
the effector function of cytotoxic T lymphocytes (CTLs)
and natural killer (NK) cells, promotes the differentiation
of regulatory T cells (Tregs), induces cancer-associated fi-
broblast (CAF) activation, thereby generating desmoplastic

stroma that limits T cell infiltration, and promotes the ex-
pansion of immunosuppressive myeloid populations.!>-18
Concurrently, PD-1/PD-L1 signaling impairs the function
of activated T cells by inducing exhaustion, characterized
by reduced cytokine production and proliferative capac-
ity.1%20 Therefore, the co-expression and spatial proximity
of TGF-P and PD-L1 signaling contribute to a synergistic
suppression of antitumor immunity.

In addition, defective innate immune activation — par-
ticularly the failure of immature dendritic cells (DCs)
to present tumor antigens and prime T cells — underlies
the immune-desert phenotype.® Myeloid-derived sup-
pressor cells (MDSCs) and M2-like tumor-associated
macrophages (TAMs) further exacerbate immunosup-
pression by producing arginase, indoleamine 2,3-dioxy-
genase (IDO) and interleukin 10 (IL-10).21-2% This complex
interplay between stromal, immune and tumor compo-
nents results in T cell exclusion or dysfunction, thereby
limiting the efficacy of ICB in the majority of patients.?®
A comprehensive understanding of these mechanisms
is critical for designing rational and effective combina-
tion therapies.

Combination therapy:
A mechanistic approach
to overcome resistance

Given the redundancy and compensatory nature
of immunosuppressive pathways within the TME,
monotherapies targeting individual molecules are insuf-
ficient to restore antitumor immunity. Combination ap-
proaches that simultaneously modulate multiple aspects
of the cancer-immunity cycle offer a more effective strat-
egy.® Several therapeutic modalities have demonstrated
potential in combination with ICB. Chemotherapy and
radiotherapy promote immunogenic cell death, lead-
ing to antigen release and activation of DCs.?’-% Anti-
angiogenic agents normalize tumor vasculature, reduce
hypoxia and facilitate immune cell infiltration.3%3! Co-
stimulatory receptor agonists (e.g., CD40, OX40, GITR)
enhance T cell activation and expansion.3? Agonists
of the stimulator of interferon genes (STING) pathway
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activate type I interferon responses in DCs, promoting
cross-priming of CD8* T cells.33-3¢ Epigenetic modula-
tors reverse exhaustion-associated transcriptional pro-
grams in T cells,?” while metabolic regulators improve
nutrient availability and reduce acidity in the TME, thus
enhancing T cell viability and function.?** In this con-
text, bispecific antibodies that co-target non-redundant
immunosuppressive pathways provide a spatially coor-
dinated mechanism to inhibit immune evasion. These
molecules offer dual blockade within the tumor site and
may enhance efficacy while limiting systemic toxicity. 4°
Ultimately, the effectiveness of combination regimens
relies on mechanistic synergy — defined as the capacity
to overcome multiple rate-limiting steps across antigen
release, presentation, T cell priming, infiltration, and
effector function.

VG161 oncolytic virus: Multi-
mechanistic immune activation

Oncolytic viruses are a class of immunotherapeutic
agents capable of inducing direct tumor cell lysis while
stimulating innate and adaptive immunity.*! VG161 is a ge-
netically modified oncolytic herpes simplex virus type 1
(oHSV-1) that encodes 3 immunostimulatory transgenes:
IL-12, a single-chain IL-15/IL-15RA fusion protein and
a PD-LI-targeting peptide.*? These payloads are designed
to enhance local immune activation and counteract tumor-
associated immunosuppression.

Upon intertumoral injection, VG161 selectively repli-
cates in tumor cells, leading to immunogenic cell death
and release of tumor-associated antigens (TAAs). This
promotes the recruitment and activation of antigen-pre-
senting cells, particularly DCs.!! The locally expressed
IL-12 facilitates DC maturation and promotes Thl-type
immune responses. The IL-15/IL-15RA fusion protein sup-
ports the survival and expansion of NK cells and CD8*
T cells, while the PD-L1-targeting fusion protein blocks
inhibitory signaling in the TME.43-4°

Preclinical studies in breast cancer models have dem-
onstrated that VG161 increases the infiltration of CD4*
and CD8" T cells, as well as NK cells, while enhancing
the production of pro-inflammatory cytokines such
as tumor necrosis factor alpha (TNF-a) and interferon
gamma (IFN-y).!! Notably, VG161 exhibits strong synergy
with paclitaxel (PTX). In addition to its cytotoxic effects,
PTX facilitates antigen release and alters the TME to sup-
port viral replication and immune cell infiltration.4647
Sequential administration of VG161 followed by PTX re-
sults in enhanced tumor growth suppression, reduced
pulmonary metastasis and increased CD3* and CD8*
T cell infiltration in metastatic sites. These effects are
more pronounced with VG161 than with its parental virus
VG160, underscoring the importance of its immunomodu-
latory transgenes.

1815

Bispecific targeting of TGF-3
and PD-L1: From YM101 to BiTP

To overcome the limited efficacy of PD-1/PD-L1 block-
ade in immunosuppressive microenvironment, especially
in immune-excluded tumors, a bispecific antibody strat-
egy targeting both TGF-f3 and PD-L1 has been developed.
YM101, constructed using the Check-BODY™ platform,
combines binding domains for TGF-f and PD-L1 in a sin-
gle molecule.!® Preclinical studies showed that YM101 ef-
fectively inhibited TGF-B—Smad and PD-L1-PD-1 signal-
ing pathways, reversed epithelial-mesenchymal transition
(EMT) and enhanced T cell activation in vitro. In murine
tumor models, YM101 exhibited superior antitumor ac-
tivity compared to monotherapy. This was accompanied
by increased infiltration of CD8* T cells and dendritic
cells, a higher M1/M2 macrophage ratio, and enhanced
cytokine production, collectively promoting a ‘hot’ tumor
phenotype.

Building on these results, a humanized version
of YM101 — termed BiTP — was developed to enable trans-
lational application.’ BiTP retained high binding affinity
and functional activity against both TGF-p and human
PD-L1. In humanized TNBC models, BiTP exhibited en-
hanced antitumor efficacy over anti-PD-L1 or anti-TGF-
monotherapy. Mechanistically, BiTP reduced stromal col-
lagen deposition, improved CD8* T cell infiltration and
increased tumor-infiltrating lymphocyte density. These
changes contributed to immune reprogramming within
the TME and reinforced antitumor immunity. Together,
YM101 and BiTP exemplify a promising bispecific anti-
body approach that simultaneously alleviates immune
exclusion and checkpoint-mediated suppression, offer-
ing a novel therapeutic strategy for immune-excluded
tumors.

Future perspectives

Current limitations of immune checkpoint blockade
highlight the essential role of the immunosuppressive
TME in mediating therapeutic resistance. Accumulating
preclinical evidence supports the need for combination
strategies that concurrently target multiple immunosup-
pressive mechanisms within the TME. In our recent stud-
ies, we employed the TGF-/PD-L1 bispecific antibody
platform and the cytokine-armed oncolytic virus VG161
as complementary strategies to address TME-associated
immune exclusion and desert-like features.

The therapeutic efficacy of these platforms is further
enhanced when used in combination with agents targeting
innate immune activation or adaptive resistance. For ex-
ample, YM101 demonstrates improved antitumor activity
when combined with STING agonists, which enhance an-
tigen presentation and type I interferon responses within
the TME.3%48 In addition, resistance-associated features
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such as CCR5" T cell enrichment — identified through sin-
gle-cell RNA sequencing — may be targeted by agents such
as Maraviroc to further optimize therapeutic response.*’
VG161 also exhibits synergy with chemotherapeutic agents
such as paclitaxel, which not only induces direct cytotoxic-
ity but also modulates suppressive myeloid cells, thereby
amplifying systemic antitumor immunity and inhibiting
metastatic dissemination.

To facilitate successful clinical translation, several key
factors must be addressed. First, the development and
validation of predictive biomarkers are critical for strati-
fying patients according to TME immunophenotypes
(inflamed, excluded, desert) and dominant resistance
mechanisms. This will enable rational selection of per-
sonalized combination regimens. Second, optimization
of treatment sequencing and dosing is required to bal-
ance efficacy with toxicity. Third, ongoing exploration
of novel combination strategies — including integration
of bispecific antibodies or oncolytic viruses with meta-
bolic modulators, epigenetic therapies, co-stimulatory
receptor agonists, or adoptive cell therapies — holds
considerable therapeutic potential.>° Finally, advances
in spatial and single-cell multi-omics technologies are
expected to provide high-resolution insights into TME
dynamics during treatment, facilitating the identifica-
tion of emergent resistance pathways and novel thera-
peutic targets.>!

Conclusions

The integration of multi-targeted agents such as YM101/
BiTP and VG161, informed by mechanistic insights and
supported by biomarker-driven patient selection, rep-
resents a rational and promising approach to overcom-
ing the immunosuppressive TME. These strategies may
substantially broaden the clinical benefit of immuno-
therapy across a wider range of tumor types and patient
populations.
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Abstract

Background. Even though ongoing intervention is essential, several uncertainties remain about the man-
agement of intraoperative pressure wound ulcers in breast cancer patients.

Objectives. To evaluate the impact of the ongoing intervention for intraoperative pressure wound ulcer
problems related with female breast cancer patients, a meta-analysis study was conducted.

Materials and methods. Up until June 2024, comprehensive literature study was completed and 2,720 re-
lated studies were found. At the beginning point, 9 studies that were chosen included 1,467 women with
breast cancer. Using dichotomous or continuous techniques and a random model, the odds ratio (OR) and
mean difference (MD) and 95% confidence intervals (95% CIs) were used to evaluate the impact of continuous
intervention for intraoperative pressure wound ulcers-associated difficulties in women with breast cancer.

Results. In comparison to the control group of female breast cancer patients, continuous intervention resulted
in significantly better quality of life (QoL) (MD = 8.07;95% (I: 4.84—11.29, p < 0.001), fewer intraoperative
pressure wound ulcers (OR = 0.18; 95% CI: 0.13—0.24, p < 0.001) and higher Braden risk score (OR = 2.17;
95% (I: 1.91-2.31, p < 0.001).

Conclusions. In comparison to the control group, women with breast cancer undergoing continuous inter-
vention experienced a significantly better QoL fewer intraoperative pressure wound ulcers, and had a higher
Braden risk score. However, because there were not many studies chosen for comparison in the meta-analysis,
reader’s discretion is advised regarding its results.

Key words: breast cancer, continuous intervention, Braden risk score, intraoperative pressure wound ulcer


https://www.doi.org/10.17219/acem/197323

1820

X. Zhang et al. Pressure wound ulcer problem in breast cancer

Highlights

ulcers during surgery in women with breast cancer.

used with care.

» A meta-analysis study was done to find out how the current intervention is affecting problems with pressure wound

+ Compared to the control group, women with breast cancer receiving ongoing intervention had a much higher
Braden risk score, a much better quality of life and fewer pressure wound ulcers during surgery.
+ However, because there weren't many studies chosen for comparison in the meta-analysis, its results should be

Background

In China, approx. 500,000 new tumor cases and
300,000 cancer-related deaths were recorded in 2024,
accounting for around 30% of global tumor incidence
and mortality rates, respectively.! Malignant tumors are
extremely common and have a high death rate, making
them a serious threat to human health and life. In 2018,
about 2 million new cases and 1.5 million deaths globally
made breast cancer the most prevalent malignant tu-
mor.? The symptoms experienced by patients with breast
cancer are intricate and varied.? In therapeutic prac-
tice, pressure ulcers are commonly shown as a shared
clinical outcome.* Pressure wound ulcers affect mil-
lions people in the USA, the Netherlands, Germany,
and Australia.” In China, the prevalence of pressure
ulcers among the population ranges between 1.14% and
1.78%.° In addition to experiencing increased pain, pa-
tients with pressure ulcers may also suffer from feelings
of depression, anxiety and loneliness. Longer hospital
stays result in increased financial hardship on society
and families as a result of rising hospitalization costs and
social resource waste. As a result, this impacts the di-
agnosis and progression of the primary illness, poten-
tially complicating treatment outcomes. Pressure wound
ulcers are among the most costly medical conditions
due to the high expenses associated with their manage-
ment and treatment. Continuous intervention, based
on a specialized technical framework, encompasses
a range of activities guided by diagnosis and targeted
intervention strategies. These interventions are chosen
based on diagnostic characteristics, research findings,
the potential for functional recovery in women, and
the capabilities of both patients and healthcare provid-
ers. Young in a single-center randomized controlled trial
(RCT) demonstrated that the experimental group had
a significantly lower incidence of PRESSURE wound ulcer
complications compared to the control group as a result
of continuous care.” Nevertheless, this study showed that
pressure ulcer complications in breast cancer patients
after surgery were inevitable, depending on the length
of bed rest and whether continuous care was provided.®

Caregivers must take appropriate preventive measures
to reduce the risk of pressure wound ulcers and enhance

the quality of life (QoL) for immobile patients. There
is a positive correlation between the behavior of primary
caregivers and the severity of pressure ulcers.” Pressure
wound ulcers increase the strain on patients and care-
givers. It is critical to consider and investigate strategies
that improve patients’ QoL while reducing the incidence
of pressure wound ulcers in those with advanced breast
cancer. The usefulness of continuous care for breast cancer
patients who are having issues related to intraoperative
pressure wound ulcers is a hotly debated topic. Therefore,
to evaluate and resolve this issue, a comprehensive meta-
analysis is necessary. Even though ongoing intervention
is essential, several uncertainties remain about the man-
agement of intraoperative pressure wound ulcers in breast
cancer patients.

Objectives

We investigated the efficacy of continuous manage-
ment in preventing intraoperative pressure wound ulcers
in women with breast cancer using the meta-analysis
approach.

Methods
Eligibility criteria

To provide an overview, studies demonstrating how
continuous intervention can mitigate issues related to in-
traoperative pressure wound ulcers in women with breast
cancer were selected.””

Information sources

Figure 1 provides a comprehensive overview of the in-
vestigation. The literature was included in the study when
the following inclusion criteria were met!!:

1. The study was an RCT, observational, prospective,
or retrospective study.

2. The individuals under investigation were women who
had breast cancer.

3. The intervention was carried out continuously.
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4. The study evaluated the impact of ongoing interven-
tion for issues related to intraoperative pressure wound
ulcers in women with breast cancer.

Research on intraoperative pressure wound ulcers
in women without continuous intervention, research
on the characteristics of the effect of continuous interven-
tion for problems associated with intraoperative pressure
ulcers in breast cancer patients, and research that did not
emphasize the significance of the comparison were all
excluded.'?

Search strategy

Based on the PICOS approach, a search protocol opera-
tion was identified. We classified it as follows: QoL, intra-
operative pressure wound ulcers and Braden risk score were
the “outcomes”, continuous intervention was the “interven-
tion” or “exposure,” while the “comparison” was between
continuous intervention and control. Finally, “research de-
sign” meant that the planned research had no boundaries.'?

Until June 2024, we conducted a comprehensive search
across the following databases: Google Scholar, Embase,
Chinese Biomedical Literature Database, Cochrane Li-
brary, PubMed, and OVID. We did this by organizing key-
words and adding more keywords related to breast cancer,
intraoperative pressure wound ulcers, Braden risk score,
and continuous intervention (Table 1).14-1¢ To ensure that
the investigation accurately established a link between
the impact of continuous intervention on intraoperative
pressure wound ulcers in female breast cancer patients,
duplicate papers were removed and compiled into an End-
Note file, and their titles and abstracts were reassessed.”!8

Full-text excluded
because not related
to the study inclusion

criteria (n = 91)

Table 1. Methods of searching for selected databases

Database | Search strategy
#1 "breast cancer'[MeSH terms] OR “intraoperative
pressure wound ulcers'[MeSH Terms] [All fields]

PubMed #2 "Braden risk score"[MeSH terms] OR “‘continuous
intervention”[MeSH terms] [All fields]

#3  #1AND #2
#1 'breast cancer’/exp OR'intraoperative pressure

Embase wound ulcers’

#2 'Braden risk score’/exp OR’ continuous intervention’

#3 #1AND #2

#1 (breast cancer) :ti,abkw (intraoperative pressure
wound ulcers):ti,ab,kw (word variations have been

Cochrane searched? ) )

Uiy #2 (Braden risk score):ti,ab,kw OR (continuous
intervention):ti,ab,kw (word variations have been
searched)

#3 #1AND #2

Selection process

The meta-analysis method was used to organize and
assess the procedure that followed the epidemiological
proclamation.

Data collection process

Some of the criteria used to collect data included the first
author’s name, research data, year of study, country or re-
gion, population type, medical and treatment characteris-
tics, classification categories, quantitative and qualitative
evaluation methods, data sources, outcome assessments,
and statistical analysis."
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Data items

Main consequences of the inclusion parameter were
analyzed. All studies were conducted on females;
language of publication was neither an inclusion nor
an exclusion criterion. There were no restrictions
on the number of volunteers who could be found for
the research. As letters, reviews and editorials are not
appropriate for meta-analysis, these were not included
in our study.?!

Study risk of bias assessment

Two authors evaluated the selected papers’ methods
independently to assess the possibility of bias in each
study. Procedural quality was assessed using the “risk
of bias instrument” from the Cochrane Handbook for
Systematic Reviews of Interventions, v. 5.1.0.22.22 After
each study was classified using the assessment crite-
ria, they were categorized as having a medium bias risk
if 1 or more quality requirements were not met, and
as having a low bias risk if all requirements were met.
The research was deemed to have a significant bias risk
if multiple quality standards were either fully or partially
satisfied.

Effect estimates

Sensitivity analysis was limited to studies that as-
sessed and detailed the impact of continuous manage-
ment for intraoperative pressure wound ulcer issues
related with female breast cancer patients. The limited
availability of demographic data, such as age and ethnic-
ity, for comparison outcomes hindered the application
of stratified models to examine the effects of specific
factors.?3-2%

Statistical analyses

Using either dichotomous or continuous methods within
a random-effects model, the odds ratio (OR) and mean dif-
ference (MD), along with their 95% confidence intervals
(95% Cls), were calculated. The I? index was calculated
using a range from 0% to 100%, where values of 0%, 25%,
50%, and 75% indicated no, low, moderate, and high hetero-
geneity, respectively.?® The analysis used a p-value of less
than 0.05 to define the statistical significance of differ-
ences among subgroups.?’

Reporting bias assessment

We used the Egger’s regression test and funnel plots,
displaying the logarithm of the ORs against their standard
errors (SEs), to quantitatively and qualitatively assess pub-
lication bias. A p-value of less than 0.05 indicated the pres-
ence of significant bias.?8

X. Zhang et al. Pressure wound ulcer problem in breast cancer

Certainty assessment

Two-tailed testing was utilized to examine every p-
value. Graphs and statistical analyses were produced using
Reviewer Manager v. 5.3 (The Nordic Cochrane Centre,
the Cochrane Collaboration, Copenhagen, Denmark).?3°

Results

Out of 2,720 relevant studies meeting the inclusion
criteria, 9 articles published between 2015 and 2024
were selected for inclusion in this analysis.?!~3 Table 2
summarizes the findings of these studies. At the outset,
the research included 1,467 women with breast can-
cer, of whom 702 received continuous intervention and
765 were assigned to the control group. The sample sizes
across studies ranged from 68 to 260 women. Figures 2—4
illustrate that, compared to the control group, continuous
intervention in women with breast cancer resulted in sig-
nificantly improved QoL (MD = 8.07; 95% CI: 4.84-11.29,
p < 0.001) with high heterogeneity (I = 97%), a signifi-
cantly lower incidence of intraoperative pressure wound
ulcers (OR = 0.18; 95% CI: 0.13-0.24, p < 0.001) with no
heterogeneity (I = 0%), and a higher Braden risk score
(OR = 2.11; 95% CI: 1.91-2.31, p < 0.001) with no hetero-
geneity (I> = 0%). Using the quantitative Egger’s regression
test and visual interpretation of the funnel plots presented
in Fig. 5-7, no evidence of publication bias was detected
(p =0.90). However, as illustrated in Fig. 8, while there was
no bias in selective reporting, the majority of the included
RCTs exhibited poor procedural quality.

Discussion

A total of 1,467 female breast cancer patients were in-
cluded at the outset of the studies selected for the meta-
analysis. Among them, 702 patients received continuous
intervention, while 765 were in the control group.3'-%°

Table 2. Features of the chosen studies for the meta-analysis

Continuous

Country | Total intervention Control
Zeng and Yang, 20153 | China 68 35 33
Guan et al, 20153 China 218 110 108
Hu et al, 2016% China 260 130 130
Wang, 20173 China 165 83 82
Caoetal, 20173 China 130 65 65
Lilly et al,, 2017% China 200 100 100
Chen etal, 2017% China 120 60 60
Liu etal. 2019% China 106 53 53
Kong et al, 2024*° China 200 66 134
Total 1,467 702 765
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Continuous nursing intervention Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95%Cl Year IV, Random, 95% CI
Hu, 2016 44.01 8.31 130 3224 646 130 143%  11.77[9.96,13.58) 2016 &
Li, 2017 4412 8.29 100 3205 638 100 142% 12.07[10.02,14.12) 2017 -
Wang, 2017 5041 21 83 4583 259 82 14.9% 458(3.77,539 2017 o
Cao, 2017 452 24 85 359 33 65 148%  930[8.31,1029 2017 =
Chen, 2017 4402 8.32 80 3219 647 60 136%  11.83[9.16,14.50] 2017 —
Liu, 2019 5444 546 53 4498 487 53 142%  946([7.49 1143] 2019 =
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Fig. 2. The forest plot of the continuous intervention’s impact on breast cancer patients’ quality of life in comparison to the control group
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Fig. 3. The forest plot of the continuous intervention’s impact on intraoperative pressure wound ulcers in breast cancer patients in comparison
to the control group
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Fig. 4. The forest plot of the continuous intervention’s impact on the Braden risk score for breast cancer in comparison to the control group

In comparison to the control group, female breast cancer
patients undergoing continuous intervention experienced
a significantly better QoL and fewer intraoperative pres-
sure wound ulcers, and had a higher Braden risk score.
However, due to the limited number of studies included
in the meta-analysis for comparison, such as those utiliz-
ing the Braden risk score, caution must be exercised when
interpreting the results, as this may affect the significance
of the evaluated assessments.0-50

The overall death rate for breast cancer is the high-
est among all malignant tumors in women.*! Because
of the complex and varied symptoms that affect this
population, pressure wound ulcers are significantly more

common in women with breast cancer. Many anti-tu-
mor medications can lead to hypoalbuminemia, acute
malnutrition, increased cancer-related pain, and other
adverse effects in patients.*0414445> These treatments
also impact patients’ nutritional metabolism, food in-
take, nutrient absorption barriers, tumor cell catabo-
lism, and the biological activity of tumors. Inadequate
prompt intervention might lead to the rapid formation
of pressure wound ulcers.”? The community healthcare
system in China is still developing and has yet to reach
an optimal level. Patients with advanced breast cancer are
primarily cared for at home by their relatives, and the pa-
tient’s QoL is directly affected by their understanding
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Fig. 6. The intraoperative pressure wound ulcer control vs ongoing
intervention funnel plot for breast cancer

of pressure wound ulcers. The incidence of pressure ul-
cers is also strongly linked to life satisfaction.”® As pa-
tients transition from the hospital back to their families
or communities, aftercare includes hospital discharge
planning, referrals, ongoing follow-up, and counseling.
The integration of the telemedicine-specific model and
telemedicine platform, which includes the use of web-
based education programs, encouraging self-management
patient applications, and the peer-based patient-driven
platform of pressure wound ulcer continuity care model,
are the main components of the care model continuity,
as reported in various experiments.”**® Researchers from
many places are progressively employing a multidisci-
plinary approach to pressure wound ulcer therapy.#26-50
The guidelines for treating pressure wound ulcers include
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laser therapy as the lowest recommended grade of treat-
ment. However, they also contribute to a broader under-
standing of the management of the disease.>® Patients’
firsthand experience with the coordination and continu-
ation of medical treatments is what continuity of care
is all about. They will be naturally encouraged by this,
and it will help to promote their health.

Limitations

Assortment bias may have occurred. We also lacked
the information needed to conclude whether certain
characteristics, such as race and age, had an impact
on outcomes. Bias may have been amplified due to the in-
clusion of incomplete or inaccurate data from previous
studies. Factors such as age, race and nutritional status
of the women were likely sources of bias. Additionally,
incomplete data and unpublished research could have un-
intentionally led to skewed values.

Conclusions

In comparison to the control group, women with breast
cancer undergoing continuous intervention experienced
a significantly better QoL and fewer intraoperative pres-
sure wound ulcers, and had a higher Braden risk score.
However, due to the limited number of studies included
in the meta-analysis for comparison, such as those utiliz-
ing the Braden risk score, caution must be exercised when
interpreting the results. This limitation may affect the sig-
nificance and reliability of the evaluated assessments.
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Abstract

Background. Flevated intracranial pressure (ICP) significantly worsens neurological outcomes and mortality
rates in patients with traumatic brain injury (TBI). Hypertonic saline (HTS), a hyperosmolar treatment, controls
elevated ICP in TBI patients. However, there is still debate regarding the efficacy of HTS in managing TBI.

Objectives. To assess the effectiveness of HTS in lowering elevated ICP in TBI patients with TBI.

Materials and methods. A systematic search was conducted using 4 electronic databases (PubMed,
Embase, Scopus, and Cochrane Library) to select relevant articles published in peer-reviewed journals. The risk
ratio (RR) and mean difference (MD) were calculated, along with their 95% confidence intervals (95% CIs).
Heterogeneity was assessed using Cochrane Q, I statistics and p-value. RevMan 5.4 was used.

Results. The current meta-analysis included 965 TBI patients from 15 randomized controlled trials (RCTs).
We found that HTS was significantly more effective than other ICP-lowering agents with RR of 0.74 (95% CI:
0.58—0.94) for reduction of elevated ICP; RR = 0.57 (95% (l: 0.40—0.81) for all-cause mortality; RR = 0.68
(95% (I: 0.49-0.95) for rate of adverse hypernatremia; RR = 0.73 (95% CI: 0.60—0.88) for substantial
change in the Glasgow Outcome Scale (GOS) score and shorter period of hospital stay with MD of —1.26
(95% (I: —2.30 to —0.21).

Conclusions. We found that HTS is considerably effective in reducing elevated ICP with improvement
in long-term neurological functions, all-cause mortality, rate of hypernatremia, and length of hospital stay
in TBI patients.

Key words: hypertonic saline, intracranial pressure, traumatic brain injury, neurological outcomes, mortality
rates
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Highlights

in individuals with TBI.

1. Traumatic brain injury (TBI) occurs when the brain is harmed by a quick, external and violent impact, such
as in sports or car accidents. Worldwide, it is a leading cause of mortality and lasting disability in people.
2. Increased intracranial pressure (ICP) has a major negative impact on neurological outcomes and mortality rates

3. Hypertonic saline (HTS), a hyperosmolar therapy, manages increased ICP in TBI patients. However, there is still
some dispute over the efficacy of HTS in TBI treatment.

4. The present analysis shows that HTS outperforms other hyperosmolar agents like mannitol in reducing ICP, im-
proving neurological outcomes, reducing mortality and shortening hospital or ICU stays in acute TBI patients.

Introduction

Traumatic brain injury (TBI) occurs when the brain is
damaged due to a sudden, external and forceful impact!
often caused by serious sports-related accidents or vehicu-
lar collisions.? This condition is a leading cause of fatalities
and permanent disabilities in adults worldwide.® Possible
symptoms of TBI include cognitive disorientation, im-
paired visual acuity and difficulty concentrating, which
may manifest either promptly or with a delay.* Following
a TBI, blood leakage from blood vessels between the me-
ninges leads to the development of subdural hematomas®
and an increase in intracranial pressure (ICP),® which
in turn increases the risk of brain herniation and is as-
sociated with worse clinical outcomes. Most TBI fatalities
result from an uncontrolled increase in ICP, which often
occurs within the first 48 h following the event.”

Emergency care for moderate-to-severe TBI emphasizes
ensuring that the patient has enough oxygen and blood
flow, keeping blood pressure stable and preventing fur-
ther head or neck injury.® Therefore, reducing ICP using
potential hyperosmolar treatments, including mannitol
and hypertonic saline (HTS), is a critical part of treating
patients with mild-to-severe TBL’ The initial rapid infusion
of large volumes of mannitol and a hypertonic crystalloid
solution helps restore blood pressure and blood volume.!
A hyperosmolar solution changes the viscosity and micro-
circulation of blood, causes the pial arteriolar constriction,
creates an osmotic gradient that pulls cerebral edema fluid
from brain tissue into the bloodstream, and lets the cere-
brospinal fluid leave the brain and lowers the ICP.}112

Since TBI severely impairs the quality of life. Research-
ers are investigating numerous therapeutic approaches
to address this issue. Hypertonic saline is an osmotic agent
that can be beneficial to patients during the acute phase
of severe TBI as it reduces the detrimental consequences
of secondary brain injury and regulates ICP by extract-
ing fluid from enlarged cerebral tissue.!>!* Nevertheless,
the most recent guidelines from the Brain Trauma Founda-
tion 2016'° state that there is “insufficient evidence avail-
able from comparative studies to support a formal recom-
mendation” for the use of HTS, even though it is becoming

more popular in this setting and earlier studies have shown
its clinical benefits. One possible side effect linked to HTS
use is severe hypernatremia.'®

Therefore, researchers have conducted numerous ran-
domized clinical trials (RCTs), comparing infusions of dif-
ferent hyperosmolar treatments with HTS to investigate
their efficacy in terms of reducing ICP in patients suffering
from acute TBIL. However, the impact of a continuous HTS
infusion on neurological function, long-term functional re-
sults, all-cause mortality, long-term ICP management, and
adverse effects as compared to standard treatments is still
not clear. Therefore, in the present study, 15 RCTs-3!
comparing the effect of HTS with other ICP-lowering
hyperosmolar treatments were selected according to pre-
defined inclusion-exclusion criteria and meta-analyzed.

Objectives

The aim of this systematic review and meta-analysis
was to assess the effectiveness of HTS on the reduction
of elevated ICP in patients with TBI.

Materials and methods
Search strategy and selection criteria

This meta-analysis and systematic review comply with
the reporting standards established in the Preferred Re-
porting Items for Systematic Reviews and Meta-analysis
(PRISMA) statement.?? We conducted a systematic review
of RCTs that compared the efficacy of HT'S with other ICP-
reducing agents in the reduction of elevated ICP in patients
with TBI. The investigation concentrated on individuals of all
ages who were experiencing elevated ICP as a result of TBL

The primary outcome of interest was the change in
Glasgow Outcome Scale (GOS) scores after 6 months,
all-cause mortality, rate of hypernatremia, rate of uncon-
trolled ICP, and length of hospital stay. The investigation
did not include trials that involved animal studies, studies
that were not randomized, or studies that did not provide
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Database | Search strategy
#1 "Hypertonic Saline” OR“HTS" OR “Intracranial Pressure Lowering Agents” OR “Traumatic Brain Injury” OR“TBI" OR “Intracranial Pressure”
OR"ICP"OR “Glasgow Outcome Scale (GOS) score”

Seels #2 "All-cause mortality” OR “total length of stay” OR “Osmotherapy” OR “reduction in uncontrolled ICP” OR “Hypernatremia” OR “Mannitol,"
OR"Mechanical ventilation” OR “Intravenous bolus infusion” OR “Cerebral perfusion pressure” OR “Randomized controlled trial” OR“RCT"
OR“Systematic review" OR “meta-analysis”

#3 #1 AND #2

#1  "Hypertonic Saline” OR "HTS" [MeSH Terms]* OR “Intracranial Pressure Lowering Agents” [All Fields] OR “Traumatic Brain Injury” [MeSH
terms] OR“TBI"[All fields] OR “Intracranial Pressure” [All Fields] OR“ICP" [All Fields] OR “Glasgow Outcome Scale (GOS) score” [All fields].

#2  "All-cause mortality” [MeSH Terms] OR “total length of stay” [All Fields] OR “Osmotherapy” [All Fields] OR “reduction in uncontrolled

PubMed ICP"[All Fields] OR "Hypernatremia” OR “mannitol” [All Fields] OR "Mechanical ventilation” [All Fields] OR “Intravenous bolus infusion”
[All Fields] OR “Cerebral perfusion pressure” [All Fields] OR “Randomized controlled trial” [All Fields] OR“RCT" [All Fields] OR “systematic
review” [All Fields] OR “meta-analysis” [All Fields]

#3 #1 AND #2
#1 “Hypertonic Saline’/exp® OR “HTS"/exp OR “Intracranial Pressure Lowering Agents'/exp OR “Traumatic Brain Injury”/exp OR “TBI"/exp
OR“Intracranial Pressure”/exp OR“ICP"/exp OR “Glasgow Outcome Scale (GOS) score”.

Ermbase #2 "All-cause mortality"/exp OR “total length of stay”/exp OR “Osmotherapy”/exp OR ‘reduction in uncontrolled ICP"/exp OR
“Hypernatremia”/exp OR “Mannitol”/exp OR “Mechanical ventilation”/exp OR “Intravenous bolus infusion/exp OR “Cerebral perfusion
pressure’/exp OR “Randomized controlled trial”/exp OR“RCT"/exp OR “Systematic review"/exp OR “meta-analysis’/exp

#3 #1 AND #2

#1  (Hypertonic Saline): ti, ab, kw® OR (HTS): ti, ab, kw OR (Intracranial Pressure Lowering Agents): ti, ab, kw OR (Traumatic Brain Injury) ti,
ab, kw OR (TBI): ti, ab, kw OR (Intracranial Pressure): ti, ab, kw OR (ICP): ti, ab, kw OR (Glasgow Outcome Scale (GOS) score): ti, ab, kw
(Word variations have been searched)

Cochrane #2  (All-cause mortality): ti, ab, kw OR (total length of stay): i, ab, kw OR (Osmotherapy): ti, ab, kw OR (reduction in uncontrolled ICP):

Library ti, ab, kw OR (Hypernatremia): ti, ab, kw OR (Mannitol): ti, ab, kw OR (Mechanical ventilation): ti, ab, kw OR (Intravenous bolus infusion):
ti, ab, kw OR (Cerebral perfusion pressure): ti, ab, kw OR (Randomized controlled trial): ti, ab, kw OR (RCT): ti, ab, kw OR (Systematic
review): ti, ab, kw OR (meta-analysis): ti, ab, kw OR (Word variations have been searched)

#3 #1 AND #2

# MeSH terms — Medical Subject Headings; $ exp — explosion in Emtree-searching of selected subject terms and related subjects; @ ti, ab, kw: either title

or abstract or keyword fields.

hyperosmolar prophylaxis. There were no restrictions re-
garding language or year of publication. We conducted
an exhaustive search of the scientific literature databases
Embase, PubMed, Scopus, and Cochrane Library for pub-
lications released prior to April 30, 2024.

The following search terms were employed: “Hypertonic
Saline” OR “HTS” OR “Intracranial Pressure Lowering
Agents” OR “Traumatic Brain Injury” OR “TBI” OR “In-
tracranial Pressure” OR “ICP” OR “Glasgow Outcome
Scale (GOS) score”, “All-cause mortality” OR “total length
of stay” OR “Osmotherapy” OR “reduction in uncontrolled
ICP” OR “Hypernatremia” OR “Mannitol,” OR “Mechani-
cal ventilation” OR “Intravenous bolus infusion” OR “Cere-
bral perfusion pressure” OR “Randomized controlled trial”
OR “RCT” OR “Systematic review” OR “meta-analysis”.
Keywords were identified and evaluated for agreement
in both the MEDLINE and Embase databases in accor-
dance with the PICOS criteria.®

The keywords that were specified were inserted into
the Title (ti)-Abstract (abs)-Keyword (keyword) field dur-
ing the Scopus search. The Cochrane Library database
employed the search keywords “traumatic brain injury,”
“elevated intracranial pressure” and “hypertonic saline.”
The PICO framework was employed to establish precise
selection criteria. The letter “P” was employed to iden-
tify patients who had experienced TBI. Hypertonic saline
was implemented by the intervention group to mitigate
elevated ICP. Mannitol and other ICP-lowering agents were

represented by the letter “C.” The change in GOS scores
at 6 months, all-cause mortality, rate of hypernatremia,
rate of uncontrolled ICP, and duration of hospital stay as-
sociated with the use of HTS compared to control agents
were the primary clinical outcomes, denoted by “O.”

The design of the study was confined to the applica-
tion of RCTs. The methodology utilized in our investiga-
tion was based on the approach used in the formulation
of the World Health Organization (WHO) guideline.3*
Further articles were discovered by employing backward
and forward citation tracking on previously published
meta-analyses and the studies included therein.

Table 1,73 delineates the comprehensive search
strategy. The titles, abstracts and full texts of potentially
qualifying publications were independently evaluated
by 2 reviewers, X.R. and S.L. Any discrepancies between
the 2 reviewers were resolved through discussion, and
the 3" author (J.G.) was consulted as needed.

Data analysis

The current investigation encompassed studies that pro-
vided comparative data on the efficacy of HTS compared
to other ICP lowering agents in the reduction of elevated
ICP in TBI patients. The studies were selected on the ba-
sis of their ability to provide full texts and an adequate
amount of data for a 2x2 table. Bibliographic references
that were outdated, anecdotal or wholly expert-based were
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excluded from the examination process. The demographic
profiles of the patients and event data, including relevant
components, were independently collected from the stud-
ies included in the analysis by 2 researchers (X.R. and S.L.).
The data were collected using a predetermined form and
comprised the following: the authors, publication year,
country, total number of patients, age of patients, condi-
tion of patients at admission, intervention and control doses,
and primary and secondary outcomes. In the event that
the publishers” data was insufficient or ambiguous, they
were contacted to obtain supplementary information. For
instance, clarification was sought when the dosage of ICP
lowering agents was unclear. All-cause mortality, rate of hy-
pernatremia, rate of uncontrolled ICP, length of hospital stay,
and change in GOS scores at 6 months were the primary
outcomes evaluated.

Risk of bias assessment of included studies

The researchers employed a standardized questionnaire
to evaluate the studies under investigation for any potential
biases. The Cochrane Risk-of-Bias tool v. 2 was employed
by 2 authors to independently assess the risk of bias in indi-
vidual investigations.3 Five components comprised the tool:
bias induced by randomization, bias resulting from devia-
tions from intended interventions, bias due to lacking out-
come information, bias during outcome evaluation, and bias
in selecting out the reported outcomes. In order to evalu-
ate potential bias, 2 researchers (X.R. and S.L.) conducted
an impartial evaluation. An additional reviewer (J.G.), as-
sumed the role of an arbitrator to resolve any remaining
disputes. Ultimately, the potential bias was evaluated and

” «

classified as either “uncertain risk”, “high risk” or “low risk”.
Statistical analyses

A comparison-adjusted funnel plot was employed to eval-
uate publication bias and small-study effects.¢ Begg’s test?”
was implemented by MedCalc software v. 23.1.7 (MedCalc,
Ostend, Belgium).?® to verify the statistically significant
impact of this bias. The software program Review Manager
(RevMan) v. 5.4 (The Cochrane Collaboration, The Nordic
Cochrane Centre, Copenhagen, Denmark)*® was imple-
mented to assess and analyze the impact of various con-
tinuous and dichotomous outcomes. In order to evaluate
binary outcomes, relative risks (RRs) were calculated for
each study, along with 95% confidence intervals (95% CIs)*
and the mean difference (MD).*! The risk ratio (RR) was
computed using the DerSimonian-Lair method*? and
a 2x2 table* that contained event data. The quantitative
evaluation excluded studies that did not report any selected
primary or secondary outcome. The objective of forest
plots** were created to assess the impact of various out-
come determinants. The heterogeneity was evaluated using
statistical methods, including the I? test* and the 2 test,*
which were used in conjunction with a p-value. A random

X. Ren et al. Hypertonic saline and ICP

effect model” was implemented due to the fact that the in-
vestigations were conducted in different settings. Statis-
tical significance is defined as a p-value that is less than
0.05.%8 In order to evaluate the efficacy of HTS in reducing
elevated ICP in acute TBI patients in comparison to control
agents, a subgroup analysis was conducted.

Results
Study selection outcomes

An extensive electronic survey was done by searching
across multiple databases. A total of 318 papers were identi-
fied that satisfied the inclusion criteria specified in the PI-
COS criteria. Out of the 265 articles that were considered,
53 papers were excluded because they had duplicate con-
tent or titles and abstracts that were not relevant. After
conducting additional screening, a total of 135 papers were
then evaluated to determine their eligibility. However, after
applying the inclusion-exclusion criteria, it was determined
that 130 research did not meet the requirements and were
consequently excluded. Subsequently, the remaining 65 ar-
ticles were assessed to determine their suitability. Among
the whole pool of studies examined, 50 were eliminated,
mostly because they did not match the inclusion criteria,
did not provide enough data to create 2x2 tables or did
not have significant outcome measures. Ultimately, this
meta-analysis included a total of 15 RCTSs that met the pre-
defined inclusion-exclusion criteria, as depicted in Fig. 1.
The researches included in the analysis involve a combined
total of 965 participants, spanning various age groups.
The salient features of the publications considered in this
meta-analysis are outlined in Table 2. The text provides
information on the authors’ identification and the year
of publication, the study design, the condition of the pa-
tients, the total number of patients, the age of the par-
ticipants, the dosage of the intervention and comparator,
as well as the primary and secondary outcomes. In addi-
tion, data regarding the events in the 2x2 table were ob-
tained from the aforementioned research for the purpose
of conducting a meta-analysis.

Quality assessment of the included studies

An assessment of potential risk of bias was executed
out to calculate the overall rating for the study’s quality.
Table 3 displays the results of the risk of bias assessment
for each of the 15 RCTs that were included, using the pre-
determined questionnaire. The current meta-analysis
exhibits a low risk of bias, as indicated by the traffic light
plot in Fig. 2 and the summary plot for bias assessment
displayed in Fig. 3. Among the 15 RCTs, 11 studies were
determined to have a low risk of bias.

Two RCTs, of Du et al.!'® and Jagannatha et al.,2* demon-
strate a moderate level of bias. This is attributed to issues
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Table 2. Characteristics of the included studies — cont.

Secondary outcomes

Primary outcomes

Intervention

v
2
(=
©
=
=2
=}
2
1o
Q
N
[S)

Con

Age of par- | Number
L79% ety . ‘ of partici-

of study

Study ID

ticipants

[years]

of study

and year

Duration of hospital stay,
uncontrolled ICP, defined as rate

|CP control, defined
as the number
of episodes and
duration of intracranial

2 ml/kg bolus dose,
20% mannitol infused

2 ml/kg bolus dose
7.5% hypertonic saline

Head trauma and persistent
coma and GCS < 8 requiring

single-
center
parallel RCT

of failure of each treatment, 90-
day GOS score, all-cause mortality

over 20 min, 2" dose

infused over 20 min,

>18 20

France

Vialet et al.?®

ICP monitoring and infusion

given within 10 min

2" dose given within
10 min if 15t dose failed.

of an osmotic agent.

by 6 months.

hypertension per day.

if 1°t dose failed.

Length of ICU stay, mortality

Reduction in ICP below
15 mm Hg (maximal ICP

3 ml/kg boluses

(infused over 30 min)

0.5 mL/kg/h continuous

hypertonic saline

Severe TBI, GCS 4-12.

in ICU.

every 6 hfor48 h. reduction).

infusion over 48 h.

50

18-60

Egypt

single-
center
parallel RCT

Wahdan
etal®

Duration of ICU and hospital
stay, in-hospital mortality, GOS

Lowest ICP achieved
for each bolus and time

3% hypertonic saline

Severe TBI after
decompressive craniectomy,

single-
center
parallel RCT

at 6 months, uncontrolled
ICP after max of 3 doses

209% mannitol bolus

bolus infused via CVC

60

>18

China

Yan et al 3!

required to achieve

infused intravenously.

hyperosmolar therapy,

ICP < 20 mm Hg.

over 20 min.

ICP > 25 mm Hg >5 min.

hypernatremia.

RCT - randomized controlled trial; ICP — intracranial pressure; TBI — traumatic brain injury; ICU — intensive care unit; GCS - Glasgow Coma Scale; CVC - central venous catheter.

Records identified through database searching
(n=318)

Y

Records after duplicates removed
(n=265)

\

Records screened
(n=135)

Records excluded
(n=130)

Y

] [ Screening ] [Identification]

Full text articles Full text articles
assessed for _ | excluded with reasons:
. eligibility 7| - studies did not report
= (n=65) required outcome: 26
% - studies not having
= sufficient data for
2x2 table: 12
- unavailability of full
papers: 8
v - others: 4
)
c Studies included
.g in quantitative
= synthesis
[%] "
= (meta-analysis)
(n=15)
—/

Fig. 1. Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) study flow diagram

with the randomization method and the deviation from
the intended intervention, respectively. The other 2 RCTs
conducted by Hendoui et al.?! and Vialet et al.?® demon-
strate a high risk of bias pertaining to the randomiza-
tion method and the selection of reported outcomes,
respectively.

Findings derived from the statistical
investigation

In all, 965 TBI patients from 15 selected RCTs were in-
cluded in the current meta-analysis to evaluate the efficacy
of HTS compared to other ICP-lowering agents on the re-
duction of elevated ICP in patients with TBI. The following
conclusions were obtained from the statistical analysis
of the primary study outcome:

Comparison of the efficacy of HTS and
other ICP lowering agents in controlling
the elevated ICP in TBI patients

The included studies defined the elevated ICP as a re-
quirement of “stage 3 therapies” in accordance with
the Brain Trauma Foundation guidelines, which include
barbiturates to reduce ICP.!! Elevated ICP is defined
as the “persistently elevated ICP greater than 20 mm Hg
despite a maximum of 3 doses of hyperosmolar therapy,”
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Table 3. Risk assessment of included studies

Study ID and year

Harutjunyan
Kumar et al.?*
Patil and
Tsaousi et al.?8
Vialet et al.?®

etal.?°
etal.?
Huang and

Yang??
Jagannatha

Cottenceau
Du et al.’®
Francony
etal.””
etal.?

Qin etal.®
Roquilly
etal.?

Yan et al.3'

Was a consecutive or random sample
of patients enrolled?

Did the study avoid inappropriate
exclusions?

Did all patients receive the same
reference standard?

Were all patients included
in the analysis?

Was the sample frame appropriate
to address the target population?

Were study participants sampled
in an appropriate way?

Were the study subjects and
the setting described in detail?

Were valid methods used for
the identification of the condition?

Was the condition measured in
a standard, reliable way for all Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
participants?

#Y —yes;N - no.

Risk of bias domains Fig. 2. Traffic light plot for assessment
of risk of bias

Study

000000 OO®OS®
00000 OCPOOOO®S®
00000000 OOOO®S®
000000 OOOO®O®

0000000 OOOOOOS®
GO JCEICIOIION T OGO

Domains: Judgement
D1: Bias arising from the randomization process. ,
D2: Bias due to deviations from intended intervention. ® High

D3: Bias due to missing outcome data. ”
D4: Bias in measurement of the outcome.
D5: Bias in selection of the reported result. . Low

Some concerns
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Bias arising from the randomization process

Bias due to deviations from intended interventions
Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result

Overall risk of bias

0%

Fig. 3. Risk of bias summary plot

25% 50% 75% 100%

B rowrisk [ someconcems [l High risk

A Risk Ratio Risk Ratio
Study or Subgrou| Weight M-H, Random, 95% CI M-H, Random, 95% CI
Cottenceau etal 2011 [17) 7.7% 0.57(0.32,1.02) —1
Duetal2017 18] 53% 1.50 (0.66, 3.43) -
Francony et al. 2008 [19] 5.0% 0.45[0.19,1.07) —t
Harutjunyan et al.2005 [20) 53% 2.33[1.03,5.30) [
Hendoui etal. 2013 (21) 75% 0.56(0.30,1.02) |
Huanget al. 2020 [22) 7.7% 0.89(0.50,1.60) =T
Jagannatha etal. 2016 [23) 57% 0.90[0.41,1.96) —_
Kumar et al. 2019 [24] 55% 0.64[0.29,1.42) =
Patil et al.2019 [25) 95% 0.65(0.41,1.01) il
Qin etal.2018 [26) 53% 0.55(0.24,1.24) e T
Roquilly et al. 2021 (27] 11.4% 0.52(0.38,0.70) e
Tsaousiet al. 2023 (28] 31% 0.27[0.08,0.92) ——l
Vialetetal. 2003 [29) 6.2% 0.64[0.31,1.30) i
Wahdan etal. 2022 (30] 6.8% 1.80(0.92,3.50) e
Yan etal.2013[31) 8.0% 0.71[0.41,1.25) w1 N
Total (95% CI) 100.0% 0.74 [0.58, 0.94] L 2
Total events
Heterogeneity: Tau®= 0.11; Chi*= 28.96, df= 14 (P = 0.01), F= 52% :0 o1 o1 10
Testfor overall effect Z= 2.48 (P = 0.01) : Fa&ours [HTS] Favours [control}
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Fig. 4. A. Forest plot comparing the effect of HTS vs control on rate of uncontrolled intracranial pressure; B. Funnel plot

HTS - hypertonic saline: RR - risk ratio; 95% Cl — 95% confidence interval; M-H random — Mantel-Haenszel random-effects model.

necessitating the use of further ICP-lowering measures,
such as hyperventilation, propofol, cerebrospinal fluid
drainage, or decompressive craniectomy.*’

Treatment failure is defined as a sustained raised ICP
greater than 35 mm Hg despite 2 consecutive infusions
of hyperosmolar or an average time ICP exceeding 20 mm
Hg, barbiturate requirement, and/or episodes of refractory
ICP after 3 consecutive doses of hyperosmolar therapy.>°
In order to evaluate the overall efficacy of HTS in manag-
ing the rate of elevated ICP in TBI patients in comparison
to other ICP lowering agents, the RR and 95% CI were cal-
culated using event data from the included studies (Fig. 4).
This meta-analysis demonstrated that HTS was signifi-
cantly more effective than other agents in reducing ICP
(RR = 0.74, 95% CI: 0.58—-0.94, Tau® = 0.11, x* = 28.96, de-
grees of freedom (df) = 14, 12 = 52%, Z = 2.48, and p = 0.01)
as shown in Fig. 4A. Additionally, the symmetrical funnel
diagram in Fig. 4B and a statistically insignificant p-statis-
tic of Begg’s test (p = 0.312), which exceeds the predefined
significance threshold of 0.05, suggested a minimal likeli-
hood of publication bias.

Subgroup analysis

A subgroup analysis was conducted to investigate
the effectiveness of HTS and other ICP lowering agents

in controlling elevated ICP in TBI patients. The analysis
focused on evaluating changes in GOS scores at 6 months,
all-cause mortality, the rate of hypernatremia, and
the length of hospital stay.

All-cause mortality

To determine the impact of infusing HTS vs other ICP
lowering comparator on all-cause mortality, the RR and
95% CI were calculated using the event data extracted from
the included trials (Fig. 5A). In comparison to the com-
parator, the administration of HTS results in a lower
mortality rate with an RR of 0.57 (95% CI: 0.40-0.81)
and Tau? value of 0.24, x? value of 29.47, df = 14, Z = 3.10,
2 = 52%, and p = 0.002. In addition, the symmetrical fun-
nel plots (Fig. 5B) and the statistically insignificant p value
(p = 0.104) from Begg’s test, (>0.05) indicate a low prob-
ability of publication bias.

Rate of adverse hypernatremia

To find out the impact of infusing HTS vs other ICP
lowering comparator on the rate of adverse hypernatre-
mia or defined as a rise in serum sodium concentration
to a value exceeding 145 mmol/L,*! the RR and 95% CI
were calculated using the event data extracted from
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A Risk Ratio Risk Ratio 0 SEC0GIRRD B
Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI ]
Coftenceauetal 2011 (17]  7.1% 060(0.24,1.52) — :
Du etal 2017 (18] 66% 0.45(0.17,1.24) r :
Francony etal. 2008 [19] 6.8% 0.40(0.15,1.07) ———t 01+ E o
Harutjunyan etal 2005 (20)  5.3% 033(0.10,1.12) —_— o
Hendoui etal. 2013 [21] 42% 0.22(0.05, 0.95) —_— 1o
Huanget al. 2020 [22) 8.0% 0.39(0.17,0.88) e 0! o
Jagannatha et al. 2016 (23] 4.1% 0.25(0.06,1.10) — 024 (o A
Kumar et al. 2019 [24) 62% 0.44(0.15,1.29) —_— * o}
Patil et al 2019 [25] 10.1% 1.67 (093, 3.00] —— 8
Qin etal.2018 [26) 6.4% 0.44(0.16,1.25) — X
Roquilly et al. 2021 [27) 11.0% 1.10(0.68,1.79] - aAik q
Tsaousiet al. 2023 [28) 6.7% 0.45(0.17,1.22) —_— : ¢
Vialet et al. 2003 [29) 43% 0.25(0.06,1.03] — :
Wahdan et al. 2022 (30] 65% 1.80 (0.65, 4.99] - o
Yan etal. 2013 31) 65% 050(0.18,1.38) —_— - :
4T '
Total (95% C1) 100.0% 0.57 [0.40,0.81) <& :
Total events i
Heterogeneity: Tau®= 0.24; Chi*= 29.47, df= 14 (P = 0.009); F= 52% 0 0 0=1 110 100: y :
Testfor overall effect 2= 3.10 (P = 0.002) Favours [HTS] Favours [control) 0351 0.1 1 10 100
Fig. 5. A. Forest plot comparing the effect of HTS vs control on all-cause mortality; B. Funnel plot
HTS - hypertonic saline: RR - risk ratio; 95% Cl — 95% confidence interval; M-H random — Mantel-Haenszel random-effects model.
A 0 SE0GIRRD ; =
Risk Ratio Risk Ratio :
Study or Subgroup Weight M.H, 95% CI M.H, 95% CI :
Cottenceau etal 2011 [17] 8.9% 0.73(0.32,1.64) - ol o
Duetal.2017 [18] 11.1% 1.50(0.79, 2.87) — H
Francony et al. 2008 19 9.4% 1.83(0.84,3.99) — :
Hendoui etal. 2013 [21) 101% 0.37[0.18, 0.76) —_— Oio
Jagannatha etal. 2016 [23]  10.4% 0.44(0.22,0.90) — 02 il
Patil et al.2019 [25] 10.9% 0.57(0.29,1.11) — i
Qin et al.2018 [26) 86% 0.88(0.38, 2.03] — R
Roquilly etal, 2021 [27) 95% 0.58(0.27,1.27) —
Tsaousiet al. 2023 (28] 11.6% 052(0.28,0.97) — 03 05)
Yan etal.2013 [31] 96% 0.47(0.22,1.01) — H
Total (95% CI) 100.0% 0.68 [0.49, 0.95] <& 0ed :
Total events E
Heterogeneity: Tau®= 0.14; Chi*= 18.56, df = 9 (P = 0.03); F= 52% :0 o1 71 120 106: :
Test for overall effect: Z= 2.27 (P=0.02) - Favours [HTS] Favours [control] E
301 0.1 1 10 100
Fig. 6. A. Forest plot comparing the effect of HTS vs control on rate of adverse hypernatremia; B. Funnel plot
HTS — hypertonic saline: RR - risk ratio; 95% Cl - 95% confidence interval; M-H random — Mantel-Haenszel random-effects model.
A Risk Ratio Risk Ratio ] ) B
Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI :
Cottenceau etal 2011 [17) 9.3% 0.77[0.42,1.40) = :
Duetal 2017 [18] 13.2% 0.75[0.45,1.25) — 0. i
Francony et al. 2008 [19] 13.4% 067 [0.40,1.11) i :
Jagannatha etal. 2016 (23]  10.3% 0.67(0.37,1.19] e :
Kumar et al. 2019 [24] 6.9% 057 (0.28,1.16) === e 8
Qin et al.2018 [26) 12.0% 0.73(0.43,1.25] ==l @
Tsaousietal. 2023 [28] 16.2% 0.79(0.50,1.25) — o4 q
Yan etal.2013 [31] 18.6% 0.79[0.51,1.21] —-r ¢
o}
Total (95% Cl) 100.0% 0.73 [0.60, 0.88] L o :
Total events :
Heterogeneity: Tau®= 0.00; Chi*= 0.95, df=7 (P=1.00; F=51% b oh " 700 :
Test for overall effect: Z= 3.36 (P = 0.0008) Favours [HTS] Favours [control] o5¥ o : + - =

Fig. 7. A. Forest plot comparing the effect of HTS vs control on GOS score at 6 months; B. Funnel plot

HTS — hypertonic saline: RR - risk ratio; 95% Cl — 95% confidence interval; M-H random — Mantel-Haenszel random-effects model.

the included RCTs (Fig. 6A). In comparison to the com-
parator, the administration of HTS results in lower rate
of adverse hypernatremia with an RR of 0.68 (95% CI:
0.49-0.95) and Tau? value of 0.14, x* value of 18.56, df = 9,
Z = 2.27, 1> = 52%, and p = 0.02. Moreover, the sym-
metrical funnel plots depicted in Fig. 6B, along with
the statistically negligible p-value (p = 0.284) obtained
from Begg’s test (p > 0.05), suggest a little likelihood
of publication bias.

Change in GOS scale score

The GOS score® is an ordinal scale used to assess pa-
tients’ functional outcomes following brain injury, taking
into account the patients’ level of consciousness and ability
to perform activities of daily living (ADLs). The RR and
95% CI were calculated using the event data extracted
from the included RCTs to determine the impact of infus-
ing HTS vs other ICP lowering comparator on the change
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A B
Mean Difference Mean Difference
Study or Subgroup Weight IV, 95% CI v, 95%Cl o SE0O)
Cottenceau et al 2011 [17) 48% -1.00[5.78,3.78) e 4
Duetal 2017 18] 19.0% -1.00[-3.40,1.40) — T
Francony et 2l 2008 [19) 35% -1.00[6.57,4.57) S e %
Harutjunyan et al 2005 [20) 6.6% -1.00[-5.07,3.07) Y | 1 ? o
Hendouiet al 2013 [21) 23% -050[-7.44,6.44) = :
Huanget etal 2020 [22) 142% -1.00(-3.78,1.78) =] i
Jagannatha et al 2016 [23) 23% -1.00[7.93,5.93 I T 3 :
Kumar et al 2019 [24] 105%  -1.00(4.23,2.23) —_— :
Patil et 2 2019 [25) 138% -2.00[4.82,082) —_— :
Qmet al 2018 [26] 40% -1.00[-6.26, 4.26) e g
Roquilly et a 2021 [27) 33% -200[7.74,374) —_— 3 '
Tsaousiet et al 2023 28] 46% -2.00[-6.90,2.90) _ :
Vialetal 2003 [29) 32% -2.00[-7.83,383) —_—
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Yanet 2 2013 [31) 41%  -1.00[16.15,4.15) —————
Total (95% CI) 100.0% -1.26 [-2.30,-0.21) L 2
Heterogeneity: Tau®= 0.00; Chi*= 0.70, df = 14 (P = 1.00); F= 0% o + T st 7 . - o
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Fig. 8. A. Forest plot comparing the effect of HTS vs control on length of hospital stay; B. Funnel plot

HTS - hypertonic saline: RR - risk ratio; 95% Cl — 95% confidence interval.

in the GOS score (Fig. 7A). Compared to the comparator,
the administration of HTS leads to a substantial change
in GOS scale score. The relative risk (RR) is 0.73 (95% CI:
0.60-0.88), with a Tau? value of 0.00, x? value 0f 0.95, df = 7,
Z-score of 3.36, 12 value of 51%, and a p < 0.001. In ad-
dition, the symmetrical funnel plots shown in Fig. 7B,
coupled with the statistically insignificant p-value of 0.144
obtained from Begg’s test (p > 0.05), indicate a low prob-
ability of publication bias.

Length of hospital stay

To investigate the beneficial impact of infusing HTS
compared to other ICP lowering comparator on the total
length of hospital stay, the MD and the 95% CI were cal-
culated using the event data extracted from the included
RCTs (Fig. 8A). Compared to the comparator, the admin-
istration of HTS leads to a shorter period of hospital stay.
The estimated MD is —1.26 (95% CI: —2.30 to —0.21), with
a Tau? value of 0.00, x* value of 0.70, df = 14, Z = 2.35,
I2 =70%, and p = 0.02. In addition, the symmetrical funnel
plots shown in Fig. 8B, combined with the statistically in-
significant p-value of 0.246 calculated from the Begg’s test
(p > 0.05), stipulate a low probability of publication bias.

From the abovementioned statistical analysis of the in-
cluded RCTs,'73! we found that HTS was significantly
more effective than other hyperosmolar agents in reducing
ICP (RR = 0.74 (95% CI: 0.58-0.94)), mortality rate (RR
=0.57 (95% CI: 0.40-0.81)) and rate of adverse hypernatre-
mia (RR = 0.68 (95% CI: 0.49-0.95)), providing substantial
change in GOS scale score (RR = 0.73 (95% CI: 0.60-0.88)),
with shorter period of hospital stay (MD = -1.26 (95% CI:
—2.30 to —0.21)). These values of RR 1 indicate that HTS
is substantially more effective than other ICP-lowering
agents for improving long-term neurological function,
all-cause mortality and length of hospital stay in patients
with acute TBIL

Discussion

According to our systematic review and meta-analysis
including 15 RCTs!7-3! that incorporated 965 TBI patients
of all age groups, HT'S was found to be considerably more
effective than other ICP-lowering agents. The following
are the primary findings that were determined: 1) HTS
was substantially more effective than primarily man-
nitol in improving the long-term neurological outcome
in patients with elevated ICP; 2) HTS was more effective
in lowering the all-cause mortality and length of hos-
pital stay and reducing risk of adverse hypernatremia.
The wide 95% Cls for all the evaluated outcomes indicate
the therapeutically significant differences between HTS
and other hyperosmolar treatments for decreasing ICP,
such as mannitol. Our findings are in accordance with
the findings of a systematic review and meta-analysis con-
ducted by Bernhardt et al.,>® who concluded that there
is no evidence of an effect of HTS on clinically significant
outcomes and that HTS is associated with adverse hyper-
natremia. In spite of the fact that HTS was found to be
not related to deleterious hypernatremia when compared
with other agents, this result must be viewed with care due
to the fact that the majority of the weighting for this point
estimate is based on a single large multicenter trial.?” This
research was significant since it explored the continuous
infusion of a larger dosage of HTS (20%) than is often
used in clinical settings (range: 1.8—5%). The infusion was
administered for a minimum of 48 h. Therefore, it is con-
ceivable that the apparent increased risk of hypernatremia
in the patients who were investigated is mostly because
of the lengthy continuous infusion of concentrated HTS.
Similarly, our findings are align with recent practice sur-
veys, which revealed that most centers use HTS as first-
line hyperosmolar therapy rather than mannitol.>*5°

However, our findings contradict the findings of prior re-
search that suggested that HTS is not more successful than
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its comparators (e.g., mannitol), such as Chen et al.,”® who
conducted a Cochrane review in which they analyzed trials
that compared HTS to a potential range of other ICP-low-
ering agents, including mannitol or mannitol in combina-
tion with glycerol. They contended that HTS is not superior
to mannitol in terms of efficacy and safety in the long-
term management of acute TBI, based on the limited data
and weak evidence. The majority of their included RCTs
were at a high or ambiguous risk of bias due to selective
reporting, incomplete outcome data and a lack of blind-
ing. Additionally, certain studies have indicated that there
is no difference in plasma sodium concentration between
patients who are getting HTS and those who are receiv-
ing mannitol boluses. This difference may indicate that
certain delivery procedures are not successful in achieving
a hyperosmolar state.>”>8 The effect of bolus compared
to continuous infusion of HTS on plasma sodium levels
should be investigated further to discover whether or not
there is an optimal administration route that can generate
a therapeutic hyperosmolar state without causing deleteri-
ous hypernatremia. Continued research is required to an-
swer this question. It is likely that using near-patient salt
monitoring, such as blood gas analysis, will make it easier
for clinicians to give and alter the dosage of HTS.

Within the setting of TBI, there is a dearth of large-scale
RCTs that compare ICP-lowering treatments due to the rela-
tively low occurrence of severe TBI in critical care settings,
which necessitates the use of ICP-lowering medicines. Simi-
larly, RCT data from nations with lower middle incomes
and RCT involving pediatric populations are scarce. In this
particular review, for example, there is only 1 pediatric trial
that reports a GOS score of <12 and primarily included tri-
als involving adult patients from higher-income countries.?!
In order to address the existing lack of high-quality evi-
dence and to ascertain whether or not HTS is a preferred
ICP-lowering agent in particular patient population, there
is a pressing need for larger international and multicenter
trials to be conducted in a range of contexts.

Finally, the inconsistent reporting of outcomes follow-
ing TBI among clinical trials, such as long-term func-
tional outcome ratings using the GOS score, undermines
the validity of comparisons between studies and impedes
advancement in this area of research. For instance, 3 stud-
ies reported GOS scores in formats that were not suitable
for inclusion in a pooled analysis. Vialet et al.> only pro-
vided statistics on the number of patients who had died
or had severe disability at the 90-day point. In the RCT
by Jagannatha et al.,?® the term “favorable” outcome was
defined as “good recovery,” “moderate disability” or “severe
disability.” This definition is likely to be in conflict with
what the majority of patients would view as a favorable
outcome. Similarly, Kumar et al.?! recorded the number
of patients who survived with or without disability, as well
as the number of patients who were in a vegetative state
or had passed away during the first 6 months of their
illness. It is not certain whether these methods of GOS
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reporting will be beneficial to clinicians or patients, which
highlights the importance of having a core outcome set
that is standardized for TBI.

Therefore, there is an obvious need for the execution
of more trials in substantial TBI (COSTS-TBI) projects>*¢°
in the future for establishing a standard set for analyzing
patients with moderate to severe TBI and to provide more
accurate evaluations of blood pressure-lowering medicines
in a variety of critical care settings, the thresholds for
hazardous hypernatremia, the optimal range of plasma
sodium concentration, and other clinical characteristics
of patients.

Limitations

The limitations of this analysis can be attributed to
the clinical and methodological disparities among trials,
which also encompassed predominantly small sample
sizes. In addition, variations in the methodologies used
to report outcomes restricted the available data that could
be included in meta-analyses. Furthermore, the subgroup
analyses were based on different age groups, degrees of TBI
and methods of administration. Additionally, it remains
uncertain whether there is an optimal hyperosmolar ther-
apy that varies according to the age group of the patient
or the severity of TBI. Along with this, the classification be-
tween “favorable” and “unfavorable” outcomes was based
on what most patients and physicians would agree upon.
Therefore, it is conceivable that significant data regarding
the long-term neurological prognosis, which could poten-
tially impact and direct decisions made by patients and
clinicians, may not be reflected in these findings.

Conclusions

This systematic review and meta-analysis provide sub-
stantial evidence that HTS is more effective to other hy-
perosmolar agents, such as mannitol, in decreasing ICP,
enhancing neurological outcomes (measured using GOS
score), reducing overall mortality, and shortening the du-
ration of hospital or ICU stay in patients with acute TBI.
However, this conclusion is derived from a limited number
of trials with a small sample size, necessitating a compre-
hensive investigation into the potential benefits of HTS
and the risks associated with hypernatremia. Hence,
it is imperative to carry out future research that includes
a substantial number of trials and a sufficient sample size
in order to ensure the accuracy and reliability of the find-
ings regarding the effectiveness of HTS for acute TBI.
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Abstract

Background. Recurrent miscarriage (RM) affects 1-2% of couples. Maternally expressed gene 3 (MFG3)
is aberrantly expressed in RM patients.

Objectives. Toinvestigate a novel requlatory mechanism, we examined the miR-204-5p/Specificity protein
1(SP7)/DNA methyltransferase 1 (DNMTT)/MEG3 axis in the trophoblast cell line HTR-8/SVneo.

Materials and methods. Human trophoblast cell line HTR-8/SVneo was used and cells were trans-
fected with SIRNA targeting SP7, miR-204-5p mimics, pcDNA3.1-DNMTT, or their negative controls (NCs).
The methylation inhibitor, 5-azadC, was used to treat the cells transfected with pcDNA3.1-SP7. The reverse
transcription quantitative polymerase chain reaction (RT-gPCR) method was used to examine the relative
RNA levels of SPT, DNMTT and MEG3. Western blot assay was performed to measure the protein levels of SP7
and DNMTT. The dual-luciferase reporter gene assay was used to validate the miR-204-5p bindings to SP1.
Functional assays were utilized to assess cell apoptosis, colony formation, migration, and invasion.

Results. SPT knockdown inhibited DNMTT and increased MEG3 expression. The expression of MEG3 was en-
hanced by methylation inhibition through 5-azadC, but SPT uprequlation reversed this effect. SP7 knockdown
increased apoptosis and decreased migration and invasion, which was reversed by DNMIT overexpression.
SPT was targeted and inhibited by miR-204-5p. miR-204-5p also inhibited DNMTT, and enhanced the ex-
pression of MEG3. miR-204-5p inhibited cell proliferation, migration and invasion, and promoted apoptosis.
Overexpression of 5P partially reversed these effects by activating DNMTT and inhibiting MEG3.

Conclusions. miR-204-5p promoted MEG3 expression in trophoblast cells via SPT-mediated DNMTT inhibi-
tion, leading to reduced cell migration, proliferation and invasion, as well as increased apoptosis. This study
reveals a novel requlatory axis in trophoblast cells, providing insights into potential regulatory mechanisms
in RM.

Key words: MEG3, SPT, DNMTT, recurrent miscarriage, trophoblast cells
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Background

Recurrent miscarriage (RM) affects 1-2% of women at-
tempting to conceive, imposing both emotional and clinical
burden.! Despite extensive research, the underlying causes
of RM remain incompletely understood, often involving
a complex interplay of genetic, epigenetic and environmental
factors, including endocrine disruptors such as mancozeb.?™”

Recent advances in molecular biology have revealed
the crucial role of extravillous trophoblast cells in main-
taining a successful pregnancy by mediating implantation
and placental development.® Previous research has also
shown that severe acute respiratory syndrome coronavi-
rus-2 (SARS-CoV-2) affects female reproductive health
by targeting trophoblasts.® Dysfunction of trophoblasts
is a well-established contributor to pregnancy loss.

Previously, specificity protein 1 (SPI), also known as a tran-
scriptional factor SPI, was found to be reduced in the chorionic
villus tissues in the placentas from RM patients, and the down-
regulation of SPI by upregulation of miR-4497 could induce
the apoptosis of trophoblast cells, which is associated with
RM occurrences.!*!1 SP] regulates genes essential for cellular
growth and differentiation, while DNMT1 is correlated with
DNA methylation patterns, and is of significance in maintain-
ing genomic stability and gene expression.!?!3 Similar to miR-
4497, miR-204-5p was also involved in studies focusing on un-
explained recurrent spontaneous abortion.!* miR-204-5p plays
a role in placental development and function. For instance,
miR-204-5p has been revealed to modulate the trophoblast
cell proliferation and invasion, which are essential for proper
placental development.!® Dysregulation of miR-204-5p was
revealed to be associated with pregnancy-related disorders,
including preeclampsia (PE).17 miR-204-5p expression was
downregulated in PE and the upregulation of miR-204-5p
was related to the decreased migration of trophoblast cells.!”

Long non-coding RNA (IncRNA), such as maternally
expressed gene 3 (MEGS3), is a known regulator in tumor
suppression and regulation of cell growth and death.!®
Studies have unveiled that MEG3 expression is downreg-
ulated in blood samples, embryonic villus and chorionic
villus tissues from RM patients, indicating its potential role
in the pathogenesis of RM.1*~2! Further, MEG3 was vali-
dated to stimulate the invasion and proliferation of tropho-
blast cells.2%?! Similarly, in PE, downregulation of MEG3
was discovered to increase apoptosis of trophoblast cells
and inhibit cell invasion.?? Previously, DNMTI1 was dis-
covered to enhance methylation of MEG3 promoter and
decrease MEG3 expression, thereby mediating the disease
progression in breast cancer,?® anemia,?* diabetic retinopa-
thy,? etc. However, such interaction between DNMT1 and
MEG3 has not been validated in trophoblast cells.

In this study, we hypothesized that miR-204-5p/SP1/
DNMT1 axis plays a pivotal role in modulating trophoblast
cell invasion, proliferation and apoptosis, processes essen-
tial for placental development and successful pregnancy;,
through MEG3 modulation via epigenetic modifications.

S. Liu et al. SPT/DNMT1/MEG3 in trophoblast cells

Objectives

Our research aims to elucidate a novel modulatory
mechanism of miR-204-5p in trophoblast cells via SP1/
DNMTI1/MEG3 pathway and its impact on cell invasion,
proliferation and apoptosis.

Materials and methods
Culture of cells

HTR-8/SVneo cells, derived from human first-trimes-
ter chorionic villi, were obtained from Procell (Wuhan,
China). The cells were cultured in Roswell Park Me-
morial Institute Medium (RPMI) 1640 medium sup-
plemented with 10% fetal bovine serum (FBS; Gibco,
Waltham, USA) at 37°C in a humidified atmosphere
containing 5% CO,.

Cell transfection and treatment

Cells were reseeded in 6-well plates at a density of 5 x 10°
cells per well and incubated overnight. On the 2" day, cells
were transfected with specific siRNAs, overexpressed plas-
mids, miRNA mimics, or their negative controls (NC)
(GenePharma, Tianjin, China), using Lipofectamine 2000
kit (Invitrogen, Waltham, USA). Following the protocols,
cells were transfected with 50 nM siRNA targeting SPI (si-
SPI) or negative control siRNA (si-NC) (GenePharma). For
miRNA overexpression, cells were transfected with 50 nM
miR-204-5p mimics (miR-204-5p), mimics negative control
(NC mimics). For overexpression of SPI or DNMT1, cells
were collected for transfection, with 2 pg of pcDNA3.1
empty vector (Ctrl), pcDNA3.1-SPI (SPI) or pcDNA3.1-
DNMTI (DNMTI) (GenePharma). In addition, the meth-
ylation inhibitor, 5-azadC (1 uM; Aladdin, Tianjin, China)
was used to treat the cells for methylation inhibition.

RNA isolation and reverse
transcription quantitative polymerase
chain reaction method

RNA was extracted from all cell groups using TRIzol
Kit (Beyotime, Beijing, China). Complementary DNA
(cDNA) was synthesized using a PrimeScript RT reagent
Kit (TaKaRa, Tokyo, Japan). The reverse transcription
quantitative polymerase chain reaction (RT-qPCR) as-
say was performed using the SYBR Taq II Kit (TaKaRa)
on Step OnePlus RT-PCR (Applied Biosystems, Waltham,
USA). The specific primers used for RT-qPCR are listed
below:

miR-204-5p:

Forward(F) 5-TGCGGTTCCCTTTGTCATCCTATG-3’;
Reverse (R) 5-GTCGTATCCAGTGCAGGGTCCGAG-
GTGCACTGGATACGACAGGCATAG-3..
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Ue:
F5-CTCGCTTCGGCAGCACA-3,,
R 5-AACGCTTCACGAATTTGCGT-3.

SPI:
F5-CTGGTCCCATCATCATCCGG-3/,
R5"-TGTTTGGGCTTGTGGGTTCT-3".

DNMTI:
F5"TGGTGAAGACGCCAGTGGA-3/,
R 5-CGTGGCTGTGGAGGGATTTCG-3"

MEGS3:
F 5-CGGCTGAAGAACTGCGGATGG-3',
R5-CGTGGCTGTGGAGGGATTTCG-3"

GAPDH:
F 5-GCACCGTCAAGGCTGAGAAC-3,
R 5- TGGTGAAGACGCCAGTGGA -3

The expression levels were analyzed in Microsoft Excel
2013 software (Microsoft Corp., Redmond, USA) using
the 2724Ct method, with U6 (for miR-204-5p) or GAPDH
(for the rest) as the house keeping reference.

Western blot analysis

Cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer with phenylmethylsulfonyl fluoride (PMSF)
(Beyotime). Proteins were separated by using the sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) methods, and transferred to polyvinylidene difluo-
ride (PVDF) (Millipore, St. Louis, USA). The membranes
were then blocked in 5% skim milk for 1 h at room tempera-
ture and then incubated overnight at 4°C with the follow-
ing primary antibodies: SP1 (1:1000, #5931; Cell Signaling
Technology (CST), Danvers, USA), DNMT1 (1:1000, #5032;
CST) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (1:10,000, AB2000; Abways, Tianjin, China).
Membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:20,000, AB0101;
Abways) for 1 h at room temperature. Immunoblots were
then visualized using an enhanced chemiluminescence
(ECL) kit, and images were captured using the SCG-W3000
imaging system (ServiceBio, Wuhan, China).

Dual-luciferase reporter assays

The binding sites were predicted using StarBase database
(https://rnasysu.com/encori). The pmirGLO-SPI-3'UTR-
wild type (SPI-UTR-wt) and mutant type (SPI-UTR-mt)
were constructed using the pmirGLO vector (Promega,
Madison, USA). Cells were co-transfected with 50 ng
of SPI-UTR-wt or SPI-UTR-mt and 50 nM miR-204-5p
mimics/inhibitors, or respective controls (GenePharma).
After 48 h, luciferase activity was measured on a multi-
functional microplate after using the Dual-Luciferase Re-
porter Assay kit (Beyotime).
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Flow cytometry for apoptosis analysis

Apoptosis was assessed using Cell Apoptosis Kit (Bioss,
Beijing, China). Transfected cells were collected, washed
with precooled phosphate-buffered saline (PBS) and sus-
pended using binding buffer. As per the manufacturer’s
protocol, cells were stained in Annexin V-FITC and prop-
idium iodide (PI) for 15 min at room temperature in dark.
Cell apoptosis was analyzed with flow cytometry (BD FAC-
SCanto II; BD Biosciences, Franklin Lakes, USA).

Colony formation assay

Cells after transfection were collected and reseeded
in 6-well plates with a density of 600 cells per well. Cells
were observed every day till the formation of colonies. Cells
were fixed using 4% paraformaldehyde for 20 min and then
stained with 0.1% crystal violet for 30 min in dark. Colonies
with more than 50 cells were counted in each group.

Transwell assays

The transwell chambers with 8-pum pores were obtained
from Jet Biotech (Guangzhou, China). For migration assays,
cells were washed in PBS twice and seeded in the upper
chamber with serum-free medium at a density of 5 x 10*
per well, while culture medium with 15% FBS was added
in the lower chamber. For invasion assays, the upper cham-
bers were pre-coated with Matrigel (Corning Company,
Corning, USA). Cells were observed under an optical mi-
croscope (model Ts2; Nikon Corp., Tokyo, Japan) every 6 h.
After 36 h, cells that had migrated or invaded to the lower
surface were washed using PBS twice gently and fixed us-
ing 4% paraformaldehyde for 20 min, and then stained
in crystal violet for 30 min. Cells were then observed and
counted under an optical microscope (model Ts2; Nikon
Corp.) from 5 different fields.

Statistical analyses

Due to the small sample size, non-normal distribution
was assumed. The statistical significance of difference was
determined with the nonparametric Kruskal-Wallis test
with Dunn’s post hoc test, and Mann—Whitney U test for
comparison within 2 groups using GraphPad v. 9.0 (Graph-
Pad Software, San Diego, USA). Bonferroni correction was
performed for multiple testing. The results from statisti-
cal analysis in this study were included in Supplementary
Tables 1 and 2. The figures were generated based on sta-
tistical data and cell images from experiments mentioned
above using GraphPad. Data in replicates are presented
in figures as scatter dots with the median and range lines.
The p-values less than 0.05 were considered statistically
significant.
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Fig. 1. Downregulation of SPT promoted MEG3 through methylation inhibition in trophoblast cells. A. HTR-8/SVneo cells were transfected with siRNA that
targeted SPT (si-SP7) and its control (si-NC). The reverse transcription quantitative polymerase chain reaction (RT-gPCR) method was used to determine

the mRNA levels of SPT with reference to GAPDH; B-D. Western blot method was used to analyze the protein expression levels of SPT and DNMTT;

E,F. The RNA levels of DNMTT and MEG3 were analyzed by applying the RT-gPCR method; G. Cells were transfected with pcDNA3.1 empty vector (Ctrl) and
plasmid overexpressing SP1(SP7), and then the transfected cells were further divided by treatment of methylation inhibitor, 5-azadC. MEG3 expression was
measured; H. Cells were transfected with si-SPT alone, or co-transfected with pcDNA3.1 plasmid overexpressing DNMT1(DNMTT) and si-SP1. MEG3 expression
was measured. Data in replicates are presented in figures as scatter dots with the median and range lines. Kruskal-Wallis test with Dunn’s post hoc and
Bonferroni correction was performed for multiple comparisons, and Mann-Whitney U test for comparison within 2 groups

*p < 0.050. SPT - specificity protein 1, DNMT1 — DNA methyltransferase 1; si-SPT — siRNA targeting SP1; si-NC — siRNA negative control; MEG3 — maternally

expressed gene 3.

Results

Downregulation of SPT promoted
MEG3 through methylation inhibition
in trophoblast cells

SPI mRNA and protein levels were inhibited in HTR-SV/
neo cells transfected with si-SPI (Fig. 1A-C). Furthermore,
SPI knockdown in cells inhibited both DNMTI mRNA
and protein levels (Fig. 1C-E). Additionally, SP1 knock-
down upregulated MEG3 expression, an effect that was
reversed by DNMT1 overexpression (Fig. 1F,H). A methyla-
tion inhibitor, 5-azadC, promoted the MEG3 expression
and overexpression of SPI could partly reverse the effect
of 5-azadC (Fig. 1G). The findings suggest that SPI knock-
down enhanced MEG3 by DNMT1-mediated methylation
in trophoblast cells.

SP1 knockdown decreased trophoblast
cell invasion, proliferation and migration
and increased apoptosis through DNMT1
modulation

Downregulation of SPI induced cell apoptosis in HTR-SV/
neo cells but the overexpression of DNMT1 could coun-
teract this (Fig. 2A). Colony formation results showed that
the number of colonies was decreased by SPI knockdown but
was restored by the overexpression of DNMT1 (Fig. 2B). Cell
migration and invasion were also inhibited by SPI knock-
down and restored by DNMT1 overexpression (Fig. 2C,D).

miR-204-5p inhibited SP1/DNMT1
by targeting SP7 in HTR-8/SVneo cells

Based on predictions from the Starbase database, miR-
204-5p is predicted to bind to SP1, and the putative binding



Adv Clin Exp Med. 2025;34(11):1841-1849

1845

>

ﬁ.—

Apoptosis rate [%]
(3]
[

_*_

T T T
si-NC si-SP1  si-SP1+DNMT1

42:P1

204:P1 o 44:P1

6

10

o
Q1-UL(1.11%) Q1-UR(1.94%)| 7 3Q1-UL(2.64%)

Q1-UR(14.04%)

Q1-UL(1.05%) Q1-UR(2.19%)

10°

PE-A
10°
PE-A

10°

QULRQIT%)| o 4 Q1-LR(6.91%)

Q1-LR(2.54%)

100 100 Taor a0t 10t 108 108

1 1 1 T
FITC-A FITC-A 0% 10°

T
si-SP1+DNMT1

600 -

400+

200

Number of colonies

| |
si-NC si-SP1

T
si-SP1+DNMT1

a

(=

o
]

wd T 3+

300

200+

e

100

Number of invading cells

T T T
si-NC si-SP1 si-SP1+DNMT1

Fig. 2. SP1 knockdown decreased cell invasion and migration and increased apoptosis through DNMT1 modulation in trophoblast cells. HTR-8/SVneo

cells were transfected with si-SP1 alone, or together with pcDNA3.1-DNMTI. A. Flow cytometry method was used to analyze cellular apoptosis; B. Colony
formation assays were performed to analyze cell proliferation; C,D. Transwell assays were performed to analyze the cell capability of invasion and migration
in each group. Data in replicates are presented in figures as scatter dots with the median line and range lines. Kruskal-Wallis test with Dunn'’s post hoc and
Bonferroni correction was performed for multiple comparisons, and Mann-Whitney U test for comparison within 2 groups

*p < 0.050. SPT - specificity protein 1; DNMTT — DNA methyltransferase 1; si-SPT — siRNA targeting SP1; si-NC — siRNA negative control; MEG3 — maternally

expressed gene 3.

sites are illustrated in Fig. 3A. The cells were transfected
with miR-204-5p mimics (miR-204-5p) or its negative
control (NC mimics), miR-204-5p inhibitor or its nega-
tive control (inhibitor NC), and the pmirGLO plasmids
containing the SPI-UTR-wt/mt. Dual luciferase reporter
gene assays were performed to analyze the relative lucif-
erase activity, and results showed that the relative lucif-
erase activity was significantly reduced in cells co-trans-
fected with miR-204-5p and SP1-UTR-wt and increased
in cells transfected with miR-204-5p inhibitor and SPI-
UTR-wt (Fig. 3B). In addition, miR-204-5p upregulation
inhibited SPI and DNMTI in mRNA and protein levels
(Fig. 3C-@G). Conversely, overexpression of miR-204-5p
upregulated MEG3 expression, an effect that was reversed

by overexpression of SPI (Fig. 3H). The inhibitory effect
of miR-204-5p on SP1/DNMT1 could be reversed by over-
expression of SPI (Fig. 31-K).

miR-204-5p regulated the invasion
and migration of trophoblast cells
by targeting SP1

Overexpression of miR-204-5p inhibited cell prolifera-
tion, invasion and migration but the inhibitory effect was
recovered by SPI overexpression in HTR-8/SVneo cells
(Fig.4A,C,D). On the contrary, miR-204-5p overexpression
enhanced apoptosis rates and SPI overexpression reversed
this (Fig. 4B).
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Fig. 3. miR-204-5p inhibited SPI/DNMTT by targeting SP1 in HTR-8/SVneo cells. A. The binding sites between SPT and miR-204-5p were predicted using
StarBase database; B. pmirGLO-SP1-3'UTR-wild type (SPT-UTR-wt) and mutant type (SP1-UTR-mt) were constructed using pmirGLO vector. Then, cells
were transfected with miR-204-5p mimics (miR-204-5p) or its negative control (NC mimics), or miR-204-5p inhibitor or its negative control (inhibitor NC).
Dual luciferase reporter gene assays were performed to analyze the relative luciferase activity; C-E. The protein expression levels of SPT and DNMT]1
were measured in cells with miR-204-5p upregulation; F-G. The mRNA levels of SPT and DNMTT; H. Cells were transfected with miR-204-5p mimic, or co-
transfected with miR-204-5p mimic and pcDNA3.1-SP1. MEG3 expression was measured; I-K. Western blot analysis for protein levels of SPT and DNMT].
Data in replicates are presented in figures as scatter dots with the median and range lines. Kruskal-Wallis test with Dunn’s post hoc and Bonferroni
correction was performed for multiple comparisons, and Mann-Whitney U test for comparison within 2 groups

*p < 0.050, ns — not significant. SPT — specificity protein 1, DNMT1 — DNA methyltransferase 1; si-SPT — siRNA targeting SP1; si-NC — siRNA negative control;

MEG3 - maternally expressed gene 3.

Discussion

This study advances the understanding of epigenetic reg-
ulation in RM. By elucidating the miR-204-5p/SP1/DNMT1/
MEG3 axis, it provides insights into the molecular pathways
contributing to trophoblast cell function and pregnancy
maintenance. Specifically, it identifies miR-204-5p as a crit-
ical regulator of SP1 and DNMT]1, influencing MEG3 ex-
pression and thereby affecting trophoblast cell behavior.
These findings suggest potential therapeutic targets for
managing RM, focusing on the modulation of miR-204-5p
and its downstream effectors. In this study, we demon-
strated that SPI knockdown leads to a significant reduction
in DNMT1 levels, which in turn upregulates MEG3 expres-
sion. This finding is consistent with existing literature that

indicates SPI enhances DNMT1 transcription.?® It was un-
veiled previously that protein expression levels of SPI and
DNMT1 were significantly low in human villous specimen
from RM patients, in comparison with those from the pa-
tients with induced abortion or sporadic abortion; in vitro,
knockdown of SP1 or DNMT1I could decrease the invasion
and migration in trophoblast cells.?” In our study, the in-
crease in apoptosis and decrease in migration and invasion
following SPI knockdown in trophoblast cells also reveal
critical roles of SPI in maintaining cell function. Further,
these effects were reversed by DNMT1 overexpression,
highlighting DNMT1’s role in cell proliferation and motil-
ity, and indicating that SPI modulated the cell phenotypes
via DNMT1. Such interactions have been well documented
in cancer cells, where SPI increases the activity of DNMT1,
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Fig. 4. miR-204-5p decreased HTR-8/SVneo cell invasion and migration and increased apoptosis through targeting SP1. Cells were transfected with
miR-204-5p mimic, or co-transfected with miR-204-5p mimic and pcDNA3.1-SP1. A. Colony formation; B. Apoptosis rates; C,D. Migration and invasion.
Data in replicates are presented in figures as scatter dots with the median and range lines. Kruskal-Wallis test with Dunn’s post hoc and Bonferroni
correction was performed for multiple comparisons, and Mann-Whitney U test for comparison within 2 groups

*p < 0.050. SPT - specificity protein 1; DNMTT — DNA methyltransferase 1; si-SPT — siRNA targeting SP1; si-NC — siRNA negative control; MEG3 — maternally

expressed gene 3.

DNMT3A and DNMT3B, leading to hypermethylation
of tumor suppressor gene.?-% In our study, the decreased
DNMT1 levels following SPI1 knockdown suggest a similar
regulatory mechanism in trophoblast cells, underscoring
the broader implications of SPI-DNMT1I interactions be-
yond oncogenesis. In addition, the methylation inhibitor,
5-azadC, was used to induce the cells and we found that
MEG3 expression was increased by 5-azadC, suggesting
that MEG3 was regulated in trophoblast cells likely due
to methylation. Furthermore, upregulation of SP1/DNMT1
in cells was found to partly reverse the change in MEG3
expression induced by 5-azadC. These results suggest that
SP1/DNMT1 inhibited MEG3 expression via methylation
regulation.

Previously, DNMT1I was identified to be essential for
maintaining DNA methylation patterns during DNA repli-
cation, crucial for gene silencing and genomic stability.3!-32
For instance, in breast cancer, MEG3 expression was en-
hanced by knockdown of DNMT1 through demethylation

of MEG3 promoter.?*33 Our findings extend the interac-
tion of DNMTI1/MEGS3 to trophoblast cells, suggesting
that DNMTI-mediated methylation is vital for placental
development and function.

A significant finding of this study is that miR-204-5p
directly targets SPI, leading to decreased levels of both
SPI and DNMT1I, which in turn upregulates MEG3 ex-
pression in trophoblast cells. This regulatory pathway was
confirmed through dual-luciferase activity, RT-qPCR and
western blot methods; miR-204-5p has been previously
identified as a tumor suppressor in various cancers, regu-
lating genes involved in proliferation and apoptosis.>*3°
Our study shows that miR-204-5p similarly impacts
the apoptosis, invasion and migration of trophoblast cells,
highlighting its role in reproductive health. MEG3 expres-
sion was increased by miR-204-5p overexpression, which
was reversed by SPI overexpression, indicates a complex
regulatory mechanism involving miR-204-5p, SP1 and
DNMT1 in trophoblast cells.
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Limitations

Despite the significant findings, this study has limita-
tions. First, the research was conducted in vitro using
HTR-8/SVneo trophoblast cells, which may not fully
replicate in vivo environment of placental tissue. Second,
although the study identifies miR-204-5p as a regulator
of SP1 and DNMT1, the broader regulatory network in-
volving other miRNAs and transcription factors was not
explored. Additionally, the clinical relevance of these find-
ings needs further validation through studies involving
human study participants and clinical samples.

Conclusions

The elucidation of the miR-204-5p/SP1/DNMTI1/MEG3
pathway offers new perspectives on the molecular mech-
anisms in regulating trophoblast cells. Future research
should explore therapeutic interventions targeting this
pathway to improve pregnancy outcomes in preclinical
animal studies. Additionally, investigating other miRNAs
and IncRNAs involved in trophoblast function could fur-
ther enhance the understanding of the complex regulatory
networks in placental development.
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Abstract

Background. Hepatic stellate cell (HSC) activation is a critical factor in the development of liver fibrosis.
Recent research indicates that mesoderm/mesenchyme homeobox 1 (MeoxT) contributes to fibrosis in organs
like the skin and heart.

Objectives. To investigate the potential impact of Meox7 on HSC activation and provide an available target
for hepatic fibrosis research.

Materials and methods. The human HSC cell line LX-2 was utilized to investigate the role of Meox? in HSC
activation. Fibrotic gene expression was analyzed, and assays were conducted to assess cell proliferation,
migration and the cell cycle.

Results. MeoxT was identified as a positive requlator of HSC activation. We found that transforming growth
factor-B1 (TGF-B1) treatment significantly uprequlated Meox expression in a dose-dependent mannerin LX-2
cells, and the expression levels of a-smooth muscle actin (a-SMA), collagen type I (collagen-1) and matrix
metalloproteinase-2 (MMP-2) also increased progressively with higher concentrations of TGF-B1. Knockdown
of Meox via small interfering RNA (sIRNA) inhibited TGF-1-induced expression of HSC activation markers
and fibrotic genes, including a-SMA, collagen-I and MMP-2. Conversely, MeoxT overexpression promoted HSC
activation, evidenced by increased levels of a-SMA, collagen-I and MMP-2. Meanwhile, MeoxT overexpression
accelerated cell proliferation and enhanced cell migration. Additionally, forced expression of Meox7 in LX-2
cells elevated Smad3 phosphorylation level, although TGF-B1 and total Smad3 protein levels remained un-
changed. Furthermore, we observed that Meox? could induce a redistribution of the cell population, extending
the G1 phase, and that Meox7-upregulated p21CIP1/WAF1 expression in LX-2 cells was independent of p53.

Conclusions. Our findings suggest that MeaxT plays a pivotal role in HSC activation and may be involved
in the canonical TGF-$1/Smad pathway.

Key words: transforming growth factor-B1, fibrosis, Smad3, hepatic stellate cell, mesoderm/mesenchyme
homeobox |
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Highlights

Smad pathway.

regulatory mechanism.

» Meox1 was identified as a key regulator of hepatic stellate cell activation in liver fibrosis.
+ TGF-B1 upregulates MeoxI expression in Lx-2 cells, promoting fibrotic gene expression and HSC activation.
+ Meox1 overexpression enhances HSC proliferation, migration, and Smad3 phosphorylation, linking it to the TGF-p1/

+ Knockdown of Meox1 suppresses HSC activation, reducing a-SMA, collagen-I and MMP-2 expression.
+ Meox1 induces cell cycle redistribution and upregulates p21CIP1/WAF1 independently of p53, suggesting a novel

Background

Liver fibrosis is a common pathological change seen in vari-
ous chronic hepatic diseases, including alcoholic liver disease,
nonalcoholic steatohepatitis (NASH), chronic hepatitis C vi-
rus (HCV), and hepatitis B virus (HBV) infections, as well
as autoimmune diseases. These conditions can ultimately
progress to cirrhosis and hepatocellular carcinoma (HCC).1-#
A defining feature of liver fibrosis is the extensive accumula-
tion of extracellular matrix (ECM), which is continuously
synthesized by myofibroblasts, leading to abnormal con-
nective tissue proliferation. Recent studies have identified
activated hepatic stellate cells (HSCs) as the primary source
of myofibroblasts, highlighting their crucial role in liver
fibrosis.>~”

Hepatic stellate cells (HSCs) constitute about 1/3 of the liv-
er’s nonparenchymal cells.®~ When the liver is subjected
to pathological stimuli, quiescent HSCs become activated
and differentiate into myofibroblasts, producing ECM to aid
tissue regeneration during wound healing. However, pro-
longed HSC activation disrupts the balance between ECM
synthesis and degradation, leading to excessive accumula-
tion of ECM components such as collagen type I (collagen-I),
tissue inhibitors of metalloproteinases (TIMPs) and matrix
metalloproteinases (MMPs). This imbalance contributes
to liver fibrosis and organ dysfunction. Inhibiting HSC
activation may help alleviate liver fibrosis.1®~* Therefore,
investigating the molecular mechanisms of HSC activation
is crucial for understanding liver fibrosis and identifying
potential therapeutic targets to reverse this process.

Mesoderm/mesenchyme homeobox 1 (MeoxI) is a member
of the homeobox transcription factor subfamily.!>~7 Previous
research has demonstrated that Meox1 is essential for organ
and cell differentiation during embryonic development, in-
cluding somite differentiation,'® axial skeleton formation,!*2
and the development of muscles*?? and blood vessels.?>2*
In pathological conditions, MeoxI plays a role in tissue repair,
such as neointima formation following vascular injury?® and
osteoblastic differentiation in skeletal diseases.?

Recent studies have increasingly focused on the role
of MeoxI in the pathogenesis of organ fibrosis. In the skin,
Meox1 significantly enhances the proliferation and migration
of human dermal fibroblasts and contributes to hypertrophic

scar formation in burn patients.?”?® In vascular diseases,
MeoxI induces endothelial cell senescence, promoting athero-
sclerosis progression,” and is upregulated in arterial smooth
muscle cells following balloon injury, driving their pheno-
typic transformation and pathological vascular remodeling.®
In the heart, MeoxI expression is markedly increased in hy-
pertrophic cardiomyopathy patients and accelerates hyper-
trophy decompensation through interaction with the tran-
scriptional target gene GATA4.3! Furthermore, a recent study
identified Meox1 as a central regulator in the transition from
fibroblasts to profibrotic myofibroblasts in myocardial fibro-
sis, essential for TGF-B-induced fibroblast activation.®? Ad-
ditionally, Meox1 is upregulated in lung tissue of idiopathic
pulmonary fibrosis patients.?® However, the role of MeoxI
in hepatic stellate cell (HSC) activation and its relationship
with liver fibrosis remain largely unexplored.

LX-2 cells, an immortalized human hepatic stellate cell
line, exhibit typical characteristics of primary HSCs, in-
cluding expression of glial acidic fibrillary protein and
desmin, and responsiveness to platelet-derived growth fac-
tor BB and transforming growth factor-p (TGF-B), making
them ideal for studying liver fibrosis.?* In this study, we not
only evaluated the expression level of Meox!1 in TGF-$1-
induced LX-2 cells and observed the role of Meox1 in regu-
lating HSC activation, but also tentatively explored the po-
tential mechanism of MeoxI-orchestrated HSC activation.

Objectives
The aim of this study was to investigate the potential

impact of Meox1 on HSC activation and provide an avail-
able target for hepatic fibrosis research.

Materials and methods
Data sources/measurement
Cell culture and reagent

The LX-2 cell lines (Procell CL-0560; Procell Life Science
& Technology Co., Ltd., Wuhan, China) were authenticated
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via short tandem repeat (STR) profiling. Cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM,;
Thermo Fisher Scientific, Waltham, USA) supplemented
with 10% fetal bovine serum (FBS; Lanzhou Minhai Bio-
Engineering Co., Ltd., Gansu, China) at 37°C in a humidi-
fied atmosphere with 5% CO,. TGF-f1 (ab50036; Abcam,
Cambridge, UK) was stored at —20°C. For TGF-B1 stimu-
lation experiments, cells were starved overnight and then
treated with increasing concentrations of TGF-$1 (0, 0.5,
1, 5, 10, and 20 ng/mL) for 72 h to collect protein.12-23>

The full-length peptide coding sequence of homo sapiens
Meox1 was synthesized by Sangon Biological Engineering
Technology & Services Co., Ltd. (Shanghai, China) and
inserted into the multiple cloning sites of pPCDNA3.1(+)
to generate the expression plasmid pcDNA3.1-Meox1.
LX2-Meox1 cell lines were established by stable transfec-
tion of pcDNA3.1-Meox1 into LX-2 cells using hygromy-
cin B selection. Plasmid transfection was performed using
Lipofectamine™ 3000 reagent according to the manufac-
turer’s instructions (Invitrogen, Thermo Fisher Scientific,
Waltham, USA).

Study design and setting
RNA interference

For MeoxI inhibition experiments, LX-2 cells were
transfected with either Meox1-specific small interfering
RNA (siRNA) or a negative control using Lipofectamine
RNAiIMAX reagent, following the manufacturer’s instruc-
tions (Invitrogen, Thermo Fisher Scientific). The siRNAs
were synthesized by Genepharma Co., Ltd. (Shanghai,
China). The sequence for the negative control siRNA was:
5-TTC TCC GAA CGT GTC ACG TTT-3’ (sense) and
5-ACG TGA CAC GTT CGG AGA ATT-3’ (antisense).

The sequence for Meox1-specific siRNA was:
5-CTG CCA ATG AGA CAG AGA ATT-3’ (sense) and
5-TTC TCT GTC TCA TTG GCA GTT-3’ (antisense).”

RT-gPCR

Total RNA was extracted from the cells using TRIzol
Reagent following the manufacturer’s instructions (Ta-
KaRa, Otsu, Japan). Reverse transcription was then per-
formed using the PrimeScript™ RT reagent kit according
to the manufacturer’s protocol (TaKaRa). Quantitative re-
verse transcription polymerase chain reaction (RT-qPCR)
was performed using the TB Green® Premix Ex Taq™ II
kit (TaKaRa) on a QuantStudio 5 Real-Time PCR System
(Applied Biosystems, Thermo Fisher Scientific, Waltham,
USA). All primers were synthesized by Sangon. The primer
sequences used were as follows:

a-SMA forward
5-CTTCGTTACTACTGCTGAGCGTGAG-3,,

a-SMA reverse
5-CCCATCAGGCAACTCGTAACTCTTC-3,
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collagen-1(1A1) forward
5"TGATCGTGGTGAGACTGGTCCTG-3',
collagen-1(1A1) reverse
5-CTTTATGCCTCTGTCGCCCTGTTC-3,
MMP-2 forward
5-CACCTACACCAAGAACTTCCGTCTG-3,,
MMP-2 reverse
5-GTGCCAAGGTCAATGTCAGGAGAG-3,,
TGE-B1 forward
5"TACAGCAACAATTCCTGGCGATACC-3/,
TGE-B1 reverse
5-CTCAACCACTGCCGCACAACTC-3,,
Meox-1 forward
5"AAGGATGAAGTGGAAGCGTGTGAAG-3,
Meox-1 reverse
5"TCTGAACTTGGAGAGGCTGTGGAG-3/,
The GAPDH internal reference primer was purchased
from Sangon (B661104-0001).

Western blotting

Cellular total protein extraction utilized radioimmuno-
precipitation assay (RIPA) lysis buffer (Solarbio, Beijing,
China) supplemented with freshly added phenylmethylsul-
fonyl fluoride (PMSF) and a protein phosphatase inhibitor
(Solarbio). Protein concentrations were determined using
a bicinchoninic acid (BCA) protein assay kit (Solarbio).
Equal amounts of protein were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto nitrocellulose or polyvinylidene difluoride
(PVDF) membranes (Millipore, Bedford, USA), each blocked
with 5% bovine serum album (BSA) or 5% nonfat dry milk.

Primary antibodies included: anti-Meox1 (1:1,000,
ab105349; Abcam), anti-a-SMA (1:500, ab5694; Abcam),
anti-collagen-I (1:2,000, 66761-1-Ig; Proteintech, Chicago,
USA), anti-MMP-2 (1:1,000, 66366-1-Ig; Proteintech), anti-
TGF-B1 (1:1,000, 21898-1-AP; Proteintech), anti-Smad3
(1:1,000, 66516-1-1g; Proteintech), anti-phospho-Smad3
(1:1,000, 9520T; Cell Signaling Technology (CST), Danvers,
USA), anti-p53 (1:5,000, 60283-2-Ig; Proteintech), anti-
p21 (1:1,000, 10355-1-AP; Proteintech), anti-p16 (1:2,000,
10883-1-AP; Proteintech), and anti-GAPDH (1:10,000,
ab181602; Abcam).

Due to the host of primary antibodies, including anti-
Meox1 (1:1,000, ab105349; Abcam), anti-a-SMA (1:500,
ab5694; Abcam), anti-TGF-1 (1:1,000, 21898-1-AP; Pro-
teintech), anti-phospho-Smad3 (1:1,000, 9520T; CST), anti-
p21 (1:1,000, 10355-1-AP; Proteintech), anti-p16 (1:2,000,
10883-1-AP; Proteintech), and anti-GAPDH (1:10,000,
ab181602; Abcam), was rabbit, we performed western blot-
ting utilized horseradish peroxidase (HRP)-conjugated
AffiniPure goat anti-rabbit IgG (H+L) (1:5,000, SA00001-2;
Proteintech) as secondary antibodies.

Due to the host of primary antibodies, including anti-
collagen-I (1:2,000, 66761-1-Ig; Proteintech), anti-MMP-2
(1:1,000, 66366-1-1g; Proteintech), anti-Smad3 (1:1,000,
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66516-1-Ig; Proteintech), and anti-p53 (1:5,000, 60283-2-1g;
Proteintech), was mouse, we performed western blotting
utilizing HRP-conjugated AffiniPure goat anti-mouse IgG
(H + L) (1:5,000; SA00001-1; Proteintech) as secondary
antibodies.

Protein expression levels were visualized using an en-
hanced chemiluminescence (ECL) kit (New Cell & Mo-
lecular Biotech Co., Ltd., Suzhou, China) and imaged with
the ChemiDoc™ Touch imaging system (Thermo Fisher
Scientific).

Cell proliferation assay

Cell Counting Kit-8 (CCK-8; Dojindo Lab, Kumamoto,
Japan) was used to assess cell proliferation. Cell lines
in the logarithmic growth phase were resuspended and
seeded into 96-well plates at a density of 1 x 103 cells/well.
At designated time points (0, 24, 48, 72, and 96 h), 10 mL
of CCK-8 solution was added to each well, followed by a 2-h
incubation at 37°C in a 5% CO, humidified atmosphere.
Optical density (OD) at 450 nm was measured every 24 h
using a microplate reader (Bio-Tek Instruments, Winooski,
USA).

Cell migration assay

Transwell chambers with 8-micrometer polycarbon-
ate filters (Corning Company, Corning, USA) were used
for the cell migration assay. Cell lines in the logarithmic
growth phase were resuspended in serum-free DMEM
and seeded into the Transwell upper chamber at a density
of 1 x 10* cells/well. Then, 600 pL of DMEM containing
10% FBS was added to the Transwell lower chamber. After
a24-h incubation period, the filters were fixed with methyl
alcohol for 1 h and stained with 0.5% crystal violet for
20 min. Stained cells were observed and photographed
under an inverted microscope (model DMI6000 B; Leica
Camera AG, Wetzlar, Germany) in 5 randomly selected
fields (including 1 each from the upper, lower, central,
left, and right positions) at x100 magnification. Subse-
quently, Image] v. 1.8.0 (National Institutes of Health (NIH),
Bethesda, USA) was used for cell counting.

Flow cytometry assay

Flow cytometry was used to analyze the cell cycle us-
ing the Cell Cycle Assay Kit Plus (C6078; Shanghai Bio-
science Technology Co. Ltd., Shanghai, China), following
the manufacturer’s instructions. Cells were collected
during the logarithmic growth phase, washed twice with
pre-cooled PBS, and then resuspended in approx. 1 mL
of pre-cooled staining buffer to prepare a single-cell
suspension.

The single-cell suspension was mixed with 1 mL of pre-
cooled 75% ethanol and stored at —20°C overnight for fixa-
tion. After incubation, cells were collected and resuspended
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in 1 mL of PBS. Then, 4 pL of RedNucleus I staining so-
lution was added to each tube, mixed gently and thor-
oughly and incubated at room temperature in the dark
for 20 min. Following staining, the cell suspension was
filtered through a nylon mesh into a flow cytometry tube.

Flow cytometry assays were conducted using a fluores-
cence-activated cell sorting (FACS) Aria II flow cytometer
(BD Biosciences, Pharmingen, San Diego, USA).

Statistical analyses

Statistical analysis was conducted using IBM SPSS soft-
ware v. 26.0 (IBM Corp., Armonk, USA) and R v. 4.4.2
(R Foundation for Statistical Computing, Vienna, Austria).
Each experiment (RT-qPCR, western blotting, cell prolif-
eration, cell migration, and flow cytometry assay) was per-
formed in triplicate. Medians (1°tand 3" quartile; Q1-Q3)
was used to represent the values. For small samples, test-
ing for normality was not feasible with sufficient reliabil-
ity; therefore, a nonparametric test was used. The non-
parametric Mann—Whitney U test and Kruskal-Wallis
H test with Dunn’s post hoc tests were utilised for exam-
ining the data as appropriate. For comparisons between
the 2 groups, we utilized the nonparametric Mann—Whit-
ney U test. For comparisons involving more than 2 groups,
we utilized the Kruskal-Wallis H test with Dunn’s post hoc
tests, with significance values adjusted using the Bonfer-
roni correction for multiple testing. In the case of repeti-
tion measurements, differences in characteristics between
groups were analyzed using the ARTool package in R.36:%7
All comparisons were 2-tailed, with statistical significance
setat p < 0.05.

Results

Meox1 was upregulated in TGFf1-induced
HSC activation

To determine if MeoxI was upregulated in activated
HSCs, we used LX-2 cells, a commonly employed model for
studying fibrogenesis and HSC activation.?* Transforming
growth factor-p1 is well known for inducing HSC activa-
tion.”38-40 Therefore, we examined the effect of TGF-$1
on MeoxI expression in LX-2 cells. Treating the cells with
increasing concentrations of TGF-B1 resulted in a dose-de-
pendent upregulation of MeoxI, with significant increases
observed at concentrations up to 10 ng/mL (Fig. 1A,B).
We also evaluated the expression levels of HSC activation
markers and fibrosis-related factors in TGF-p1-treated
LX-2 cells. Consistent with previous reports,!?3>41:42
the expression levels of a-smooth muscle actin (a-SMA)
(Fig. 1A,C), collagen-I (Fig. 1A,D) and MMP-2 (Fig. 1A,E)
increased progressively with higher concentrations
of TGF-P1. These results indicate that MeoxI is induced
during HSC activation.
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Fig. 1. TGF-B1 dose-dependently upregulated Meox! and HSC activation markers expression in LX-2 cells. A. Western blotting analysis the Meox1, a-SMA,
collagen-I, and MMP-2 expression. The LX-2 cells were starved overnight and subsequently treated with increasing concentration of TGF-31 (0, 0.5, 1,5 10,
and 20 ng/mL) for 72 h to collect protein; B-E. Quantification of Meox! and HSC activation markers level shown in A by normalized to GAPDH level. Western
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collagen-1, p = 0.016; MMP-2, p = 0.032). The line in the middle of the box represents the median, the upper whisker represents the extension from

the median to the maximum value, and the lower whisker represents the extension from the median to the minimum value

TGF-B1 - transforming growth factor-31; Meox! — mesoderm/mesenchyme homeobox gene |; HSC - hepatic stellate cell; a-SMA — a smooth muscle actin;
collagen-I - collagen type I; MMP-2 — matrix metalloproteinase-2; GAPDH - glyceraldehyde phosphate dehydrogenase; ns — no significant difference;

*p < 0.05; *p < 0.01; **p < 0.001.

Meox1 was essential for TGFp1-induced
HSC activation

To further investigate the role of MeoxI in TGF-p1-
stimulated HSC activation, we knocked down MeoxI
in LX-2 cells using specific siRNA (si-MeoxI). As shown
in Fig. 2A,B, TGF-P1 stimulation increased the expres-
sion of MeoxI and HSC activation markers. However,
Meox1 expression was significantly reduced by its specific
siRNA. Upon Meox1 knockdown, the expression of TGF-
B1-induced HSC activation markers, including a-SMA
(Fig. 2A,C), collagen-I (Fig. 2A,D) and MMP-2 (Fig. 2A,E),
was significantly reduced.

Notably, Meox1 knockdown also reduced the expres-
sion of these markers at the basal level, without TGF-1
stimulation. These findings confirm that TGF-B1 enhances
the expression of HSC activation markers and that this
activation can be inhibited by MeoxI knockdown, sug-
gesting that Meox! is essential for TGF-p1-induced HSC
activation.

Overexpression of Meox1 promoted
HSC activation

Given that MeoxI was upregulated during HSC activa-
tion, suggesting its involvement in transdifferentiation,
we examined the effect of MeoxI alone on HSC activation.
We stably transfected the MeoxI gene into LX-2 cells and
analyzed the expression levels of HSC activation markers.
The results showed that MeoxI mRNA (Fig. 3A) and pro-
tein (Fig. 3E) levels were significantly increased compared
to the control, confirming the successful establishment
of LX-2-Meox1 cell lines with stable Meox1 expression.
In these cell lines, the mRNA levels of a-SMA (Fig. 3B),
collagen-I (Fig. 3C) and MMP-2 (Fig. 3D) were significantly
upregulated. Western blot analysis also indicated that
Meox1 overexpression significantly increased the protein
levels of a-SMA, collagen-I and MMP-2 (Fig. 3E), suggest-
ing that Meox1 promotes the expression of these HSC ac-
tivation markers at the transcriptional level.

Cell proliferation and migration are key functional
characteristics of HSC activation.” Therefore, we further
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phosphate dehydrogenase; ns — no significant difference; *p < 0.05; **p < 0.01; ***p < 0.001.

evaluated the effect of MeoxI on HSC proliferation us-
ing the CCK-8 assay (Fig. 3F). The data indicated that
the growth rate of LX-2-MeoxI cells was faster than that
of the control group at 48, 72 and 96 h, demonstrating that
Meox1 accelerates cell proliferation. Additionally, we as-
sessed the role of Meox! in HSC migration using a Tran-
swell assay. The results showed that the number of migrat-
ing cells increased compared to the control group when
Meowx1 was upregulated (Fig. 3G). Overall, these findings
suggest that MeoxI promotes HSC phenotypic transfor-
mation as well as subsequent proliferation and migration.

The Smad3 phosphorylation level
increased in LX-2 Meox1 cells

We first investigated whether there was a regulatory
loop between Meox! and TGF-B1 during HSC activa-
tion. As shown in Fig. 4A, the mRNA level of TGF-f1

did not significantly change after the stable transfection
of the MeoxI gene into LX-2 cells. Additionally, Meox1
overexpression did not upregulate the protein level
of TGF-P1 in LX-2 cells (Fig. 4B). Previous studies have
highlighted the critical role of the canonical receptor-ac-
tivated Smad pathway in mediating TGF-B1 signaling.”*3
We therefore examined whether Meox1 was involved
in the Smad-dependent TGF-f1 pathway. Smad3 is essen-
tial for mediating TGF-P1 signaling in HSC activation and
the expression of profibrogenic genes, including collagen-I
and a-SMA.>** Consequently, we focused on the impact
of MeoxI on Smad3. Western blot analysis revealed that
while the total protein level of Smad3 remained unchanged
in LX-2 cells following Meox1 overexpression, the phos-
phorylation of Smad3 was elevated (Fig. 4B). These findings
suggest that MeoxI operates downstream of TGF-P1 with-
out forming a feedback loop and potentially participates
in the TGF-B1/Smad3 pathway.
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Fig. 3. Meox1 induced HSC activation markers expression and accelerated HSC proliferation/migration. The LX2-Meox] cell lines were established by stably
transfecting pcDNA3.1-Meox into LX-2 cells with hygromycin B selection. A-D. Quantitative reverse transcription polymerase chain reaction (RT-gPCR)
analysis of MeoxT, a-SMA, collagen-I, and MMP-2 mRNA expression level in LX2-Meox! cell lines. The mRNA expression level of a-SMA increased by 544
(4.3584, 8.0645) fold (p < 0.001, Mann-Whitney U test), collagen-l increased by 4.379 (3.1230, 5.9695) fold (p < 0.001, Mann-Whitney U test) and MMP-2
increased by 12.899 (9.2280, 17.6105) fold (p <0.001, Mann-Whitney U test) when Meox1 was overexpressed in LX-2 cells; E. Western blotting analysis

of Meox1, a-SMA, collagen-I, and MMP-2 protein expression level in LX2-MeoxT cell lines (n = 3); F. Proliferation effect of MeoxT in LX-2 cells. The growth
rate of LX-2-Meox1 cells was significantly increased compared to LX-2 cells at 48 h (p < 0.001, ARTool package in R); the same phenomenon was also
found at 72 h (p < 0.001, ARTool package in R) and 96 h (p < 0.001, ARTool package in R); G. Representative phase contrast image and quantitative analysis
of transwell migration assay in LX-2 and LX-2-MeoxT cells. The migration number of LX-2 cells was 93 (82.5, 95), LX-2-MeoxT cells was 314 (330.5, 347)

and the migration of LX-2-Meox! cells was significantly increased compared to the LX-2 cells (p = 0.009, Mann-Whitney U test). The line in the middle

of the box represents the median, while the upper and lower boundaries of the box correspond to the 3¢ quartile (Q3) and the 15t quartile (Q1),
respectively. The upper whisker represents the extension from the Q3 to the maximum value, and the lower whisker represents the extension from

the Q1 to the minimum value

TGF-B1 - transforming growth factor-31; Meox7 — mesoderm/mesenchyme homeobox gene |; HSC - hepatic stellate cell; a-SMA — a smooth muscle actin;
collagen-I - collagen type I; MMP-2 — matrix metalloproteinase-2.
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Fig. 4. The Smad3 phosphorylation level increased in LX-2-Meox1

cells. A. Quantitative reverse transcription polymerase chain reaction
(RT-gPCR) analysis of TGF-31 mRNA expression level in LX2-Meox1

cell lines. The mRNA expression level of TGF-B1 increased by 1.067
(0.7580, 1.7325) fold (p = 0.690, Mann-Whitney U test) when MeoxT was
overexpressed in LX-2 cells. The line in the middle of the box represents
the median, while the upper and lower boundaries of the box correspond
to the 3 quartile (Q3) and the 1° quartile (Q1), respectively. The upper
whisker represents the extension from the Q3 to the maximum value, and
the lower whisker represents the extension from the Q1 to the minimum
value. B. Western blotting analysis of TGF-(1, total Smad3 and
phosphorylated Smad3 expression level in LX2-MeoxT cell lines (n = 3)

TGF-B1 - transforming growth factor-f1; Meox! — mesoderm/
mesenchyme homeobox gene .

Meox1 induced LX-2 cells
population redistribution

To determine if MeoxI affects cell cycle progression,
we used flow cytometry to analyze cell population dis-
tribution. The results showed a significant increase
in the proportion of cells in the G1 phase and no significant
difference in the G2 phase in LX-2-MeoxI cells compared
to the LX-2 control group (Fig. 5A). This indicates that
MeoxI can induce a redistribution of the cell population,
extending the G1 phase.
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Meox1 activated p21PWAF1 expression
in HSCs

Meox1 acts as a transcriptional inducer of pI16™* and
p2ICTPYWAEL in vascular endothelial cells (VECs).?° There-
fore, we also examined its impact on stimulating the ex-
pression of p16™NK# and p21¢IPL/WAFL jn HSCs. Western blot
analysis revealed a significant increase in p21</P/WAF pro-
tein expression in LX-2-MeoxI cells compared to the con-
trol, whereas no notable change was observed in p16/N<#
protein levels (Fig. 5B). Despite p53 being a well-estab-
lished transcriptional activator of the p21¢/P/WAFL gene 45
its protein expression did not differ between LX-2-Meox1
cells and control cells (Fig. 5B). These findings suggest that
the upregulation of p21¢/PV/WAFL during MeoxI-induced
HSC activation is independent of p53.

Discussion

Mounting evidence supports that HSC activation
and their transformation into myofibroblasts are criti-
cal stages in hepatic fibrosis. Inhibiting HSC activation
represents a promising treatment approach to alleviate
fibrosis progression.®? Nevertheless, the safety and ef-
ficacy of this therapeutic strategy remain uncertain.
Therefore, further research is essential to identify new
therapeutic targets.

Several gene expression profiles undergo changes during
fibrosis and play crucial roles in the transdifferentiation
of myofibroblasts and fibrogenesis.*3% MeoxI has recently
emerged as a significant regulator of fibroblast activation
across various types of organ fibrosis, including skin,?’
vessel,?? heart,?*? and lung fibrosis.?* Importantly, Meox1
is specifically expressed in activated fibroblasts, orches-
trating a comprehensive fibrotic gene expression program
and is essential for TGF-B-induced fibroblast activation.?
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Fig. 5. Meox! induced cell population redistribution and p2197/"WAf expression in LX-2 cells. A. Effect of MeoxT on cell cycle distribution in LX-2 cells was
assessed with flow cytometry. Compared to the LX-2 control group, the proportion of cells in the G1 phase in LX-2-Meox cells was increased (p = 0.016,
Mann-Whitney U test), while the proportion of cells in the G2 phase exhibited no significant difference (p = 0.754, Mann-Whitney U test). The line

in the middle of the box represents the median, while the upper and lower boundaries of the box correspond to the 3 quartile (Q3) and the 15t quartile
(Q1), respectively. The upper whisker represents the extension from the Q3 to the maximum value, and the lower whisker represents the extension from
the Q1 to the minimum value. B. Western blotting analysis of p53, p21<P"WAfl and p16™“ protein expression level in LX2-Meox! cell lines (n = 3)

Meox1 — mesoderm/mesenchyme homeobox gene I.
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Therefore, we investigated the impact of MeoxI on human
HSC activation.

TGE-P1, a key inflammatory mediator, is recognized
as the principal profibrogenic cytokine that triggers HSC
activation and ECM production.>** The a-SMA, a hall-
mark of HSC activation, serves as an indicator of activation
severity.®? Additionally, collagen-I and MMP-2 are integral
components of the ECM and are widely used to assess fi-
brosis severity.® Our study revealed that Meox1 expression
increased concurrently with a-SM A and the accumulation
of collagen-I and MMP-2 in TGF-p1-treated LX-2 cells.
Interestingly, inhibiting MeoxI expression blocked TGF-
B1-induced synthesis of a-SMA, collagen-I and MMP-2,
thereby reducing ECM accumulation. These findings sug-
gest that MeoxI may contribute to TGF-p1-induced HSC
activation and subsequent ECM deposition.

Hepatic stellate cell activation is a multifaceted process
involving changes in phenotype and function crucial for
ECM production, proliferation and migration.® Our study
demonstrated that overexpression of Meox! significantly el-
evated a-SMA levels in LX-2 cells. Similarly, expression levels
of collagen-I and MMP-2 were robustly enhanced, indicating
that MeoxI can drive the transformation of quiescent HSCs
into a myofibroblastic phenotype. Previous studies have indi-
cated that approx. 80% of fibrillary collagen-I is synthesized
by activated HSCs, with MMP-2 playing a regulatory role
in this process.® Matrix metalloproteinase-2, a profibrotic
mediator secreted by activated HSCs, contributes to ECM
degradation and enhances HSC activation and migration.!?
Conversely, inhibition of MeoxI reduced basal levels of both
collagen-I and MMP-2 expression. These findings suggest
that MeoxI functions as an inducer of collagen-I and MMP-2,
thereby regulating ECM production in HSCs.

Furthermore, our observations indicated that Meox1
significantly promoted the proliferation and migration
of LX-2 cells. These data underscore the crucial role
of Meox1 in HSC activation, aligning with previous re-
search demonstrating Meox1’s ability to modulate phe-
notypes and functions of human dermal fibroblasts?” and
smooth muscle cells (SMCs).2+3°

The TGF-B1/Smad signaling pathway is crucial in liver fi-
brosis by activating HSCs.** Transforming growth factor-f1
induces Meox1 expression, and blocking Meox! inhibits
TGEF-Bl-induced ECM synthesis. Interestingly, TGF-B1 ex-
pression did not significantly vary with MeoxI overexpres-
sion in LX-2 cells, suggesting that MeoxI likely acts down-
stream of TGF-P1 without forming a feedback loop with it.
Upon active TGF-P binding to the TGE-p type II receptor,
transforming growth factor-f type I receptor (TBRI) is phos-
phorylated, activating its catalytic activity and initiating sig-
naling through phosphorylation of Smad family members.>0
Studies indicate Smad3 as a critical mediator of HSC profi-
brogenic responses,>** crucial for liver fibrosis progression
through ECM expression.***” Smad3 activity, modulated
by expression, phosphorylation and nuclear translocation,
induces transcription of target genes.?* Our study observed
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increased Smad3 phosphorylation but no significant change
in total Smad3 levels upon forced Meox1 expression in LX-2
cells, suggesting Meox1 may regulate Smad3 phosphoryla-
tion. However, MeoxI’s localization in the nucleus makes
direct promotion of TGF-B-induced Smad3 phosphoryla-
tion in the cytoplasm unlikely. Research on SMCs suggests
MeoxI maintains nuclear Smad3 phosphorylation by in-
hibiting protein phosphatase, Mg?*/Mn?* dependent 1A
(PPM1A), a Smad3 phosphatase blocking TGF-f3 signaling.*
Thus, we propose TGF-Bl-induced MeoxI preserves Smad3
phosphorylation to promote HSC activation, yet the detailed
mechanisms of Meox1 in HSC activation require further
exploration.

Furthermore, our findings indicate that increased Meox1
expression lengthens the G1 phase. Previous studies have
shown that p2I1CP/WAFL and p16/NK#e are downstream
transcriptional targets of Meox! and can be directly ac-
tivated by MeoxI in VECs.?’ These genes act as cyclin-
dependent kinase inhibitors essential for G1 phase arrest.*®
In LX-2 cells, Meox1 overexpression significantly induced
p2ICIPVWAEL expression, whereas p16/N<# Jevels remained
unchanged compared to the negative control. We speculate
that this discrepancy may result from different intracel-
lular responses in different cell types.

Increased p21¢/PY/WAFL expression was observed at both
protein and mRNA levels, while p53 expression, a known
transcriptional activator of p21¢/P1/WAFI 48 yag unaffected
by Meox1 expression in LX-2 cells. This suggests that Meox1-
induced p21¢PVWAFL expression at the transcriptional level
is independent of p53. This independence may explain
MeoxI’s role in lengthening the G1 phase. Studies have shown
that p21¢P/WAFL plays a crucial role in hepatocyte develop-
ment, differentiation and cell cycle regulation, with Smad
family members mediating the activation of the p21¢/P1/WAF!
promoter. Truncated Smad3 blocks this transactivation.*’

Previous research has confirmed that Meox! can regu-
late muscle tissue growth and differentiation by control-
ling the cell cycle.?! Extensive research has demonstrated
the close connection between cell fate decisions and cell
cycle machinery,>-52 revealing how cells use distinct cell
cycle states to regulate biochemical and physical changes,
such as metabolism, gene expression profiles and differ-
entiation. Extending the G1 phase allows cells to respond
more efficiently to signals, activate developmental gene
transcription and initiate differentiation programs while
maintaining the differentiation state.>3-5°

A study demonstrated that MteoxI is necessary for
TGF-B1-induced SMC differentiation from mesenchymal
progenitors?* and acts as a central transcriptional switch
governing TGF-B1-induced fibroblast activation in myo-
cardial fibrosis.3? Our results suggest that MeoxI mediates
TGEF-B1-stimulated transdifferentiation of quiescent HSCs
into a myofibroblastic phenotype that accumulates fibril-
lary collagens. Interestingly, previous research suggested
that p21¢P/WAFL enhances the sensitivity of cell response
to TGF-B. Therefore, we speculate that MeoxI-induced G1
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phase extension may create a temporal window that enhances
HSC response to various profibrogenic cytokines, allowing
for more efficient activation and maintenance of the trans-
differentiation state, thereby promoting fibrosis. These find-
ings indicate a more complex relationship between Meox1
and HSC activation that warrants further investigation.

Limitations

Our study has several limitations. Primarily, the use
of the LX-2 cell line may not fully represent primary hepatic
stellate cells or the in vivo environment, potentially leading
to over- or underestimation of MeoxI effects. The reliance
on a single cell line and in vitro conditions further limits
the generalizability and physiological relevance of the find-
ings. Transient knockdown and overexpression techniques
introduce variability and may not capture long-term regula-
tory mechanisms. The absence of in vivo validation means
systemic factors are not considered, affecting translational
potential. Additionally, RT-qPCR and western blot analyses
could introduce technical biases, impacting result preci-
sion. Future studies should incorporate primary HSCs, vali-
date findings in animal models, use stable genetic manipu-
lation techniques, and replicate results across multiple cell
lines to mitigate these biases and enhance study precision.

Conclusions

Our research identifies MeoxI as a key factor in TGF-f1-
induced HSC activation, significantly influencing HSC
phenotypic modulation. While the precise mechanisms
remain unclear, changes in Smad3 phosphorylation sug-
gest that MeoxI may regulate HSC activation through
the TGF-B/Smad signaling pathway. Given its role in pro-
moting HSC activation, Meox1 warrants further investiga-
tion and may represent a promising antifibrotic drug target
for treating hepatic fibrosis.
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The supplementary materials are available at https://
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the following files:

Supplementary Fig. 1A. Kruskal-Wallis H test was uti-
lized for examining the data from western blotting assay
of Meox1.

Supplementary Fig. 1B. Kruskal-Wallis H test was uti-
lized for examining the data from western blotting assay
of a-SMA.

Supplementary Fig. 1C. Kruskal-Wallis H test was uti-
lized for examining the data from western blotting assay
of collagen-I.

Supplementary Fig. 1D. Kruskal-Wallis H test was uti-
lized for examining the data from western blotting assay
of MMP-2.
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Supplementary Fig. 2A. Kruskal-Wallis H test was uti-
lized for examining the data from western blotting assay
of Meox1.

Supplementary Fig. 2B. Kruskal-Wallis H test was uti-
lized for examining the data from western blotting assay
of a-SMA.

Supplementary Fig. 2C. Kruskal-Wallis H test was uti-
lized for examining the data from western blotting assay
of collagen-1.

Supplementary Fig. 2D. Kruskal-Wallis H test was uti-
lized for examining the data from western blotting assay
of MMP-2.

Supplementary Fig. 3A. The nonparametric Mann—
Whitney U test was utilized for examining the data from
qPCR assay of Meox1.

Supplementary Fig. 3B. The nonparametric Mann—
Whitney U test was utilized for examining the data from
qPCR assay of a-SMA.

Supplementary Fig. 3C. The nonparametric Mann—
Whitney U test was utilized for examining the data from
qPCR assay of collagen I.

Supplementary Fig. 3D. The nonparametric Mann—
Whitney U test was utilized for examining the data from
RT-qPCR assay of MMP-2.

Supplementary Fig. 3E. The ARTool package in R was
utilized for examining the data from CCK-8 cell prolifera-
tion assay.

Supplementary Fig. 3F. The nonparametric Mann—Whit-
ney U test was utilized for examining the data from cell
migration assay.

Supplementary Fig. 4. The nonparametric Mann—
Whitney U test was utilized for examining the data from
RT-qPCR assay of TGF.

Supplementary Fig. 5A. The nonparametric Mann—
Whitney U test was utilized for examining the data from
cell cycle assay in G1.

Supplementary Fig. 5B. The nonparametric Mann—
Whitney U test was utilized for examining the data from
cell cycle assay in S.

Supplementary Fig. 5C. The nonparametric Mann—
Whitney U test was utilized for examining the data from
cell cycle assay in G2.
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Abstract

Background. A correlation between thyroid function and cognitive impairment has been well established;
however, the impact of thyroid dysfunction on structural changes in the brain cortex remains largely un-
explored.

Objectives. The study describes a 2-sample Mendelian randomization (MR) analysis to elucidate the rela-
tionship between thyroid malfunction and brain structure and function.

Materials and methods. Eight phenotypes of thyroid function were extracted from THYROIDOMICS
consortium by determining free thyroxine (FT4) and thyroid-stimulating hormone (TSH) levels in both
men and women separately and together, as well as in individuals with increased or decreased TSH levels.
The results were assessed in terms of overall brain cortical thickness and the surface area (SA) of grey matter,
along with 34 specific measurements for various regions. The primary method employed for the analysis
was the inverse-variance weighted (VW) approach.

Results. The data were subjected to MR Egger regression, Cochrane’s Q statistic and leave-one-out analysis
to determine the correlation between the variables. The FT4 in men, women and overall was statistically
associated with cortical thickness of entorhinal cortex (EC). Overall TSHand TSHin men were associated with
cortical thickness of caudal anterior cinqulate. Additionally, in men, TSH levels showed an association with
cortical thickness in the cuneus gyrus. Increased TSH was associated with decreased SA of lateral occipital
(LO) and increased SA of lateral orbitofrontal, medial orbitofrontal and superior frontal cortex. Decreased
TSH was negatively associated with the SA of pars opercularis (P0) and the cortical thickness of posterior
cingulate cortex. No pleiotropy was detected.

Conclusions. Our findings indicate a possible causal link between thyroid function and the cortical archi-
tecture of particular functional areas associated with neurodegenerative and psychiatric conditions.

Key words: cognitive function, thyroid function, Mendelian randomization, cerebral cortex structure,
psychological diseases
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Highlights

.

cally influenced exposures and clinical outcomes.

+ Thyroid hormones (THs) play an essential role in regulating the development and differentiation of neurons and

neuroglia, alongside the overall development and functionality of the central nervous system (CNS).

A relationship between thyroid function and cognitive impairment has been noted; however, the effects of thyroid

dysfunction on alterations in brain cortex structure remain to be explored.

+ Researchers can visualize psychiatric diseases and cognitive decline by modifying cerebral cortex anatomy. Thus,
various research have examined how thyroid function affects cerebral cortex structure.

+ Mendelian randomization (MR) techniques were developed to determine the potential relationship between geneti-

« Our findings indicate a possible causal link between thyroid function and the cortical architecture of particular
functional areas associated with neurodegenerative and psychiatric conditions.

Background

The central nervous system (CNS) and the endocrine sys-
tem are inextricably connected. Thyroid hormones (THs)
are critical for the regulation of the development and dif-
ferentiation of neurons and neuroglia, as well as the devel-
opment and function of the CNS. Tri-iodothyronine (T3)
stimulates the nervous system, enabling vigilance, wake-
fulness and responsiveness to external stimuli. Moreover,
TH stimulates the peripheral nervous system, enhancing
gastrointestinal tone, motility and peripheral reflexes.
Neurological impairments and psychiatric abnormalities
can result from aberrant TH levels, which are essential for
the maintenance of normal brain functions.> Emerging
evidence suggests a potential causal relationship between
TH regulation and specific cortical structures, providing
novel insights into the neurobiological mechanisms under-
lying the cognitive and psychiatric manifestations of thyroid
dysfunction. This association has significant implications
for understanding the pathophysiology of conditions like
hypothyroidism-induced depression and cognitive impair-
ment, informing novel therapeutic strategies.® The rela-
tionships between thyroid function and specific cortical
structures may be mediated by neural substrates involv-
ing the hypothalamic—pituitary—thyroid axis, influencing
neuroplasticity and synaptic pruning. Key regions include
the hippocampus, amygdala and prefrontal cortex, where
THs regulate gene expression, neurotrophic factors and
neurotransmitter modulation, impacting cognitive and
emotional processing.* Patients with hypothyroidism fre-
quently experience neurological and psychiatric symptoms,
such as mood disorders, impaired memory and lack of con-
centration.® Untreated long-term hypothyroidism can cause
peripheral neuropathy. Hyperthyroidism can induce various
neuropsychiatric symptoms, including anxiety, restlessness,
mood instability, insomnia, memory loss, and psychosis.®~
Moreover, cognitive decline can occur due to variations
in serum TH levels, even within the reference range.1%-12

By altering the structure of the cerebral cortex, it is pos-
sible to visualize psychiatric disorders and cognitive

decline.!3!* Consequently, numerous studies have docu-
mented the impact of thyroid function on the structural
characteristics of the cerebral cortex. For instance, inves-
tigations have indicated that subclinical hypothyroidism
notably decreases the gray matter volume (GMV) in several
brain areas, including the orbitofrontal gyrus and right
inferior occipital gyrus, which are involved in sensory
functions, impulses and learning.!® Su et al. found that
the GMV of specific functional regions, such as the right
superior frontal gyrus, superior temporal gyrus, medial
frontal gyrus, and supplementary motor area, showed nota-
ble decreases in patients with untreated hypothyroidism.!¢

Similarly, Gobel et al. observed changes in GMV in spe-
cific brain regions among individuals with hyperthy-
roidism.!” The condition results in a reduction of GMV
in the bilateral hippocampus and para-hippocampal gyrus,
left temporal pole and bilateral primary visual cortex.'®
Nevertheless, these studies failed to elucidate the direc-
tionality of these relationships. Moreover, the studies
conducted with a limited sample size present several sig-
nificant limitations, such as the challenge of determining
reverse causality, the presence of potential confounding
variables and discrepancies in interpretations. In light
of this, it is crucial to investigate the possible causal im-
pacts of thyroid function on the structure of the cerebral
cortex. Examining causal effects can aid in pinpointing
risk factors and mitigating the occurrence of thyroid dis-
orders linked to neurological or psychological conditions.

Randomized controlled trials have proven to be valuable
in exploring causal relationships; nonetheless, they face
challenges such as inadequate long-term compliance from
participants and several other complications. The exami-
nation of various genetic factors for their correlation with
particular studies was facilitated by the accessibility of data
from extensive genome-wide association studies (GWAS).
As aresult, methodologies based on Mendelian randomiza-
tion (MR) were developed to determine the possible interac-
tion between genetically influenced exposures and clinical
outcomes. Genetic variations are considered crucial compo-
nents in these methodologies.'® Marouli et al.2° previously
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conducted a study utilizing MR to clarify the risk linked
to a reduced likelihood of developing Alzheimer’s disease
(AD). The findings indicated that individuals with AD
showed an elevation in genetically anticipated thyroid-stim-
ulating hormone (TSH) levels, all while remaining within
the normal range. A separate MR study indicated that hypo-
thyroidism may lower the risk of developing schizophrenia.
Consequently, it was hypothesized that THs could impact
cognitive function and mental state by modifying the struc-
ture of particular cerebral functional regions.?!
Consequently, we utilized the MR method to explore
the causal relationships between thyroid function, both
within normal and aberrant ranges, and the structure
of the cerebral cortex, which includes the global cerebral
cortex along with its 34 functional subdivisions.?? The MR
method is utilized for its ability to leverage genetic diversity
in examining the causal relationship between exposures and
outcomes. This approach utilizes genetic variants as natural
experiments, randomly distributed during meiosis, which
helps to reduce confounding and misinterpretation of re-
sults from epidemiological studies. It effectively avoids re-
verse causation, ensuring that the genetic variations used
in these studies are not influenced by the onset or progres-
sion of outcomes. This method provides unbiased estimates
of the effects of a causal variable without requiring a tradi-
tional randomized controlled trial. As a result, MR is pri-
marily utilized in conjunction with various forms of infor-
mation for the purpose of causal inference. We investigated
single nucleotide polymorphisms (SNPs) to assess whether
there is a relationship between an SNP and thyroid function,
and how it may influence specific cortical thickness (CT)
or surface area (SA) outcomes. After performing a compre-
hensive literature review, no MR-based study was identified
that explored the relationship between cortical thickness,
SA of the cerebral cortex and thyroid function phenotypes.

Objectives

This paper presents a 2-sample MR analysis to elucidate
the relationship between thyroid dysfunction and brain
structure and function.

Materials and methods
Study design and data sources

The guidelines outlined in Strengthening the Report-
ing of Observational Studies in Epidemiology using MR
(STROBE-MR) were followed.?® We accessed the online
database (Datasets — The ThyroidOmics Consortium,
uni-greifswald.de), which includes GWAS summary data
from a meta-analysis conducted by the THYROIDOMICS
consortium, to obtain TH measurements. The database
includes participants of European ancestry. We analyzed
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data from 54,288 individuals across 22 independent co-
horts for TSH and 49,269 study participants across 19 in-
dependent cohorts for free thyroxine (FT4), providing suf-
ficient power (=80%) to detect small-to-moderate effects
(0.1-0.3 standard deviations (SDs)) with a type I error rate
of 0.05. The analysis employed MR methods (inverse-vari-
ance weighted (IVW), weighted median and MR-Egger
regression) and addressed pleiotropy and heterogene-
ity, ensuring robust estimates of causal relationships.
We excluded the data from participants taking thyroid
medications or undergoing thyroid surgery. We consid-
ered the eligible participants with hormone levels within
the cohort-specific reference range to have continuous
phenotypes. To gain a comprehensive perspective, we also
identified participants with TSH levels exceeding the up-
per and lower cohort-specific reference ranges, both el-
evated and decreased, using the summary data.

Assumptions

Three basic assumptions provided the basis of the MR
analysis. First, the relevance assumption established a ro-
bust correlation between the exposure and the genetic vari-
ants. Second, we analyzed the genetic variants to ensure
they were not associated with any confounding factors
that could influence the exposure—outcome relationship.
Finally, we examined the SNPs as genetic variants that
influenced the outcome, such as changes in TH levels
and/or brain structure, without being affected by alter-
native pathways. We primarily collected data on normal
range thyroid function, as indicated by TSH and FT4 levels,
and correlated them with functional regions of the brain.
We assessed changes in brain regions by considering varia-
tions in cortical thickness and SA. Consequently, we ana-
lyzed the causal effects of thyroid dysfunction, specifically
hyperthyroidism or hypothyroidism, as indicated by TSH
levels, on the cortical structure of 34 distinct brain regions.
Figure 1 depicts the overview of this study.

Statistical analyses

Thirty-four specific brain regions were considered
as phenotypes. Bonferroni-corrected p-values (i.e.,
0.05/544 = 9.192 x 10~°) were used to analyze brain region-
level data in 544 MR estimates, accounting for multiple
testing. The correlation data were considered significant
if the p-value exceeded the Bonferroni-corrected threshold
but remained below 0.05. A stronger association between
the parameters was declared if the p-value was below 0.01.
The study employed Bonferroni correction to adjust for
multiple testing, reducing the risk of type I errors. How-
ever, the stringent p-value threshold (p < 0.001) may have
increased the risk of type Il errors in this study, potentially
obscuring true associations. For the analysis of changes
in cortical regions at the global cortical level, statistical
significance was considered if the p-value was < 0.05.
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MR - Mendelian randomization; TSH - thyroid-stimulating hormone; SNP - single nucleotide polymorphism.

Mendelian randomization analysis

To address pleiotropy, SNPs were selected using thyroid-
related GWAS data and proxy SNPs (R? > 0.8) for index SNPs
that had not been explicitly genotyped in this study. The MR
methods used were the IVW method for estimating causal
effects using SNPs as instruments to account for multipli-
cative random effects,?* the weighted median method and
the MR-Egger regression. In order to mitigate the potential
influence of horizontal pleiotropy on IVW estimations, MR-
Egger regression was used for analyzing pleiotropy and esti-
mated causal effects, and weighted median, weighted mode
and simple mode methods were employed for addressing
the potential heterogeneity. The MR-Egger method is com-
monly employed to detect instances of directional pleiot-
ropy caused by genetic variants. Additionally, it can identify

pleiotropic effects that are not associated with genetic variant
exposure in general.?> The presence of horizontal pleiot-
ropy was assessed using the weighted median approach.
The instrument variables were considered valid if they ac-
counted for more than 50% of the variation.?® The utilization
of the weighted mode approach can effectively yield reliable
estimates for both valid and invalid cases in general.?”

Sensitivity analyses and outlier analyses

Several sensitivity studies were conducted to account for
pleiotropy and obtain dependable MR outcomes. The pres-
ence of putative directional horizontal pleiotropy was
assessed using Merger regression, with a p-value of less
than 0.05 for the intercept term.?® The occurrence of plei-
otropy was assessed for heterogeneity using Cochran’s
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Q statistic,?® with a significance level of p < 0.001. In ad-
dition, the existence of horizontal pleiotropy (p < 0.001)
was assessed using the MR Pleiotropy Residual Sum and
Outlier (MR-PRESSO) global tests.?’ To assess an outlier,
a leave-one out study was conducted. In this analysis, a p-
value of less than 0.05 was used to determine if the MR
results were significantly influenced by the exclusion
of a single SNP.

Assessment of assumptions

For the MR analysis, this study considered the SNP
as a genetic instrument. The associations between SNPs
and the disorder were included if they exhibited genome-
wide significance with p < 0.001 and the same was as-
certained by excluding SNPs in linkage disequilibrium
(R? > 0.001 and clump window <10,000 kb). The strength
of genetic instruments was determined through F-statis-
tics and SNPs with an F-value <10 were excluded. The data
were harmonized, and SNPs with either palindromic
or intermediate allele frequencies were excluded, as were
outcome-related SNPs that did not meet the genome-wide
significance threshold (p = 0.001). To exclude potential bias
by risk factors and fulfill the requirements of the 2" MR
hypothesis, the reminding SNPs were searched in the Phe-
noScanner database.3° The study included 9 possible
confounders3!-38: habits of smoking, coffee, and alcohol,
diagnosed psychiatric disorders, years of educational at-
tainment, migraine, diagnosed coronary artery diseases,
body mass index (BMI), and sleep disorders. The Phe-
noScanner database revealed that no SNP was associated
with migraine, educational attainment, psychiatric disor-
ders, sleep disorders, or coffee intake. However, we identi-
fied 1 SNP (rs597808) associated with smoking and cardio-
vascular diseases, while 3 SNPs (rs1045476, rs4445669 and
rs11039355) were linked to BMI. The remaining SNPs were
excluded from further analysis due to their lack of direct
association with brain structure and related confounders.

Software and data analysis

An online database (https://enigma.ini.usc.edu/re-
search/download-enigma-gwas-results) was browsed and
the summary of statistical data from the ENIGMA consor-
tium was downloaded.?* The data on cerebral cortical SA
[mm?] and CT [mm] were obtained from a meta-analysis.
This GWAS summary data provided access to 51,665 in-
dividuals, mainly from the European population (94%).
The data were analyzed across 60 cohorts using T1-
weighted magnetic resonance imaging (MRI). An additive
model was constructed for adjusted routine personal data
(including sex, age, their squared values, their interaction,
and their squared value), and the genetic associations for
each cohort were analyzed. The Desikan—Killiany atlas*®
was referred to as state 34 brain regions with known func-
tional specializations. These functional regions of brains
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were analyzed through the MR approach by using globally
weighted estimates and excluding the measures of regional
phenotypes. It was carried out to avoid neuroanatomi-
cal variability between different individuals in regional
phenotypes.

Results

Thyroid function is linked to specific brain regions,
impacting neurobiological mechanisms. Hypothyroidism
is associated with reduced hippocampal volume, leading
to impairments in memory and learning. It affects amyg-
dala activity, altering emotional regulation. Thyroid hor-
mones modulate neurotransmitter balance, impacting ce-
rebral cortex, basal ganglia and cerebellum, influencing
mood, cognition and motor function, respectively.

Causal estimation for all brain regions

Initially, 4 indicator SNPs were screened separately for
the data related to FT4 of men (FT4_men) and women
(FT4_women) prediction while 10 indicator SNPs were
analyzed for FT4 overall (FT4_overall). Likewise, 16 in-
dicator SNPs were separately tested for TSH of men
(TSH_men) and women (TSH_women) and 25 indicator
SNP for overall TSH (TSH_overall). For increased TSH
(inc_TSH) and decreased TSH (dec_TSH), 5 and 6 SNPs
were included, respectively. As a criterion, the F-statistics
of these genetic tools were considered significant if found
greater than the normal selection value of 10. The com-
plete results of causal estimation for all brain regions are
shown in Fig. 1-6.

Mendelian randomization Egger

Mendelian randomization Egger (MR-Egger) was per-
formed to analyze a directional pleiotropy test, a causal
effect test and an estimation of the causal impact assum-
ing that all genetic variants met the primary assumptions.
However, the MR-Egger method can determine if genetic
variants have pleiotropic effects on the outcome that de-
viate from 0 on average (directional pleiotropy). Figure 1
displays an analysis of the incTSH_cuneus_SA. Figure 1A
depicts a scatter plot that shows the correlation between
the effect of SNP on cuneus_SA and its influence on cu-
neus_TSH. It demonstrates that SNPs influence not only
the composition and functionality of the gene product
but also its quantity. Meanwhile, Fig. 1B presents a forest
plot illustrating the results of the MR analysis, which as-
sesses the relationship between cuneus SA (cuneus_SA)
and TSH levels (cuneus_TSH). Point estimations are
quantified as the alteration in the magnitude of the MR
effect size. Figure 1C depicts the funnel plot, which ex-
hibits asymmetry caused by certain genetic variations
that have exceptionally powerful influence on the result
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despite having poor precision. This asymmetry suggests
the presence of directional pleiotropy. Figure 1D presents
the leave-one-out sensitivity analysis. This method sys-
tematically excludes each genetic variant from the MR
analysis one at a time to assess the robustness of the re-
sults and identify any influential variants that may dispro-
portionately affect the overall findings. Likewise, Fig. 2
displays the similar analysis of the incTSH_overall 1
lingual_SA, Fig. 3 for incTSH_overall_1 superiorfrontal
thick, Fig. 4 displays a research analysis of the thickness

of the lateral occipital (LO) region in men, utilizing FT4
data, Fig. 5 shows analysis of LO thickness in women
with FT4, and Fig. 6 presents the study of temporal pole
thickness in women with FT4.

The data revealed 7 causal relationships between thy-
roid function traits and regional cortical thickness, which
exhibited nominal statistical significance. Additionally,
5 causal relationships between thyroid function traits and
regional cortical SA were observed to be statistically signif-
icant. Unfortunately, the study did not find any statistically
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significant results indicating the impact of thyroid func-
tion features on cortical structure in 34 brain functional
regions (all p > 0.001). The data showed 7 causal relation-
ships between thyroid functional trait and regional cortical
thickness, which were found to have nominal statistical
significance while 5 causal relationships between thyroid
function traits and regional cortical SA were observed
to be statistically significant. However, the impact of thy-
roid function traits on cortical structure could not be de-
termined in 34 brain functional regions as the results were
not statistically significant (all p > 0.001).

The data from the IVW model indicated that,
at the functional area level with overall weighted analysis,
genetically predicted levels of FT4 in men, women and
the overall population were all positively associated with
the thickness of the EC. Likewise, for FT4_men and FT4_
women, weighted median method was of similar signifi-
cance. Nonetheless, the consistent direction of association

was determined through MR-Egger, simple mode and
weighted mode methods. For FT4_overall, the other
4 methods also yielded consistent directions of associa-
tion with IVW. The data analyzed with overall weighted
analysis the IVW model showed that in the functional
area level, genetic predicted levels of FT4_men, FT4_
women were associated with the thickness of LO sulcus
positively with weighted median of similar significance.
Moreover, the consistency in the direction of association
was strengthened by analysis made through MR-Egger,
simple mode and weighted mode methods. Moreover, for
another functional area, caudal anterior cingulate cortex
(cACC), overall weighted analysis in the IVW model pre-
dicted that the level of TSH_overall and TSH_men were
separately associated positively with the thickness of this
area. For the former, the results were found consistent
in the directions of association when analyzed through
MR-Egger, weighted median method, simple mode, and
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weighted mode methods. For the latter, except for MR-
Egger, the outcome of other methods affirmed the find-
ings obtained with IVW. The genetic predicted level
of TSH_men was also found associated with the thickness
of cuneus gyri positively (p (SE): 0.007 (0.004, p = 0.040)
through overall weighted analysis by the IVW model.
Indeed, the weighted median method and simple mode
method yielded consistent directions of association.
However, MR-Egger and weighted mode methods ob-
tained opposite directions of association. The data from

overall weighted analysis and the IVW model showed
that genetic predicted level of FT4_women was asso-
ciated with the thickness of temporal pole positively.
Except for simple mode method, MR-Egger, weighted
median method and weighted mode methods supported
the directions of association with IVW. The IVW model
in the functional area level with overall weighted analy-
sis revealed a reduction in the mean SA of LO (B (SE):
—20.246 (8.640), p = 0.019) due to genetic predicted hy-
pothyroidism (inc_TSH) and an increase in the mean SA
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MR = Mendelian randomization; TSH — thyroid-stimulating hormone; SNP - single nucleotide polymorphism.

of lateral orbitofrontal gyri (LOF), medial orbitofrontal
gyri (MOF) and superior frontal gyrus (SFG). The con-
sistency in the direction of this association was affirmed
by MR-Egger, weighted median method, simple mode,
and weighted mode methods. Moreover, the weighted
median method also exhibited similar significance for
the association of inc_TSH and the SA of MOF. Regarding
genetic predicted hyperthyroidism (dec_TSH), the IVW
model presented a reduction in the mean SA of PO and
the mean thickness of posterior cingulate cortex (PCC).

The weighted median method corroborated this sig-
nificance. The consistency in the data, particular for
the directionality of association was affirmed through
MR-Egger, simple mode and weighted mode methods.
No significant horizontal pleiotropy (all p > 0.05) was
detected for the reported significant causalities as was
analyzed through MR-Egger intercept test, the MR-
PRESSO test and Cochran’s Q test. The leave-one-out
analyses also confirmed that no SNP could significantly
influence the causal estimates.
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Table 1. Horizontal pleiotropy analysis for 6 different outcomes associated with FT4 and TSH levels

MR-Egger intercept test MR-PRESSO global test Cochran’s Q
Exposure Outcome
Egger intercept RSS obs

inc_TSH

cuneus_SA -0.6405 2294 0.7939 9.865 0.293 0.162
cuneus_sa
incTSH_overall_1 lingual _SA -0.1138 17.21 0.9950 3.134 0.836 0.026
incTSH_overall_1 superiorfrontal_thick -0.0072 0.0070 0.3609 10.510 0.223 0.078
FT4_men lateraloccipital_thick 0.0001 0.00106 0.9239 2.753 04314 0.255
FT4_women lateraloccipital_thick -0.00011 0.00104 0.9192 7.1135 0.491 0.292
FT4_women temporalpole-thick -0.00349 0.00267 0.3236 10.542 0413 0.634

TSH - thyroid-stimulating hormone; SA — surface area; FT4 - free thyroxine; SE — standard error; RSS - residual sum of squares.

Examination of horizontal pleiotropy
for 6 distinct outcomes

The Egger intercept for cuneus_SA was —0.6405, with
an standard error (SE) of 2.294 and a p-value of 0.794.
The observed residual sum of squares (RSS) for the MR-
PRESSO global test was 9.86, with a p-value of 0.293.
Additionally, the p-value for Cochran’s Q test was 0.1619.

Table 1 displays the examination of horizontal pleiot-
ropy for 6 distinct outcomes linked to FT4 and TSH levels.
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Thelingual_SA had an Egger intercept value of —0.1138,
with SE of 17.21 and a p-value of 0.665. The observed RSS
for the MR-PRESSO global test was 3.134, with a p-value
of 0.836. Additionally, the p-value for Cochran’s Q test
was 0.0264. The value of the Egger intercept for superior
frontal pole thickness was —0.0072, with SE of 0.007
and a p-value of 0.361. The observed RSS for the MR-
PRESSO global test was 10.150, with a p-value of 0.223.
Additionally, the p-value for Cochran’s Q test was 0.078.

The lateral occipital pole thickness value for men had
an Egger intercept of —0.0001 with SE of 0.00106 and
a p-value of 0.924. The observed RSS for the MR-PRESSO
global test was 2.753 with a p-value of 0.431. Additionally,
the p-value for Cochran’s Q test was 0.2546. The lat-
eral occipital pole thickness in women had an Egger in-
tercept of —0.00011, with SE of 0.00104 and a p-value
of 0.919. The observed RSS for the MR-PRESSO global
test was 7.1135, with a p-value of 0.491. Additionally,
the p-value for Cochran’s Q test was 0.29154. The tem-
poral pole thickness in women had an Egger intercept
value of —0.00349, with SE of 0.00267 and a p-value
of 0.324. The observed RSS for the MR-PRESSO global
test was 10.542, with a p-value of 0.413. Additionally,
the p-value for Cochran’s Q test was 0.634.

R2_F statistics for single nucleotide
polymorphisms

Table 2 presents the R2_F statistics for various SNPs
associated with 6 different outcomes related to FT4 and
TSH levels. The IVW test computed odds ratios (ORs)
for different brain regions (Table 3). The estimated OR
for cuneus_SA was 1.147 (with a 95% confidence interval
(95% CI) of 1.045-1.457) and a p-value of 0.008. The OR
for lingual_SA was calculated to be 1.124 (95% CI:
1.027-1.241), and the p-value associated with this find-
ing was 0.003. The OR for superior frontal thickness was
1.054 (1.004-1.147), and the p-value was 0.002. The OR
for lateral occipital _ thickness in men was found to be
1.122 (1.031-1.234), with a p-value of 0.001. The OR for
lateral occipital thickness in women was found to be
1.078 (1.005-1.161), accompanied by a p-value of 0.003.
Finally, for women, the OR for temporal pole thickness
was 1.114 (1.031-1.248) with a p-value of 0.001. Cochran’s
Q-test was utilized to assess horizontal multiplicity and
to obtain more robust association estimates. The analysis
revealed no evidence of horizontal multiplicity, as all p-
values for the MR-Egger intercept test exceeded 0.05. In-
deed, all p-values from Cochran’s Q analysis were greater
than 0.05.

Leave-one-out analyses
Sensitivity analyses are crucial in MR studies to as-

sess the robustness and reliability of causal estimates,
identifying potential biases, outliers or assumption
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violations. These analyses, including leave-one-out, in-
fluence, bootstrap, and robustness checks, increase con-
fidence in findings and provide insight into underlying
biological mechanisms. Sensitivity analyses, particularly
leave-one-out tests, revealed that SNP (rs2235544) sub-
stantially influenced the MR estimates for FT4_women
on temporal pole and LO thickness, as well as FT4_men
on LO thickness in this study. Notably, removing this
SNP (rs2235544) resolved the causal effects, underscor-
ing the importance of sensitivity analyses in MR stud-
ies to identify and address potential outliers and biases.
In contrast, other estimates remained robust across all
SNPs. Importantly, this study highlights the necessity
of rigorous sensitivity testing to ensure reliable causal
inference. Moreover, our findings emphasize that normal-
range thyroid function does not have a discernible causal
effect on global brain cortex thickness or SA, suggesting
region-specific effects of THs on brain structure. These
results underscore the value of comprehensive sensitiv-
ity analyses in MR studies to validate and refine causal
relationships.

Our analysis exhibits several notable strengths, ensuring
robust and reliable findings. With a substantial sample
size, we achieved sufficient statistical power, exceeding
80%, to detect moderate effects. Rigorous multiple testing
corrections via Bonferroni adjustment minimized false
positives. Leveraging MR, we established causal infer-
ence using genetic instruments. Comprehensive sensi-
tivity analyses verified the stability of estimates, and our
region-specific examination uncovered novel associations
between THs effects and brain structure. These method-
ological strengths collectively enhance confidence in our
findings, providing valuable insights into the complex re-
lationship between thyroid function and brain anatomy.
The findings of present MR analysis reveal a causal link
between thyroid function and cortical structure, impacting
cognitive and emotional processing. Thyroid malfunc-
tion, particularly hypothyroidism, alters SA and thickness
in brain regions responsible for emotional regulation, cog-
nitive processing and sensory processing, underscoring TH
crucial role in maintaining optimal brain health.

Discussion

Although certain observational studies indicate a po-
tential link between thyroid function and the structure
of the cerebral cortex, the definitive causal relationship
remains to be determined. The advent of GWAS data has
enabled the analysis of genetic factors for their potential
links to alterations in brain structure, psychological disor-
ders and TH levels. Recent studies indicate that hypothy-
roidism may lead to a reduction in gray matter; however,
there is still no thorough analysis on this subject.***2 This
report represents a pioneering investigation that employs
MR to elucidate the data concerning the causal relationship
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Table 2. R2_F statistics of different SNPs of 6 different outcomes associated with FT4 and TSH levels

effect_allele. | other_allele. eaf. beta. se. pval. samplesize. R
exposure exposure exposure | exposure | exposure | exposure exposure
inc_TSH & cuneus_SA
rs11675342 T C 0.3988 0.1604 0.025 148E-10 53241 0.012337 | 665.0189
rs12449792 T @ 0.3168 0.1566 0.0281 241E-08 46314 0010616 | 496.9069
15143344027 A G 0.9881 -0.5314 0.0827 1.33E-10 53241 0.006641 | 3559136
rs597808 A G 0.2253 0.1801 0.0259 347E-12 53241 0.011323 | 609.7159
1575491569 T C 0.1777 -0.2384 0.0367 8.67E-11 53241 0.01661 899.2163
1578495697 T C 0.1424 0.3157 0.0414 2.56E-14 53241 0.024343  1328.332
inc_TSH lingual_SA
rs11675342 T @ 0.3988 0.1604 0.025 1.48E-10 53241 0.012337 | 665.0189
1512449792 T C 03168 0.1566 0.0281 241E-08 46314 0.010616 | 496.9069
rs143344027 A G 0.9881 -0.5314 0.0827 1.33E-10 53241 0.006641 | 3559136
rs597808 A G 0.2253 0.1801 0.0259 347E-12 53241 0011323 | 609.7159
rs75491569 T C 0.1777 -0.2384 0.0367 8.67E-11 53241 0.01661 = 899.2163
rs78495697 T C 0.1424 03157 0.0414 2.56E-14 53241 0.024343 | 1328332
inc_TSH & SFG_TH
111675342 T C 0.3988 0.1604 0.025 148E-10 53241 0.012337 | 665.0189
rs12449792 T @ 0.3168 0.1566 0.0281 241E-08 46314 0.010616 | 496.9069
rs143344027 A G 0.9881 -0.5314 0.0827 1.33E-10 53241 0.006641 | 3559136
rs597808 A G 0.2253 0.1801 0.0259 347E-12 53241 0011323 | 609.7159
rs75491569 T C 0.1777 -0.2384 0.0367 8.67E-11 53241 001661 | 899.2163
rs78495697 T @ 0.1424 03157 0.0414 2.56E-14 53241 0.024343 | 1328332
FT4_men&LO_TH
rs113107469 T @ 0.01465 0.2127 0.0322 4.07E-11 22455 0.001306 | 29.36535
1511626434 C G 0.3741 0.058 0.0102 1.23E-08 22455 0.001575 | 3542727
rs1388385 A G 03118 -0.0588 0.0102 7.16E-09 22455 0.001484 | 33.36527
152235544 A C 04432 0.1388 0.0095 5.86E-48 22455 0.009508 | 215.5418
FT4_women&LO_TH
rs113107469 T C 0.01465 0.1784 0.0294 1.35E-09 27380 0.000919 | 25.1796
rs2235544 A C 04432 0.138 0.0087 8.23E-57 27380 0.009399 | 259.7707
15225014 T C 05788 0.0511 0.009 1.30E-08 27380 0.001273 | 3490147
rs7151700 A C 0.4821 0.059 0.0094 4.05E-10 27380 0.001738 = 47.67321
FT4_women&TP_TH
rs113107469 T @ 0.01465 0.1784 0.0294 1.35E-09 27380 0.000919 | 25.1796
152235544 A C 0.4432 0.138 0.0087 8.23E-57 27380 0.009399 | 259.7707
rs225014 T C 0.5788 0.0511 0.009 1.30E-08 27380 0.001273 | 34.90147
rs7151700 A C 04821 0.059 0.0094 4.05E-10 27380 0.001738 | 47.67321

TSH - thyroid-stimulating hormone; SA - surface area; FT — free thyroxine; SFG-TH — superior frontal gyrus thyroid hormones; LO-TH - lateral occipital
thyroid hormones; TP-TH — temporal pole thyroid hormone.

Table 3. Odds ratio (OR) of 6 different outcomes associated with FT4 and TSH levels by inverse variance method

Exposure Outcome OR (95% Cl)
inc_TSH cuneus_sa cuneus_SA 1.147 (1.045-1.457) 0.008
incTSH_overall_1 lingual_SA 1.124 (1.027-1.241) 0.003
incTSH_overall_1 superiorfrontal_thick 1.054 (1.004-1.147) 0.002
FT4_men lateraloccipital_thick 22 (1.031-1.234) 0.001
FT4_women lateraloccipital_thick 1.078 (1.005-1.161) 0.003
FT4_women temporalpole_thick 1.114 (1.031-1.248) 0.001

TSH - thyroid-stimulating hormone; SA — surface area; FT- free thyroxine; 95% Cl — 95% confidence interval.
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between thyroid function and the structure of the cere-
bral cortex. This includes 34 cortical regions regarding
SA and thickness. The findings indicate that the TH or SA
of the cortex in particular brain regions linked to cognitive
and psychological functions is affected by the character-
istics of thyroid function, with no evidence of pleiotropy
or heterogeneity.

The entorhinal cortex (EC), situated in the medial tem-
poral lobe, is primarily associated with the regulation
of episodic memory; however, its role encompasses func-
tions that go beyond merely facilitating spatial naviga-
tion.*® The stimulation has a beneficial impact on memory
and learning processes.**

This study investigated a gender-independent posi-
tive correlation between FT4 and the thickness of the EC
within the normal reference range, suggesting that THs
plays a critical role in a variety of brain functions. The in-
fluence of AD on EC has been documented in the preclini-
cal stages of the disease.?>=%” Meanwhile; thyroid function
has been identified as a critical factor in the pathological
progression of AD even within the normal range. Conse-
quently, it is possible to infer that the modulation of EC
thickness by THs has an impact on cognitive functions
that are involved in the onset and progression of AD.*

The cACC serves as a vital neural structure located
in the medial prefrontal cortex and plays a significant role
in cognitive control, goal-directed cognition and emo-
tional responses.? Consequently, the discovery of a posi-
tive correlation between the TH of the cACC and the level
of TSH_men holds considerable importance.* Research has
identified a diminished cACC volume in both schizophrenia
and autism spectrum disorder (ASD). Consequently, further
investigation is essential to clarify the specific role of elevated
TSH levels within the normal range in alleviating the symp-
toms associated with ASD, schizophrenia and depression.>%>!

The PCC experiences thinning due to a decrease in TSH
(dec_TSH), which plays a crucial role in the encoding of epi-
sodic memory and self-spatial orientation.>*->* The PCC has
been linked to numerous psychiatric disorders, including
schizophrenia, autism, depression, and attention deficit hy-
peractivity disorder (ADHD), via metabolic abnormalities,
functional connectivity challenges and volumetric atro-
phy.>>=%0 Therefore, it is plausible that the structural atrophy
of the PCC could be associated with the psychiatric disorders
seen in individuals with hyperthyroidism.

The observation in this study that inc_TSH results
in an increase in the SA of the cortical region of the SFG
without a significant impact on its thickness is incongru-
ous with observational studies that have reported a de-
crease in the volume of the SFG in such patients. The su-
perior frontal gyrus, which is situated in the upper portion
of the frontal lobe cortex, is comprised of Brodmann ar-
eas 6, 8, 9, and 32.°! It is intricately involved in a variety
of cognitive functions and motor control tasks, including
attention, working memory, cognitive control, and emo-
tional regulation.®? The SFG also plays a role in psychiatric
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disorders associated with self-consciousness, introspection
and self-awareness.®> However, this observed correlation
suggests that the SA of the SFG region may be influenced
by genetically predicted hypothyroidism, underscoring
the intricate relationship between brain morphology and
thyroid function. This study also observed a decrease
in the SA of the PO as a result of hypothyroidism, in addi-
tion to SFG. The PO is predominantly involved in language
production,®® lexical selection, phonological processing,
and speech encoding.®*~% Negative changes in PO have
been linked to decreased verbal fluency in individuals ex-
periencing normal aging,®” those with schizophrenia,®® and
patients with AD.® Moreover, the volume of this region
is reduced in healthy young individuals exhibiting height-
ened anxiety levels.”® As a result, this finding suggests that
hyperthyroidism could play a role in the deficits observed
in advanced language functions and emotional regulation
due to a reduction in the TH of the PO.

The medial orbitofrontal cortex (mOFC) and the lat-
eral orbitofrontal cortex (I0FC) are 2 distinct regions
of the orbitofrontal cortex (OFC). Our study found that
hypothyroidism increased cortical SA in the mOFC and
I0FC. Damage to the IOFC can disrupt credit allocation
in the value learning process, while damage to the mOFC
can impede value-oriented decision-making.”* A recent MR
analysis”? that links thyroid function and schizophrenia
can also be interpreted as a reduction in the mOFC volume
in adolescents at familial risk for schizophrenia. This sug-
gests that hypothyroidism may mitigate the risk of devel-
oping schizophrenia. Additionally, the GMV in the IOFC
has been reduced in patients with depression,”>”* including
school-aged children.”” Our results indicate a potential in-
verse relationship between hypothyroidism and depression.
In contrast, hypothyroidism has been linked to an elevated
incidence of depression in observational studies. As a re-
sult, a comprehensive examination is necessary to uncover
this correlation. Similarly, patients with obsessive-compul-
sive disorder, generalized anxiety disorder and ASD have
been observed to have expanded OFC SA, reduced mOFC
SA and decreased OFC SA, respectively.”*~7 Therefore,
comprehending the function of TSH in these conditions
would provide a new perspective on the management
of these disorders.

In the context of neurodevelopment and neuropsychiat-
ric conditions, the observation made in this study regard-
ing a positive correlation between normal-range TSH levels
in men and increased thickness in the cuneus region, while
hypothyroidism reduced the SA of the LO cortex, is of par-
ticular interest. The cuneus is involved in primary visual
processing, which encompasses the interpretation of visual
field inputs, face recognition, complex affective expression
processing, and visual imagery.®’ The LO cortex is essen-
tial for the identification of fundamental features of exter-
nal objects and extends its capabilities to more complex
cognitive tasks.®1-85 The LO and cuneus regions have been
observed to exhibit reductions in both functional activity
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and SA in children with ASD.% Similarly, patients with
bipolar disorder show a significant reduction in the bi-
lateral SA of the cuneus.?” In a bidirectional MR study,?®
the diminished cuneus thickness was also discovered to be
associated with an increased risk of AD. Consequently,
the results of the present study have exacerbated a complex
yet substantial correlation between thyroid function and
the emergence of a variety of neuropsychiatric disorders.

It is important to highlight that our study did not
find a relationship between the SA of 34 brain regions
or the overall cerebral cortex and normal-range thyroid
function. This suggests that thyroid function primarily
affects the thickness of the cerebral cortex within the nor-
mal reference range. Nonetheless, SA of the cerebral cor-
tex is the main focus when considering hypo- or hyper-
thyroidism. It is crucial to acknowledge that cortical TH
and SA serve as 2 relatively independent morphological
indicators within the structure of the cerebral cortex.®’
As aresult, they are shaped by unique genetic influences
and pursue different developmental paths.®® As a result,
the same exposure factor might not produce a simultane-
ous or symmetrical effect on both indicators. There is evi-
dence to suggest that thyroid function may have an impact
on cerebral blood flow and metabolism. Hypothyroidism
can lead to reduced cerebral blood flow in various areas,
such as the cuneus and the anterior cingulate cortex.’!
Conversely, metabolic irregularities within the limbic lobe
may stem from hyperthyroidism.”> Our MR analysis incor-
porated stringent quality control protocols, encompassing
data cleaning, outlier elimination and validation of genetic
instruments. We conducted an evaluation of potential
biases via sensitivity analyses, examining for pleiotropy
and population stratification. Additionally, we utilized
IVW and Egger regression to assess causal estimates,
thereby ensuring resilience against horizontal pleiotropy
and heterogeneity. The implementation of these measures
effectively reduced biases, thereby increasing confidence
in our findings and confirming the causal relationships
between thyroid function and brain anatomy.

Thyroid hormone influences brain regions by interacting
with its receptors in essential areas such as the cingulate
gyrus, hippocampus and amygdala.? An investigation into
the human limbic system carried out through autopsy re-
vealed the existence of TSH receptors in neurons.”® This
finding suggests that variations in FT4 and TSH levels may
influence metabolism in this region, resulting in structural
alterations. Thyroid hormones play a crucial role in shap-
ing neural development, differentiation and functionality
in areas such as the EC, caudal anterior cingulate and cu-
neus gyri. They regulate neuroplasticity, synaptic function,
and neurotrophic factors, such as brain-derived neuro-
trophic factor (BDNF) and nerve growth factor (NGEF),
crucial for cognitive processes and emotional regulation.
Alterations in TH levels impact neural circuit structure
and function, affecting gene expression, axonal growth and
synaptic transmission. Thyroid hormones also modulate
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neurotransmitter systems, including serotonin, dopamine
and gamma-aminobutyric acid (GABA), influencing mood
and cognition.”4-%7

Existing literature emphasizes the importance of THs
in neuronal survival, synaptogenesis and neuronal con-
nectivity, shedding light on the mechanisms that explain
the noted relationships between thyroid function and brain
structure. The relationship between thyroid function and
brain structure carries important clinical implications, in-
dicating that thyroid disorders could play a role in neurode-
generative diseases, cognitive decline and mood disorders.
Future studies should explore the neuroprotective effects
of THs, optimal treatment strategies and biomarkers for
early detection.”* Possible clinical applications encompass
tailored TH therapy, neuroprotective strategies and innova-
tive approaches for AD, depression and anxiety disorders.
Recent MR-based studies have uncovered a link between
obesity, sleep disorders and cortical structure. The thickness
and SA of certain cortical regions can be affected by these
conditions.”®~** Individuals with hypothyroidism often face
an increased risk of obesity and sleep disorders.'® Therefore,
itis essential to conduct additional inquiries into the inter-
active effects of these factors. Future studies on genetically
determined thyroid function and cerebral cortex structure
should concentrate on exploring the mechanisms that influ-
ence the effects of THs on neurogenesis, synaptogenesis and
neuronal plasticity. Furthermore, investigating connections
with cognitive decline, mood disorders and neurodegen-
erative diseases will be essential. Longitudinal studies will
investigate the impact of thyroid function on brain develop-
ment and maturation, while genetic and epigenetic analyses
will assist in identifying regulatory variants. Investigations
will also focus on therapeutic strategies, including hormone
supplementation, for addressing thyroid-related brain health
issues. Through the integration of knowledge from various
fields such as endocrinology, neuroscience, genetics and
epidemiology, these studies seek to clarify intricate relation-
ships and enhance clinical practice, with the ultimate goal
of advancing brain health outcomes.

Limitations

This investigation is subject to certain limitations. Pri-
marily, the GWAS data used in this research was derived
from European populations. Consequently, the applicabil-
ity of these findings to other ethnic groups should be ap-
proached with caution. Second, the absence of age infor-
mation in the GWAS data is a significant limitation, as age
isa crucial factor influencing both thyroid function and brain
structure. Furthermore, the objective of this investigation
was to investigate the causal relationship between thyroid
function and cortical structure by employing specific met-
rics, including volume, thickness, SA, and gyrification index.
A broader array of indicators could be incorporated into
comprehensive studies to further investigate the correla-
tion between brain structure and thyroid function. However,
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these approaches have certain limitations as well such as MR-
Egger assumes instrumental variable independence, poten-
tially leading to biased estimates if pleiotropy exists. Simi-
larly, weighted median methods can be sensitive to outliers
and may not perform well with weak instruments or non-
causal associations. Additionally, both methods assume
linear relationships, potentially masking non-linear effects.
Moreover, MR findings should be interpreted cautiously due
to limitations, including potential unmeasured confounding
variables, pleiotropy and population stratification. Addition-
ally, MR assumes a linear relationship between genetic vari-
ants and outcomes, and instrumental variable validity relies
on strong assumptions. These limitations may bias or dis-
tort causal estimates. It is important to consider the pos-
sibility that the exposed and outcome groups may overlap
in the 2-sample MR analysis. This overlap could introduce
bias into the results, potentially affecting the conclusions.

Conclusions

This innovative MR analysis investigated the causal
relationship between thyroid function and cortical struc-
ture. The results demonstrate that thyroid dysfunction,
especially hypothyroidism, affects the SA of various cor-
tical regions linked to mental and emotional processing.
Moreover, optimal thyroid function significantly impacts
the thickness of brain regions intricately linked to cogni-
tive function, including the EC. This study provides new
evidence that highlights the link between thyroid func-
tion and cognitive abilities, along with mental and psy-
chological health. Furthermore, it offers valuable insights
into improving the management of related conditions.
However, additional studies are needed to validate the re-
lationship between thyroid function and brain structure.
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Abstract

Background. Age and gender have been identified as significant factors contributing to the global rise
in thyroid cancer (TC), with this disease predominantly affecting women. Itis crucial to thoroughly investigate
the trends of the disease over time to better understand its progression and potential risk factors.

Objectives. This study analyzed the global incidence of TC using data from the Global Burden of Disease (GBD)
database from 1990 to 2021. Additionally, we aimed to develop a high-performance diagnostic model using
machine-learning algorithms and to explore the tumor microenvironment through single-cell sequencing.

Materials and methods. To analyze trends in incidence, age-period cohort models were applied, with
a particular focus on birth cohort and period effects. Machine learning algorithms, including least absolute
shrinkage and selection operator (LASSO) and Ridge regression, were used for gene feature selection. Sub-
sequently, cross-validation was conducted to validate the diagnostic model. For deeper insights, single-cell
RNA sequencing was conducted to analyze myeloid cell subpopulations within the tumor microenvironment.

Results. Age and period effects emerged as the primary driversin our analysis of TC trends, particularly among
women. Machine learning models, specifically LASSO and Ridge regression, demonstrated high predictive
accuracy in diagnosing the disease. Additionally, single-cell RNA sequencing unveiled crucial interactions
between myeloid cells and the tumor microenvironment.

Conclusions. This study provides a comprehensive analysis of TC trends and introduces a machine-learning-
based diagnostic tool. Additionally, single-cell RNA sequencing offers novel insights into the tumor micro-
environment, which may help shape future treatment strategies for TC.

Key words: machine learning, epidemiology, gene expression, tumor microenvironment, thyroid neoplasms
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Highlights

« Rising thyroid cancer cases worldwide: A comprehensive study from 1990 to 2021 reveals a significant increase
in thyroid cancer incidence, especially among women.

+ Al-powered thyroid cancer diagnosis: A cutting-edge machine learning model demonstrates high accuracy in pre-

dicting thyroid cancer using genetic data.

Single-cell RNA sequencing insights: Myeloid cells play a crucial role in the thyroid cancer tumor microenviron-

ment, with MIF and GALECTIN pathways driving key interactions.

+ Genetic markers for early detection: The study identifies critical genetic markers that can enhance early diagnosis

and treatment strategies for thyroid cancer.

Impact of age, gender, and environment: Factors such as aging, gender differences, and environmental influences

contribute to the rising global cases of thyroid cancer.

« This research provides valuable insights into thyroid cancer trends, Al-driven diagnostics and potential treatment

.

-
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breakthroughs.

Background

Thyroid cancer (TC) is one of the few proliferative endo-
crine tumors, and its incidence has significantly increased
over the several past decades. Several factors, including
advancements in diagnostic techniques, heightened public
awareness and changes in environmental exposures, are
likely contributing to this rising trend.? With the global
population aging and environmental factors evolving,
the epidemiological characteristics of TC are continu-
ously changing. Therefore, updated research and analyses
are urgently needed. According to data from the World
Health Organization (WHO), TC ranks as the 9" most
common cancer globally. In 2020, approx. 586,000 new
cases were reported, with nearly 90,000 deaths worldwide.
Over the past decades, the incidence of thyroid cancer has
been rising, particularly among women.

According to the American Cancer Society (ACS), women
are 3 times more likely to develop TC than men. There are sig-
nificant differences in TC incidence across different regions.
For example, South Korea has the highest incidence, while
rates are relatively low in Africa and South Asia. According
to the International Agency for Research on Cancer (IARC),
high-income countries generally have higher TC incidence
rates compared to low- and middle-income countries."?

Previous investigations indicate that age, sex and resi-
dential zone are the most influential factors correlating
with TC prevalence. For instance, women have greater
access to diagnosis compared to men. Moreover, the varia-
tions in incidence rates by geography are assumed to be
indicative of greater exposure to risk factors within differ-
ent regions. However, a systematic analysis based on long-
term trends and the underlying mechanisms contributing
to the increase in TC cases is still lacking.

The current study aims to conduct a comprehensive
analysis of the differences in age-standardized incidence
and prevalence rates of TC across countries from 1990
to 2021, utilizing data from the Global Burden of Disease

(GBD) database.>* We designed this study to explore a large
dataset and identify novel trends otherwise hidden from
prior analyses. Moreover, we aimed to develop a highly
accurate TC diagnostic model using advanced machine
learning approaches. This method not only enhances di-
agnostic precision but also provides a more reliable tool for
clinical practice, ultimately improving patient outcomes.

Additionally, we used single-cell RNA sequencing to gain
a more precise understanding of the cellular challenges
within the tumor microenvironment.>® The exciting com-
ponent of this method is that we can identify intricate cellular
communications and gene expression patterns which are
critical in tumorigenesis and progression.

Objectives

The GBD database was used to examine global trends
in TCincidence from 1990 to 2021. Additionally, this study
aimed to develop a machine learning-based diagnostic
model by identifying key genes and to investigate tumor—
microenvironment interactions using single-cell sequenc-
ing, offering potential therapeutic insights.

Materials and methods
Patients
Study population

The study included patients diagnosed with TC, utilizing
data obtained from publicly available datasets (e.g., GBD da-
tabase, GSE27155, GSE111455, GSE196264, TCGA-THCA).
The inclusion criteria encompassed confirmed cases of TC,
with documented patient characteristics including age, sex,
geographic location, and stage at diagnosis. Exclusion crite-
ria included patients with missing clinical or demographic
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data. The datasets were thoroughly cleaned to eliminate in-
consistencies or errors, ensuring high-quality data for analy-
sis. Gene expression data were normalized to mitigate batch
effects and technical variations across different datasets.

Specimen characteristics
Biological material

Gene expression data from TC patients were collected
from the Gene Expression Omnibus (GEO) database and
The Cancer Genome Atlas (TCGA). Control samples were
also obtained from the same datasets and consisted of non-
cancerous thyroid tissue from patients diagnosed with
thyroid conditions.

Preservation and storage

Datasets used were publicly available and underwent
quality control in their respective studies. Data were stored
in compliance with open-source data-sharing standards.

Assay methods
Global Burden of Disease analysis

This study utilized the R programming language for data
analysis, primarily leveraging packages such as ggplot2,
dplyr, reshape2, readxl, and ggpubr. First, epidemiologi-
cal data were imported using the read.csvfunction, with
a focus on data from 2021. The dataset was categorized
into 20 age groups, and the subset function was applied
to extract data based on specific conditions, including
age group, gender (male and female), geographic location
(global), metrics (“rate” or “number”), and measurement
type (“prevalence” or “incidence”).

Data cleaning was conducted using the gsub function,
while order and factor were utilized for sorting and cat-
egorization to ensure the correct arrangement of variables.
The ggplot2 package was employed to generate visualiza-
tions, including line charts for prevalence and incidence
trends across different age groups and pyramid charts for
case distribution. These visualizations were created using
functions such as geom_line, geom_point, geom_ribbon,
and geom_bar. Additionally, the ggarrange function from
the ggpubr package was used to combine multiple graphs,
facilitating easy comparison and effective presentation
of results.

In this study, Joinpoint regression analysis and decom-
position analysis were conducted on incidence and mor-
tality data using R. Age-standardized incidence data from
China and global sources were selected for analysis, and
their corresponding standard errors (SE) were calculated.
The data were then sorted by gender and year and exported
as *csv files for regression analysis in Joinpoint software
to identify trends in incidence changes. The annual percent
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change (AAPC) and segment-specific percent change
(APC) were extracted from Joinpoint and formatted us-
ing R for further analysis and visualization.

In the decomposition analysis, demographic data were in-
tegrated to calculate the population proportions for different
age groups in 1990 and 2021. Specific formulas were applied
to decompose the total change and distinguish the contribu-
tions of age structure, total population growth, and epide-
miological changes. Data processing and analysis primarily
utilized R packages such as dplyr, tidyr, and ggplot2.

Study design
Case selection and time frame

The study was retrospective, utilizing data from 1990—
2021 to analyze global trends in TC incidence using
the GBD database. To enhance accuracy, the data were
stratified by gender, age and geographical location.

Endpoints

The primary endpoints of this study included age-stan-
dardized incidence rates, prevalence and mortality rates
of TC. The secondary endpoint focused on exploring gene
expression differences within the tumor microenviron-
ment using single-cell sequencing data.

Candidate variables

The variables initially considered in this study included
age, sex, geographical region, and gene expression levels,
as they are key factors influencing TC prognosis.

Sample size and power

A large dataset from the GBD, TCGA and GEO databases
was used to ensure adequate statistical power. The study
was designed to detect significant epidemiological trends
and gene expression patterns, with a target power of 0.8
to detect medium effect sizes.

Statistical analyses

We processed the sample data using the following meth-
ods: TCGA for TC, including 100 normal tissue samples
and 507 tumor samples, totaling 607 samples. GSE27155:
Human thyroid adenomas, carcinomas and normals. Hu-
man samples of various thyroid carcinomas, adenomas and
normals (99 samples). GSE111455: Array-based genome-
wide transcriptome analysis of minimally invasive follicu-
lar thyroid carcinomas (3 samples). GSE196264: Gene pro-
file of human medullary TC. Eight sporadic MTC patients
were selected for the gene microarray analysis (17 samples).
Joinpoint regression models were employed for trend
analysis to assess changes in incidence and prevalence
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over time. The age-period-cohort (APC) model was also
utilized to evaluate the influence of age, period and cohort
on incidence trends. Differentially expressed genes (DEGs)
identified by DESeq2 and limma were analyzed using dif-
ferential gene expression analysis.

Differential gene expression analysis

Differential expression analysis was conducted using
the limma package in R, designed for differential expres-
sion analysis of microarray and RNA-Seq data. We used
normalized expression data from the TCGA dataset. To en-
sure robust statistical analysis, genes with O variance across
samples were removed. A linear model was fitted using
the ImFit function and a design matrix specifying control
and treatment groups. Contrasts were defined to compare
treatment and control groups, and Empirical Bayes method
(eBayes) was used to compute adjusted t-statistics and log-
odds for differential expression. Genes were considered
significantly differentially expressed if the absolute log, fold
change (|log,FC|) exceeded 0.585 and the adjusted p-value,
corrected for false discovery rate (FDR), was less than 0.05.7

Significant genes were further analyzed to visualize ex-
pression patterns. Heatmaps were generated using pheat-
map in R to display the most significantly differentially
expressed genes, applying hierarchical clustering to rows
while keeping columns unclustered. Volcano plots were cre-
ated using ggplot2 in R to illustrate the distribution of log,
fold changes against the negative log of the adjusted p-value.

KEGG analysis

We conducted gene set enrichment analysis using
the Kyoto Encyclopedia of Genes and Genomes database
(KEGG, https://www.kegg.jp) to identify significant path-
ways associated with our gene list of interest. The anal-
ysis was performed using the clusterProfiler package
in R (v. 4.4.1, a programming language and software envi-
ronment for statistical computing and data visualization;
R Foundation for Statistical Computing, Vienna, Austria).
First, gene symbols were converted to Entrez Gene Identi-
fier using the org.Hs.eg.db package. Duplicate entries were
removed, and genes without corresponding Entrez IDs were
excluded. The enrichKEGG function was used for KEGG
pathway enrichment analysis, specifying “hsa” (human)
as the organism. The significance threshold for pathway
inclusion was set at a p-value of 0.05 and an adjusted p-
value (q-value) of 1. Pathway descriptions were simplified
by removing redundant species information. Results were
filtered to include only pathways meeting the specified sig-
nificance criteria and saved to a file named “KEGG.txt".
Visualization of the top 30 pathways was done using barplot
and dotplot functions from the enrichplot package. Plots
were colored based on adjusted p-values, using raw p-values
if the threshold exceeded 0.05. All visualization results were
saved in *pdf format for further analysis and presentation.
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WGCNA analysis

Weighted gene co-expression network analysis
(WGCNA) was performed using R to identify gene mod-
ules associated with clinical traits in the TCGA dataset.
First, the expression data were normalized, and genes with
low variance (standard deviation (SD) <1.5) were filtered
out to ensure robustness. The soft-thresholding power
was determined by scale-free topology criteria, selecting
a power value X to achieve a scale-free topology fit index
of at least 0.8. This power was used to construct an adja-
cency matrix, which was then transformed into a topo-
logical overlap matrix (TOM) to measure network inter-
connectedness. Gene modules were identified by dynamic
tree cutting based on the TOM gene dendrogram, with
a minimum module size of 60 genes. Module eigengenes
were calculated and similar expression pattern modules
were merged based on a height cut of 0.25 on the eigen-
gene dendrogram. Pearson’s correlation analysis was used
to assess the relationship between module eigengenes
and clinical traits (e.g., control and treat), and significant
modules were analyzed in depth. Gene significance (GS)
and module membership (MM) metrics were calculated
for each gene, and scatter plots were generated to visualize
the relationship between GS and MM in key modules. All
analyses were conducted using the WGCNA package in R,
with results visualized through a series of dendrograms,
heatmaps and scatter plots. Final module assignments
and gene significance metrics were exported for further
biological interpretation and validation.

Machine learning models

This study employed a comprehensive machine learning
approach to develop and evaluate predictive models for
classification tasks. Data were sourced from publicly avail-
able GEO datasets and preprocessed to ensure consistency
between training and test sets. Key libraries used included
randomForestSRC, glmnet, xgboost, and ComplexHeat-
map for data processing, model training and visualization.
Feature selection was performed using various machine
learning algorithms to identify important variables. Model
training utilized diverse algorithms, including random
forest, least absolute shrinkage and selection operator
(LASSO) regression and gradient boosting machine, with
hyperparameter optimization to enhance performance.
Training data were scaled and centered to standardize
input features, ensuring robust model development.

Each model’s performance was assessed using cross-
validation and evaluated based on the area under the curve
(AUC) metric. The best-performing model was selected
for further analysis and validated on an independent test
dataset. Additionally, a logistic regression model was
constructed to compare its performance with machine
learning models. Results were visualized using heatmaps
to display AUC values across different models and datasets,
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facilitating comparative analysis. The final model was
saved to ensure reproducibility and future application.
This rigorous approach ensured the development of robust
predictive models with potential applications in bioinfor-
matics and computational biology.

Single-cell sequencing

Single-cell RNA sequencing (scRNA-seq) data were ob-
tained from publicly available datasets. We used the Matrix
package (v. 1.7-2) in R to load the raw count matrix and
the Seurat package (v.5.2.1) for further processing. Gene
and barcode information were annotated onto the count
matrix, creating a Seurat object for downstream analy-
sis. The NormalizeData function was used to normalize
the Seurat object, and high-variance features were identi-
fied using FindVariableFeatures. The data were then scaled
using ScaleData and subjected to principal component
analysis (PCA) with RunPCA. The first 10 principal com-
ponents were used to construct a shared nearest neigh-
bor graph (FindNeighbors) and identify cell clusters using
the FindClusters function with a resolution of 0.1. For data
visualization, t-distributed stochastic neighbor embed-
ding (t-SNE) was applied using RunTSNE. Cluster-specific
marker genes were identified using Find AllMarkers, with
criteria set to include genes expressed in at least 10% of cells
and a log fold change threshold of 0.1. The top 4 marker
genes for each cluster were extracted and saved for further
analysis. Cell type annotation was based on known marker
genes for various cell types. A DotPlot was generated to vi-
sualize the expression of these marker genes across clus-
ters. Annotations were manually added to the metadata
of the Seurat object, updating cluster identities accordingly.

Cell-cell communication analysis

Cell-cell communication analysis was performed using
the CellChat package (v. 1.5.0). A CellChat object was cre-
ated from the Seurat object, and the CellChatDB.human
database (https://github.com/sqjin/CellChat) was used
to identify secreted signaling pathways. Overexpressed
genes and ligand-receptor pairs were identified, and com-
munication probabilities were computed using comput-
eCommunProb. Interactions between different cell types
and signaling pathways were visualized using various meth-
ods, including circle plots, chord diagrams and heatmaps.

Results
Epidemiological trends of thyroid cancer

Incidence by age and gender revealed age-specific in-
cidence rates for both men and women, with incidence
increasing with age and peaking in middle age. Women
exhibited a higher incidence rate than men (Fig. 1A).
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The population pyramid illustrates the age and gender
distribution, showing a balanced distribution in younger
age groups and a higher proportion of women in older age
groups (Fig. 1B).

The age- and gender-adjusted incidence rates, as illus-
trated in Fig. 1A, were further refined by incorporating
specific factors such as risk factors and demographic vari-
ables, allowing for a more precise and contextualized analy-
sis. The analysis confirms a higher incidence rate among
women, with distinct peaks observed during middle age
(Fig. 1C). Additionally, the adjusted population pyramid
illustrates the population distribution after incorporating
these adjustments, highlighting demographic shifts and
underscoring trends related to an aging population (Fig. 1D).

Joinpoint analysis of the change of thyroid
cancer incidence rate in the general
population

Figure 2 results show that Joinpoint analysis revealed
significant changes in TC incidence rates at multiple time
points for the overall population, females and males, with
a more pronounced growth trend after the year 2000.
Decomposition analysis indicates that the increase in in-
cidence and mortality rates was primarily influenced
by population aging, epidemiological changes and popu-
lation growth. Among these factors, population aging and
epidemiological changes have a more significant impact
on women. Collectively, these factors contribute to the in-
creasing burden of TC (Fig. 2).

The clustering of gene expression across
different samples

Figure 3A presents differential gene expression be-
tween the control and test groups, highlighting genes
such as ETV4, LIPH and GABRR2, which exhibit higher
expression (red) in the test group, while CDR2, HSDLI and
LRIGI show lower expression (blue). Figure 3B visualizes
the significance and magnitude of gene expression changes,
where red dots indicate significantly upregulated genes and
green dots represent significantly downregulated genes.
The x-axis denotes the log fold change (logFC), while the y-
axis represents the negative log of the adjusted p-value.

Weighted gene co-expression network
analysis results

In Fig. 4, the sample clustering tree and trait heatmap
illustrate the distribution of samples under the “Control”
and “Treat” traits, displaying distinct clustering patterns.
The gene clustering tree, along with module colors, groups
genes into multiple modules, each represented by a dif-
ferent color, highlighting gene co-expression patterns.
The module-trait relationship heatmap reveals correlations
between gene modules and clinical traits, with certain
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modules, such as MEblue and MEmagenta, showing strong
positive correlations with the “Treat” trait. These findings
suggest that these modules may play a crucial role in TC.

The gene significance bar plot illustrates the importance
and significance of genes within each module, with error
bars representing SEs. The scatter plot of module mem-
bership compared to gene significance further confirms
the strong correlation between module membership and
gene significance, particularly in the midnight blue and
blue modules. These findings suggest that the gene mod-
ules identified through WGCNA may play critical roles
in the development and progression of TC, offering valu-
able insights for further research and potential therapeutic
target identification (Fig. 4).

Differential expression gene and WGCNA
module overlap and functional enrichment

The analysis results in Fig. 5 indicate that 510 genes over-
lapped between DEGs and gene modules identified through
WGCNA, suggesting that these genes may play critical
roles in TC. Gene Ontology (GO) enrichment analysis re-
vealed significant enrichment of these genes in biological
processes such as cell proliferation, signal transduction
and metabolic regulation. The gene-pathway network dia-
gram illustrated the connections between key genes and
multiple pathways, indicating their involvement in various
biological processes. The pathway network diagram further
highlighted the intricate interactions between pathways.
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Molecular function enrichment analysis reveals significant
enrichment in functions such as ligand binding and enzyme
activity, while pathway analysis underscores the impor-
tance of neuroligand-receptor interactions and metabolic
pathways. These findings provide valuable insights into
the molecular mechanisms of TC and may offer potential
directions for developing therapeutic strategies (Fig. 5).

Model performance evaluation, gene
expression difference and predictive
ability analysis

Figure 6 results demonstrate the performance of various
machine learning models across different datasets, using
AUC values as evaluation metrics. The Ridge and LASSO
models performed best on the GSE27155 dataset, achiev-
ing AUC values close to 1. The volcano plot highlights sig-
nificantly upregulated and downregulated genes, including
ETV4 and RXRG. Gene expression box plots showed sig-
nificant differences in gene expression between control and

functional enrichment analysis. A. Venn diagram; B. Pathway
analysis bubble plot; C. Molecular function enrichment bubble plot

experimental groups. The gene correlation matrix revealed
strong correlations among multiple genes. The receiver op-
erating characteristic (ROC) curve for the GSE27155 data-
set indicates excellent model prediction performance, with
an AUC of 0.963. Additionally, multiple genes exhibited
high predictive potential as biomarkers, with ETV4 and
KLHDCS8A achieving perfect AUC scores of 1. These analy-
ses suggest that the identified genes hold promise for TC
diagnosis and prediction (Fig. 6).

Thyroid cancer single cell RNA
sequencing analysis

In Fig. 7, violin plots illustrate the distribution of RNA
counts and feature numbers in tumor samples, highlight-
ing variability between samples and indicating diversity
in gene expression across different cells. The PCA scatter
plot visualizes sample distribution using PCA, with samples
clustering along the first 2 principal components (PC1 and
PC2), providing insights into the main sources of variation.
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The variance explained plot displays the SD of each prin-
cipal component, with the first few components explaining
most of the data variance, providing a basis for principal com-
ponent selection. The t-SNE clustering plot identifies multiple
distinct cell populations through t-SNE analysis, revealing
cellular diversity and potential subgroups. The t-SNE cell
type plot further annotates and distinguishes different cell
types based on t-SNE results, including myeloid cells, pro-
liferating cells, T cells, natural killer (NK) cells, endothelial
cells, dendritic cells, B cells, and fibroblasts. These analyses
provide important information about cellular heterogeneity
in TC, contributing to the understanding of its biological
characteristics and potential therapeutic targets (Fig. 7).

For network diagram of intercellular
interaction quantity

Cell interaction network shows frequent interactions
among myeloid cells, T, B, NK cells, endothelial cells,
and fibroblasts. Notably, myeloid-NK cell interactions
are particularly strong. T-cell network focuses on T cell

interactions with myeloid and dendritic cells, crucial for
immune responses. Myeloid cell network highlights exten-
sive interactions with T-cells, dividing cells and endothe-
lial cells, emphasizing their role in the tumor microenvi-
ronment. Macrophage migration inhibitory factor (MIF)
signaling pathway primarily involves myeloid and T cells
in the MIF signaling process. GALECTIN signaling path-
way involves myeloid cells, endothelial cells and fibroblasts,
with JAK-STAT as a central signaling pathway (Fig. 8).

Analysis of cell-cell communication and
gene expression in the MIF and GALECTIN
signaling pathways

Among these interactions, the communication between
myeloid cells and Treg/NKr is particularly important
in the MIF signaling pathway, as it may play a pivotal role
in explaining both immunological functions and the rel-
evance to the tumor microenvironment. Among these
well-known molecules, genes such as MIF and its receptor
CD74 (along with CXCR4) are predominantly expressed
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network map.

by myeloid cells and T cells, suggesting their crucial roles
in cell-type signaling and immune regulation.

The interaction between myeloid cells and endothe-
lial cells in the GALECTIN signaling pathway emerges
as a strong potential mediator of tumor progression, play-
ing an unsuspected yet significant role in angiogenesis.
Moreover, the interaction strength was highest between
myeloid cells and fibroblasts, with gene expression pat-
terns indicating that many of these cells are actively en-
gaged in central signal transduction processes within this
population. Data from the heatmap and violin plot further
highlight the differential expression of genes within cell
types involved in these pathways, providing insights into
intercellular communication.

In summary, our findings reveal a complex interplay be-
tween the MIF and GALECTIN pathways in papillary TC
cells, involving myeloid dendritic cells. This insight may
have significant implications for understanding cancer
biology and developing future therapeutic targets (Fig. 9).

Discussion

Thyroid cancer is a heterogeneous disease with various
subtypes, each exhibiting unique molecular character-
istics and biological behaviors. As research progresses,
more molecular drivers are being identified, playing key
roles in the initiation and progression of TC. These drivers
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include gene mutations, gene fusions and changes in ex-
pression levels, affecting processes like cell signaling, cell
cycle control and apoptosis. Myeloid cells play a crucial
role in the tumor microenvironment, where they can be
educated or activated by tumor cells to promote tumor de-
velopment and immune evasion. The expression and func-
tion of inflammatory factors or immune-related molecules
in myeloid cells may significantly impact the progression
of TC. To further elucidate the complex interactions
within the tumor microenvironment (TME), advanced
technologies, such as single-cell RNA sequencing (scCRNA-
seq), have emerged as indispensable tools, enabling high-
resolution profiling of cellular heterogeneity and intercel-
lular communication. Single-cell RNA sequencing enables
the analysis of cellular heterogeneity within the tumor mi-
croenvironment at the single-cell level, providing detailed
gene expression profiles of various cell subpopulations.
This technology facilitates the identification of specific
cell types that interact with myeloid cells and their com-
munication patterns through the MIF and GALECTIN
signaling pathways.8-10

Macrophage migration inhibitory factor supports tumor
growth and metastasis by enhancing myeloid cell activation
and their adaptability to TME.!'"12 The GALECTIN signal-
ing pathway, along with other signaling mechanisms, has
been identified as a critical contributor to tumorigenesis
in various cancers. It primarily functions by disrupting
cell—cell interactions and promoting immune evasion.

Our study highlights the crucial role of the GALEC-
TIN pathway in mediating interactions between med-
ullary cells, endothelial cells and fibroblasts. This find-
ing is further supported by other studies, emphasizing
its significance in tumor cell-stromal cell interactions.
Members of the GALECTIN family specifically bind to car-
bohydrates, influencing cell adhesion and migration. This
interaction plays a crucial role in tumor cell survival, par-
ticularly during migration through the basement mem-
brane or the tumor extracellular matrix (ECM).1>-17

Therapeutic agents that inhibit GALECTIN binding have
the potential to reduce tumor cell adhesion and migration,
thereby limiting metastasis. This strategy could be partic-
ularly effective in preventing tumor cells from interacting
with the ECM and stromal cells. Combining GALECTIN
inhibitors with other treatments, such as immunotherapy
or chemotherapy, may enhance overall efficacy by simul-
taneously targeting multiple aspects of tumor progression
and immune evasion.

In this study, leveraging machine learning approaches
and demonstrating superior performance compared
to several existing studies, we developed a diagnostic
model for TC with a high degree of predictive accuracy.
The Ridge and LASSO models achieved AUC values close
to 1 on the GSE27155 dataset, indicating excellent per-
formance in identifying gene features associated with
TC. These results align with findings from other studies
utilizing machine learning for cancer prediction, further
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validating the potential of machine learning in tumor
diagnosis.

Limitations

The study has several limitations. First, it relies on pub-
licly available datasets, which may not fully represent all
geographic or demographic variations, potentially limiting
the generalizability of the results. Second, the machine
learning models, though validated, are based on a specific
dataset and may require further validation across more
diverse populations. Third, while single-cell RNA sequenc-
ing provides valuable insights, our analysis focuses primar-
ily on myeloid cells, leaving other cell types underexplored.
Lastly, the study does not account for potential changes
in diagnostic techniques or environmental factors over
the years, which may influence TC trends.

Conclusions

This study conducted a comprehensive analysis of global
TC incidence and prevalence from 1990 to 2021, identify-
ing multiple influencing factors and their interactions.
Using the age-period-cohort model, we found that TC inci-
dence significantly increases with age, particularly among
women. Our findings suggest that population aging, epi-
demiological shifts and environmental factors collectively
contribute to the rising burden of TC.
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Abstract

Background. Dysrequlated mitochondrial fission in synovial tissue is a key contributor to the progression
) of rheumatoid arthritis (RA), and echinacoside (ECH) has been shown to modulate this process in a mouse
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inflammatory response of human fibroblast-like synoviocytes (MH7A cells), and to elucidate the potential
underlying mechanisms.

Materials and methods. The expression and co-localization of TANK-binding kinase 1 (TBK1) and phos-
phorylated dynamin-related protein 1 (p-Drp1) in synovial tissues from patients with and without RA were
analyzed. MH7A cells were exposed to either ECH or 0.1% dimethyl sulfoxide (DMSQ). Cell proliferation was
detected using Cell Counting Kit-8 (CCK-8) assay and reactive oxygen species (ROS) expression was detected
with dichlorofluorescin (DCFH) staining. The levels of interleukin (IL)-6, IL-8, tumor necrosis factor alpha
(TNF-q), cyclooxygenase (COX)-2, IL-1B, TANK-binding kinase 1 (TBK1), and Drp1 and the oxidative stress
markers NF-E2-related factor 2 (Nrf2), heme oxygenase-1 (HO-1) and NAD(P)H: quinone oxidoreductase 1
(NQOT1) were measured using quantitative real-time polymerase chain reaction (qPCR). The mitochondrial
morphology was detected with transmission electron microscopy (TEM), and the expression levels of p-TBK
(S172), TBK1, p-Drp1 (5616), p-Drp1 (5637), and Drp1 were assessed using western blotting.

Results. Compared to tissue from non-RA patients, RA synovial tissue exhibited higher expression and co-
localization of TBKT and phosphorylated DrpT (p-Drp1). Following ECH treatment, MH7A cell proliferation
and inflammatory cytokine secretion were reduced, while the expression of antioxidant stress markers was
significantly increased. Furthermore, ECH treatment led to reduced levels of ROS, mitochondrial fragmentation
and dysrequlated mitochondrial fission in MH7A cells, along with decreased expression of p-TBKT (Ser172)
and p-Drp1 (Ser616), while p-Drp1 (Ser637) levels were increased.

Conclusions. Echinacoside regulates abnormal mitochondrial fission via the TBK1/DrpT pathway, reducing
the proliferation and inflammatory response of MH7A cells.

Key words: rheumatoid arthritis, mitochondrial fission, echinacoside
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Highlight

Drpl-mediated mitochondrial fission.

tential as a natural anti-inflammatory compound.

signaling pathway.

» TBK1 is highly expressed in rheumatoid arthritis (RA) synovial tissue and may promote inflammation through
« Echinacoside reduces inflammation and oxidative stress in RA-derived MH7A synoviocytes, highlighting its po-

+ Echinacoside alleviates mitochondrial dysfunction by inhibiting mitochondrial fission in MH7A cells.
+ The anti-inflammatory effects of echinacoside in rheumatoid arthritis are linked to its regulation of the TBK1/Drpl

Background

Rheumatoid arthritis (RA) is a profoundly disabling dis-
order that predominantly impacts the joints, with an es-
timated prevalence of around 0.25-1% within the global
population.! In China, the prevalence of RA is about 0.42%
and the disability rate is as high as 61.3%.% At present, drug
treatment for this condition achieves primarily symptom-
atic remission; the progression of RA is difficult to curb,
posing a clinical challenge.

Dysregulated mitochondrial fission assumes a crucial role
in the progression of numerous diseases.>* Our research
group found abnormal mitochondrial fission in synovial
tissue and fibroblast-like synoviocytes (FLSs) in patients
with RA.° Dynamin-related protein 1 (Drpl), a key regula-
tory molecule, mediates abnormal mitochondrial fission
in FLSs, induces synovial proliferation and inflammation,
and aggravates the progression of RA.° Its effect on the in-
duction of such fission is influenced strongly by post-
translational modifications, including phosphorylation,
ubiquitination, Simulation of Urban Mobility (SUMO), and
acetylation. Phosphorylation of Drpl at Ser616 promotes
mitochondrial fission, whereas phosphorylation at Ser637,
Ser412 and Ser684 inhibits the fission process.*®

TANK-binding kinase 1 (TBK1) is a serine/threonine pro-
tein kinase that plays a critical role in the initiation and pro-
gression of various diseases, particularly cancer and inflam-
matory disorders, by mediating protein phosphorylation, and
has emerged as a key focus of recent research.”8 It belongs
to the non-classical IxB kinase family and exhibits 64% ho-
mology with IkB kinase & (IKKe, also referred to as IKKi).
In recent years, accumulating evidence has indicated that
TBK1 is closely associated with the development of various
cancers, particularly lung, pancreatic and colorectal cancers.
It is significantly upregulated in KRAS-mutant pancreatic
ductal adenocarcinoma, and the receptor tyrosine kinase
AXL activates it through a RAS-RalB-dependent mecha-
nism, enhancing the epithelial-mesenchymal transition
of pancreatic cancer cells, thereby increasing their aggres-
siveness and metastatic potential.® The elimination of TBK1
can reduce the occurrence of immune tolerance, increasing
the anti-tumor immunotherapeutic effect of PD1.” Inhibitors
targeting TBK1 can significantly improve the effect of tumor

immunotherapy.” On the other hand, overactivation of TBK1
is closely linked to immune dysregulation and is a key con-
tributor to the pathogenesis of autoimmune diseases,’!!
suggesting that TBK1 may represent a promising thera-
peutic target for the treatment of RA. However, Hu et al.?
found that the local expression of TBK1 is low in the joints
of patients with osteoarthritis, and that the overexpression
of TBK1 ameliorated tumor necrosis factor alpha (TNF-a)-
induced apoptosis and mitochondrial dysfunction. In addi-
tion, TBK1 mediates Drpl-S637 phosphorylation to inhibit
mitochondrial fission, induces mitochondrial autophagy,
maintains mitochondrial homeostasis and alleviates local
joint inflammation in patients with osteoarthritis.!?

Echinacoside (ECH) is a phenylethanol glycoside with
multiple biological functions. In recent years, the amount
of basic research on ECH has increased, with studies fo-
cusing on its neuroprotective, anti-tumor, anti-oxidative,
anti-inflammatory, and other functions.!3-!¢ Echinaco-
side has been shown to provide neuroprotection by sup-
pressing the a-synuclein/TLR2/NF-kB/NLRP3 pathway
in microglia within a Parkinson’s disease model.'” Echina-
coside has been shown to alleviate osteoarthritis in mice
through activation of the Nrf2/HO-1 signaling pathway.!®
Additionally, ECH modulates oxidative stress and reduces
alcohol-induced liver injury by targeting Nrf2." We previ-
ously found that ECH effectively attenuated the progres-
sion of arthritis in CIA mice.2° However, the effect of ECH
on MH7A synovial cells in RA is still not understood.

Objectives

In this study, we investigated the expression of TBK1
in RA synovium and the effect of ECH on RA (MH7A
synovial) cells via the TBK1/Drpl pathway.
Materials and methods
Reagents

A Cell Counting Kit-8 (CCK-8; AC0011S) was purchased
from Xi’an AccuRef Scientific (Xi’an, China). The reactive
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oxygen species (ROS) probe DCFH-DA (S0033S) was ob-
tained from Beyotime Biotechnology (Shanghai, China).
TBK1 antibody (#3504, 51872S), p-TBK1 (S172; #5433), p-
Drpl (S616; #4494, 3455S), and Drpl antibody (#8570) were
purchased from Cell Signaling Technology (CST; Danvers,
USA). GAPDH (ab181602) and p-Drpl (S637; ab193216) were
provided by Abcam (Cambridge, UK). Horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit IgG was purchased
from ASPEN (AS1107; Wuhan, China). Dulbecco’s modified
Eagle’s medium (DMEM; G4524), fetal bovine serum (FBS;
G8002) and HRP-labeled goat anti-mouse IgG (GB23301)
were obtained from Servicebio (Wuhan, China). A sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel preparation kit (AS1012), a bicinchoninic acid
(BCA) protein concentration determination kit (AS1086),
radioimmunoprecipitation (RIPA) total protein lysate
(AS1004), electrochemiluminescence (ECL) detection kit
(AS1059), protease inhibitor cocktail (04693159001), and
phosphorylase inhibitor (AS1008) were bought from ASPEN.
A rapid RNA extraction kit (RM0051) was purchased from
AccuRef Scientific. EntiLink™ 15-strand ¢cDNA synthesis
super mix (EQ031), TRIpure total RNA extraction reagent,
and EnTurbo™ SYBR Green PCR SuperMix (EQ001) were
acquired from ELK Biotechnology (Wuhan, China). Primers
were obtained from Sangong Biotech (Shanghai, China).

Study design

The MH7A cell line (No. CL-474h), an immortalized cell
line derived from RA FLS transfected with SV40T antigen
gene that has the characteristics of human RA-FLS, was
utilized to analyze the impact of ECH on cell proliferation,
inflammatory cytokine levels, oxidative stress, mitochon-
drial morphology, and mitochondrial phosphorylation.

Participants

Patients with RA who underwent knee replacement sur-
gery (n = 6) and those with meniscus injury but not RA
who underwent arthroscopic surgery (n = 4) were incor-
porated into this study. The research recerived approval
from the Institutional Review Board of Tangdu Hospital,
Air Force Medical University, Xi’an, China (approval No.
TDLL-202408-08).

Cell source and culture

MHT7A cells (cell line No. CL-474h) were purchased from
SAIOS (Wuhan, China). They were removed from stor-
age in liquid nitrogen, immediately placed in a water bath
set at 37.5°C, shaken for rapid recovery, and quickly moved
to a super-clean table. Each cell sample was moved into a 15-
mL centrifuge tube, where 2 mL of DMEM (supplemented
with 10% FBS and 1% penicillin—streptomycin solution) was
added before centrifuging at 1,000 rpm for 5 min. After
discarding the supernatant, 10 mL of medium was added for
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resuspension, and each sample was then inoculated in a cul-
ture bottle and placed in a cell incubator for culture. The me-
dium was changed daily. When the cells reached >80%
confluence, as confirmed using optical microscopy (Zeiss
Primovert Hdcam; Carl Zeiss AG, Oberkochen, Germany)
the trypsin was digested and cultured. Cells in the loga-
rithmic phase of growth were randomly assigned to either
the dimethyl sulfoxide (DMSO) group or the ECH group.

Immunofluorescence and co-localization
analysis

The synovial tissues were preserved overnight in 10%
formalin and subsequently embedded in paraffin. Paraffin
sections were dewaxed and hydrated, and antigen repair
and hydrogen peroxide and serum sealing were performed.
Primary antibodies (TBK1 and p-DRP1 S616, 1:1,000) were
added and the samples were left to rest overnight at4°C. Then,
the secondary antibody (1:500) was applied, and the samples
were left to incubate for 50 min. The Tyramide Signal Am-
plification (TSA) was then added, and the samples were kept
at room temperature for an additional 10 min. Following
microwave treatment, the primary and secondary antibod-
ies were removed, and the samples were incubated with 10%
rabbit serum (cat. No. G1209) or 3% BSA at room temperature
for 30 min to block nonspecific binding. Subsequently, DAPI
(4',6-diamidino-2-phenylindole) was added to re-stain the nu-
clei, and the samples were incubated at room temperature for
10 min in the dark. The samples were then washed 3 times
with PBS for 5 min each, after which a fluorescence quencher
was applied. The tissue slices were loaded into a PAN-
NORAMIC digital slide scanner (3DHISTECH, Budapest,
Hungary) for imaging. All tissue imaging information was
uploaded into a folder and viewed (at x1-400 magnification)
using CaseViewer v. 2.4 software (3DHISTECH). The Area
Quantification FL. module v. 2.1.2 (Indica Labs, Albuquerque,
USA) was used with the Halo analytical software v. 3.0.311.314
(Indica Labs) to quantify the numbers of gene-positive cells
and positive and tissue areas in each section, the positive cell
density (number of positive cells/tissue area), and the percent-
age of positive area (positive area/tissue area x 100%).

Transmission electron microscopy

Six-well plates were inoculated with 1 x 10° cells each.
The DMSO group was treated with 0.1% DMSO solution
and the ECH group was treated with ECH (100 umol/L)
for 24 h, with or without interleukin (IL)-1p (10 ng/mL)
for 30 min. About 1 mL of electron microscopy fixative
was added to the cells for 2 h before being stored at 4°C.
They were washed 3 times with 0.1 M phosphate buffer
(PB; pH 7.4) for 15 min. After fixation, dehydration, per-
meabilization, embedding, and sectioning, the cells were
double-stained with 2% uranyl acetate and lead citrate for
15 min each, then left to dry overnight at room tempera-
ture. Samples were examined using transmission electron
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microscopy (TEM; HT7700; Hitachi High Technologies,
Tokyo, Japan) and super-resolution microscopy, and images
were collected for further analysis.

CCK-8 assay

Ninety-six-well plates were inoculated with 1 x 10° cells
each, and each group was set with 6 compound pores.
The samples were treated with DMSO (0.1%) or ECH (40,
80 and 100 uM). Twenty-four hours later, 10 pL of CCK-8
reagent was added for 2 h. Absorbance (OD450) was de-
tected using a microplate reader (Infinite F50; Tecan, Man-
nedorf, Switzerland)

qPCR

Six-well plates were inoculated with 1 x 10° cells each.
The samples were treated with 0.1% DMSO solution
or 100 pmol/L ECH for 24 h. Total RNA was isolated using
arapid RNA extraction kit, and its purity and concentra-
tion were detected with ultraviolet spectrophotometry.
The RNA underwent reverse transcription to cDNA utiliz-
ing the EntiLink™ Ist-strand cDNA synthesis super mix
kit and was subsequently stored at —20°C. Following this,
quantitative real-time polymerase chain reaction (qQPCR)
was conducted with the EnTurbo™ SYBR Green PCR Su-
perMix kit, employing a 10-uL reaction system. The CT
values were determined based on the 2742¢T method.
The primers used are detailed in Table 1.

Western blotting

Six-well plates were inoculated with 1 x 10° cells each.
The samples were exposed to 0.1% DMSO solution
or 100 pmol/L ECH for 24 h, with or without IL-1f (10 ng/
mL) for 30 min. The protein extraction process was car-
ried out using a RIPA lysate that contained a protease and
phosphatase inhibitor. The BCA quantification was per-
formed according to the kit (P0010S; Beyotime) instruc-
tions. Briefly, a standard curve was made and sample pro-
tein concentrations were determined. Protein denaturation,
SDS-PAGE electrophoresis, membrane transfer and closure,
primary antibody incubation (p-Drpl (S616), 1:500; p-Drpl
(S637), 1:500; Drpl, 1:2,000; p-TBK1 (S172), 1:1,000; TBK1,
1:3,000; GAPDH, 1:10,000), secondary antibody incubation
(1:10,000), and development were performed. A chemilu-
minescence imaging analysis system was used for image
collection and an AlphaEaseFC software processing system
(Alpha Innotech, San Leandro, USA) was employed to as-
sess the optical densities (ODs) of the specific bands.

ROS DCFH-DA staining

The levels of ROS in the cells were evaluated using
dichlorofluorescin (DCFH) staining. Following a 24-h

X. Wang et al. Effect of ECH on mitochondrial fission

Table 1. Primer sequences

Gene | Type | Sequence
sense CATCATCCCTGCCTCTACTGG
H-GAPDH
antisense GTGGGTGTCGCTGTTGAAGTC
e sense TCAGCCCTGAGAAAGGAGACAT
antisense GCTCTGGCTTGTTCCTCACTACT
e sense ACTGAGAGTGATTGAGAGTGGAC
antisense AACCCTCTGCACCCAGTTTTC
sense CTCTTCTCCTTCCTGATCGTGG
H-TNF-a
antisense CTTGTCACTCGGGGTTCGAG
sense AGATTATGTGCAACACTTGAGTGG
H-COX-2
antisense ATTCCTACCACCAGCAACCCT
HIL1B sense ACGATGCACCTGTACGATCACT
antisense GAGAACACCACTTGTTGCTCCA
- sense TATTTGCTATTGAAGAGGAGACAAC
antisense TAGTCCATAGGCATTAGAAGGTTCT
L Dol sense ATTCCATTATCCTCGCTGTCACT
-Dri
P antisense TGGCTCCTGTTAACTACTCCAAT
sense TGGTGGAGTCGGACCTCTATG
H-NQOT
antisense CATGGCAGCGTAAGTGTAAGC
LHO-1 sense GCCAGCAACAAAGTGCAAGA
antisense TAAGGACCCATCGGAGAAGC
. sense GACAGCCCTGGTATTGATGTC
-NIri
antisense TCACCTTGTGGAAGAAGTGCTT

treatment with either DMSO or ECH, the medium was
discarded and DCFH (10 uM) was introduced. The sam-
ples were incubated at 37°C for 30 min in the dark, then
rinsed 3 times with fresh cell medium for 5 min each time.
Hoechst nucleic acid stain was applied, and the samples
were kept at room temperature away from light for an ad-
ditional 5 min. Subsequently, the samples were washed
3 additional times with fresh medium for 5 min each, then
examined under a fluorescence microscope, and images
were captured for analysis.

Statistical analyses

Statistical analysis was conducted using IBM SPSS
v. 19.0 (IBM Corp., Armonk, USA). The Shapiro—Wilk
test assessed the normality of the data, while the Lev-
ene’s statistic evaluated homogeneity of variance. For
normally distributed data with equal variances, an inde-
pendent-samples t-test was used for comparisons between
2 groups, while one-way analysis of variance (ANOVA)
was applied for comparisons among three groups. Post
hoc comparisons were conducted using the Student—
Newman-Keuls (SNK) test. Non-normally distributed
data were analyzed with the Wilcoxon rank sum test.
P-values less than 0.05 were considered statistically
significant.
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Fig. 1. Expression and co-localization of TANK-binding kinase 1 (TBK1) and phosphorylation dynamin-related protein 1 (p-Drp1) (S616) in rheumatoid
arthritis (RA) synovial tissue. A. Expression and co-localization of TBK1 and p-Drp1 (S616) in the synovial tissue of patients with (n = 6) and without (n = 4) RA,
detected using immunofluorescence staining (scale: 20 um); B. Densities and co-localization of TBK1- and p-Drp1 (S616)-positive cells in the synovial tissue

of patients with and without RA

*p < 0.05, Wilcoxon rank sum test.

Results

Expression and co-localization of TBK1 and
p-Drp1 (S616) in RA synovial tissue

Overactivation of TBK1 is closely associated with dys-
regulation of the immune response and plays a key role
in the pathogenesis of autoimmune diseases. To investigate
whether TBK1 is upregulated and involved in Drpl-medi-
ated mitochondrial fission in rheumatoid arthritis (RA),
we analyzed the expression and co-localization of TBK1
and phosphorylated Drpl (p-Drpl) in RA synovial tissues.
The expression of TBK1, p-Drpl (S616) and their co-local-
ization in synovial tissue were higher in the RA group com-
pared to the non-RA group (Fig. 1). This high expression
of TBK1 in RA synovium may be related to Drpl-mediated
mitochondprial fission.

Effects of ECH on MH7A cell proliferation
and inflammation

Previous studies demonstrated that ECH effectively at-
tenuates arthritis progression in collagen-induced arthri-
tis (CIA) mice. Here, we investigate the effects of ECH
on MH7A cell proliferation and inflammation. The pro-
liferation of MH7A cells declined after ECH treatment
(Fig. 2A). The qPCR analysis revealed that treatment with
100 pmol/L ECH significantly increased the mRNA ex-
pression of antioxidant stress markers HO-1, NQO1 and
Nrf2 (Fig. 2B), while reducing the expression of inflam-
matory cytokines IL-6, IL-8, TNF-a, COX-2, and IL-1f
(Fig. 2C). These results suggest that ECH alleviated MH7A
cell inflammation and oxidative stress.
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Fig. 2. Effects of echinacoside (ECH) treatment on MH7A cell proliferation and

inflammation. A. Cell proliferation activity detected using Cell Counting Kit-8 (CCK-8)

assay and assessed with analysis of variance (ANOVA); B. Expression of heme oxygenase-1 (HO-1), NAD(P)H: quinone oxidoreductase 1 (NQO1) and NF-E2-related
factor 2 (Nrf2),, detected with quantitative real-time polymerase chain reaction (QPCR). Data are presented as mean =+ standard deviation (SD); C. Expression
of the inflammatory cytokines interleukin (IL)-6, IL-8, tumor necrosis factor alpha (TNF-a), cyclooxygenase-2 (COX-2), and IL-13, detected with gRT-PCR

**p < 0,01, **p < 0.001.

Effects of ECH on oxidative stress and
mitochondrial fission of MH7A cells

Mitochondrial fission is involved in synovium inflam-
mation, as it induces oxidative stress. To clarify the effect
of ECH on mitochondrial fission, ROS expression and mi-
tochondrial morphology were examined. After ECH treat-
ment, ROS expression was significantly decreased in MH7A
cells (Fig. 3A). Transmission electron microscopy revealed
that IL-1B induced mitochondrial fission in the cells, but
that this fission was significantly reduced after ECH treat-
ment (Fig. 3B). No significant differences were observed
in the mRNA expression levels of TBK1 and Drpl between
the treatment and control groups (Fig. 3C). These findings
suggest that ECH alleviates inflammation and oxidative
stress in MH7A cells by inhibiting mitochondrial fission.

Effects of ECH on TBK1 and Drp1
expression in MH7A cells

Next, we investigated the effects of ECH on the expres-
sion levels of TBK1, phosphorylated TBK1 (p-TBK1), Drpl,
and phosphorylated Drpl (p-Drpl). Western blot analysis
showed that IL-1p stimulation increased the level of phos-
phorylated TBK1 at Ser172 (p-TBK1"S172), which was sub-
sequently reduced following ECH treatment (Fig. 4A,B).
In addition, IL-1p induced upregulation of phosphory-
lated Drpl at Ser616 (p-Drpl~S616) and downregulation
at Ser637 (p-Drpl~S637), effects that were reversed by ECH
treatment (Fig. 4C,D). These findings suggest that ECH
inhibits mitochondrial fission in MH7A cells by regulating
the TBK1/Drpl pathway.
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C. dynamin-related protein 1 (Drp1) and TANK-binding kinase 1 (TBK1) expression detected with quantitative real-time polymerase chain reaction (qPCR).

The data are presented as mean + standard deviation (SD)

ns - nonsignificant; p > 0.05.

Discussion

This study demonstrated that TBK1 expression was mark-
edly elevated in the synovial tissue of RA patients, consistent
with findings from animal models of RA, but in contrast
to the lower expression levels observed in the synovial tissue
of patients with OA.!? Our results provide further support
for TBK1 as a potential therapeutic target for RA.

A 2023 report indicated that local TBK1 expression is low
in the joints of patients with OA.!? In contrast, a 2022 study

using a rat model of RA reported elevated levels of phos-
phorylated TBK1 (p-TBK1). In that study, treatment with
CS12192, a novel small-molecule inhibitor selectively tar-
geting JAK3, JAK1, and TBK1, and WEHI112 — a relatively
selective TBK1 inhibitor, produced notable immunosup-
pressive and anti-inflammatory effects.!® Similar to this re-
port, our findings showed that the expression of TBK1 was
upregulated in RA synovial tissues. According to a 2021 re-
port,2! TBK1 also plays a critical role in the activation of in-
nate immunity by regulating RIPK1-dependent cell death
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Fig. 4. Effects of echinacoside (ECH) treatment on TANK-binding kinase 1 (TBK1) and dynamin-related protein 1 (Drp1) expression in MH7A cells. A,B. p-TBK1
(s172) and TBK1 expression levels detected with western blotting; C,D. p-Drp1 (5616), p-Drp1 (S637) and Drp1 expression levels detected with western
blotting. The concentration of ECH was 100 umol/L and the concentration of interleukin (IL)-13 was 10 ng/mL. The data are presented as mean + standard

deviation (SD)

ns — nonsignificant; p > 0.05; *p < 0.05; **p < 0.01.

pathways triggered by type I interferons (IFN-I), NF-«xB (nu-
clear factor kappa-light-chain-enhancer of activated B cells)
and TNF. In 4 patients with congenital immunodeficiency,
a biallelic loss-of-function (LoF) mutation in the TBK1 gene
was identified, which resulted in excessive TNF-induced cell
death and subsequent autoimmune inflammation. Nota-
bly, treatment with anti-TNF therapy effectively mitigated
these pathological effects.?! These findings further demon-
strate the different roles of TBK1 in autoimmune diseases,
which may be related to the post-translational modification
of TBK1. According to a 2020 report, TBK1 and Drpl are
vital for congenital RNA sensing and antiviral immunity,
and TBK1-mediated Drpl phosphorylation at S412 and
S684 affects mitochondrial fission, enhancing the host an-
tiviral defense.? In this study, we observed increased co-
localization of TBK1 and p-Drpl (Ser616) in the synovial
tissue of patients with RA, suggesting that TBK1 may medi-
ate the activation of p-Drpl (Ser616), thereby contributing
to Drpl-dependent mitochondrial fission in this tissue.
Excessive ROS accumulation is a key factor in the oxi-
dative stress response of FLSs. According to a 2020

report, ROS overexpression in FLSs triggers the secretion
of inflammatory mediators, including IL-6 and IL-8, via
the NF-«B signaling pathway.?® In this study, we evalu-
ated the effects of various concentrations of ECH on ROS
expression in MH7A cells and found that only 100 umol/L
ECH significantly reduced ROS levels, whereas other con-
centrations showed no notable effect (data not shown).
Therefore, 100 pmol/L ECH was selected as the working
concentration for subsequent experiments. Echinacoside
effectively reduced the mRNA expression of inflammatory
cytokines in MH7A cells, while simultaneously upregulat-
ing the expression of antioxidant stress markers, including
Nrf2, HO-1 and NQOL. These findings suggest that ECH
may alleviated MH7A cell inflammation and oxidative
stress. Several studies have reported that ECH effectively
modulates the oxidative stress response. A 2019 study re-
ported that ECH significantly reduces ROS and NF-«xB
levels by inhibiting the NLRP3 inflammasome signaling
pathway in spinal cord injury models.?* Similarly, a 2022
study demonstrated that ECH prevents pyroptosis in car-
diomyocytes and improves cardiac function by modulating



Adv Clin Exp Med. 2025;34(11):1897-1906

the NADPH/ROS/endoplasmic reticulum (ER) stress path-
ways.?® Consistent with previous findings,'®2¢ these results
support the notion that ECH exerts therapeutic effects
through its antioxidant properties.

In addition, as reported in 2020, ECH significantly in-
hibits Drpl, reverses abnormal mitochondrial fission at le-
sion sites, protects mitochondrial function and inhibits
ROS-mediated oxidative stress, thereby reducing neuro-
inflammation.?” The anti-oxidative stress effect of ECH
may be closely related to the regulation of mitochondrial
fission. Consistent with these findings, our team reported
in 2024 that ECH reversed abnormal mitochondrial fission
in the joints of CIA mice, thereby alleviating arthritic man-
ifestations, by inhibiting Drp1.2° In this study, we further
found that ECH effectively reversed abnormal mitochon-
drial fission in MH7A cells, strengthening the conclusion
that ECH alleviates inflammation and oxidative stress
in these cells by inhibiting mitochondrial fission. However,
ECH had no effect on Drpl or TBK1 mRNA expression.
The phosphorylated forms of these proteins play impor-
tant roles in cell signaling, and ECH may regulate their
phosphorylation. In this study, ECH notably decreased
the levels of p-TBK1 (S172) and p-Drpl (S616), while si-
multaneously enhancing the expression of p-Drpl (S637).
We believe that ECH inhibits mitochondrial fission in sy-
novial tissue through the activation of TBK1 to mediate p-
Drpl (S616) phosphorylation and inhibit the proliferation
and inflammation and oxidative stress induction of MH7A
cells. In contrast to our findings, a 2023 study reported
that TBK1 inhibits mitochondrial fission by promoting
the phosphorylation of Drpl at Ser637, thereby inducing
mitophagy, maintaining mitochondrial homeostasis and
alleviating local joint inflammation.'? These findings sug-
gest that the mitochondrial functions of TBK1 may differ
between the synovial tissue of patients with OA and RA.
In RA, TBK1 may contribute to disease progression by pro-
moting mitochondrial fission through the phosphoryla-
tion of Drpl at Ser616. This hypothesis warrants further
investigation in future studies.

Limitations

This study has several limitations. First, the safety profile
of ECH was not assessed and warrants further investiga-
tion. Second, we did not determine whether ECH modu-
lates Drpl phosphorylation in a TBK1-dependent manner,
which remains to be elucidated. Finally, the TBK1-knock-
out mouse model used in this study requires further refine-
ment to better clarify the mechanistic role of TBK1 in vivo.

Conclusions

The results of this study suggest that ECH treatment
inhibits TBK1 phosphorylation, thereby modulating mi-
tochondrial fission and p-Drpl levels, ultimately leading
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to reduced ROS production and inflammation in MH7A
cells. Echinacoside may suppress abnormal mitochondrial
fission in MH7A cells by modulating the TBK1/Drpl sig-
naling pathway, thereby inhibiting cell proliferation and
the inflammatory response. These findings suggest that
ECH could represent a promising novel therapeutic option
for the treatment of RA.
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Abstract

Background. Preeclampsia is a serious pregnancy complication with significant maternal and fetal morbid-
ity. Mitophagy plays a crucial role in its pathogenesis. The importance of this study lies in evaluating the role
of parkin in preeclampsia, which may offer new insights into the management of this disease.

Objectives. This study was designed to evaluate the role of parkin in preeclampsia.

Materials and methods. To induce a preeclampsia model, pregnant female rats were administered
N-nitro-L-arginine methyl ester (L-NAME) subcutaneously at a dose of 50 mg/(kg-day) starting on gestational
day 14 for 7 consecutive days. Uteroplacental tissues were then collected, and chorionic trophoblast cells
were isolated. Systolic blood pressure (SBP) and urine protein content were measured on days 12 and 20
of pregnancy. Hematoxylin-eosin (H&E) staining and TUNEL staining were employed to assess pathological
changes and apoptosis in uteroplacental tissues, respectively. Reverse transcription polymerase chain reac-
tion (RT-gPCR) and western blot analysis were performed to evaluate mRNA and protein expression levels
associated with cellular function, mitophagy and the PINK1/parkin signaling pathway.

Results. Compared to the negavtive control (NC) group, rats in the model group showed elevated SBP and
urine protein levels (p < 0.01). Chorionic trophoblast cells exhibited substantial damage, with significantly
increased levels of apoptosis and autophagy. Moreover, parkin mRNA and protein expression levels were
markedly uprequlated in the model group. Overexpression of parkin in chorionic trophoblast cells enhanced
apoptosis and mitophagy, while the autophagy inhibitor 3-methyladenine (3-MA) significantly alleviated
the damage caused by overexpression of parkin.

Conclusions. Parkin aggravates the symptoms of preeclampsia by increasing mitophagy and apoptosis.

Key words: apoptosis, preeclampsia, mitophagy, parkin, 3-methyladenine (3-MA)
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Highlights

cell death.

« Parkin overexpression significantly promotes mitophagy and apoptosis in trophoblast cells of preeclampsia rats.
« Elevated parkin levels aggravate preeclampsia symptoms by increasing placental mitochondrial degradation and

+ The mitophagy inhibitor 3-MA partially reverses parkin-induced cell damage in trophoblasts.
« Parkin may serve as a novel therapeutic target for improving placental function in preeclampsia.
« Findings highlight a potential clinical strategy for managing preeclampsia via mitophagy regulation.

Background

Preeclampsia, an obstetric disease, affects 1.5-16.7%
of pregnant women and results in 60,000 deaths and
500,000 premature births worldwide every year.! Statis-
tics indicate that preeclampsia is the 2"¢ leading cause
of maternal mortality, with maternal mortality rates
due to preeclampsia being at least 16% in low-and mid-
dle-income countries and as high as 25% in some Latin
American countries.? Preeclampsia typically develops
after the 20" week of pregnancy and is characterized
by hypertension, proteinuria, end-organ damage, acute
kidney injury(AKI), liver dysfunction, and other systemic
complications.? Moreover, the impact of preeclampsia
is long-lasting. Studies have shown that preeclampsia
is associated with an increased risk of future cardiovas-
cular, metabolic and cerebrovascular diseases in mothers.
It also raises the risk of fetal growth restriction and pla-
cental abruption.? The pathogenesis of preeclampsia is be-
lieved to be linked to the failure of extravillous trophoblast
(EVT) cells to properly migrate and invade the uterine
spiral arteries, leading to neovascularization disorders
and increased uteroplacental vascular resistance.® Cur-
rently, aspirin is the only medication recommended for
the prevention and treatment of preeclampsia; however,
its therapeutic effects are mixed and it is associated with
side effects.® Previous research has shown that aspirin can
reduce the risk of early-onset preeclampsia but is ineffec-
tive in alleviating symptoms of late-onset preeclampsia.’
Therefore, new therapeutic agents are needed to address
these challenges.

Mitochondria are the energy powerhouses of cells, essen-
tial for placental formation and development throughout
pregnancy.® They are double-membrane organelles, con-
sisting of an ion-permeable inner membrane and an outer
mitochondrial membrane. Mitochondria are crucial for
generating the proton gradient and transmembrane po-
tential, with the energy stored in this proton gradient used
to synthesize large amounts of adenosine triphosphate
(ATP) for energy supply.” Although mitochondria cannot
be synthesized de novo within cells, they possess their own
self-replicating genomes. The coordination between mi-
tophagy and energy production is vital for managing irrep-
arably damaged mitochondria, maintaining mitochondrial

volume and ensuring mitochondrial turnover.!* Mitophagy
is the selective process by which autophagosomes and ly-
sosomes remove damaged mitochondrial proteins and
dysfunctional mitochondria.!' When mitochondrial dys-
function occurs, impaired mitophagy can lead to cellular
damage and even cell death.!? Therefore, normal mitoph-
agy is crucial for cell survival. Previous studies have shown
that mitophagy primarily relies on parkin mediation.!®
Parkin substrates can generate various ubiquitin chains,
including K6, K11, K48, and K63 bonds.!* Additionally,
parkin can facilitate the specific phagocytosis of damaged
mitochondria by autophagosomes through ubiquitination-
labeled receptor proteins.!®> While the role of parkin in mi-
tophagy is well-established, its impact on preeclampsia
remains unclear.

Objectives

The objective of this study was to investigate the spe-
cific functions and mechanisms of parkin in preeclamp-
sia by modulating its expression levels in a cell model
of the disease. We aimed to provide new insights into
the pathogenesis of preeclampsia by uncovering how par-
kin regulates mitophagy and apoptosis in chorionic tro-
phoblast cells, and to explore its potential as a therapeutic
target.

Materials and methods
Study design

All animal-related experiments were approved and su-
pervised by the Animal Ethics Committee of Hainan Af-
filiated Hospital of Hainan Medical University, Haikou,
China (approval No. Med-Eth-Re(2024)254). The Spe-
cific Pathogen-Free Sprague Dawley (SPF SD) female
rats weighing about 200 g each were purchased from
Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China). All purchased rats were housed
in an environment at room temperature of 22—24°C and
relative humidity of 50-70%, with free access to food
and water.
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Participants

Consistent with the previous report, the phase of the es-
trus cycle was determined by observing cell morphology
through vaginal smear.!® Briefly, female rats in estrus were
paired with SPF SD male rats at a ratio of 1:2. Sperm pres-
ence was monitored daily through vaginal smears to de-
termine fertilization. Day O of pregnancy was defined
as the day sperm was first detected. Pregnant rats were
then randomly divided into 2 groups: the negative control
(NC) group (n = 40) and the model group (n = 40). From
the 14" day to 20t day of pregnancy, rats in the model group
received subcutaneous injections of 50 mg/(kg-d) N-nitro-L-
arginine methyl ester (L-NAME) to induce a preeclampsia
model,’” while rats in the NC group received an equivalent
volume of normal saline. On the 20" day, the rats were
anesthetized with CO, and euthanized. Uteroplacental tis-
sues were collected from the mother rats, with some used
for subsequent experiments and others for trophoblast cell
isolation. Tissues designated for further experiments were
quickly frozen in liquid nitrogen and stored at —80°C.

Variables

The primary variables include blood pressure, urine
protein levels, gene expression levels (Beclin-1, p62, mt-
parkin (mitochondrial parkin), total-parkin (total cellular
parkin) PINK1, NDP52, OPTN), apoptosis rates, and pro-
tein expression levels (LC3, Beclin-1, p62, PINK1, parkin,
GAPDH).

Data sources and measurements
Isolation and treatment of trophoblast cells

As described in a previous study,!® uteroplacental tissues
from mother rats were meticulously dissected using oph-
thalmic scissors under aseptic conditions. The tissues were
then treated with 2.5 g/L trypsin and digested in a water
bath at 37°C for 10 min. This process was repeated 3 times
to obtain a cell suspension. The cell suspension was washed
twice, re-suspended in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 culture medium containing 10% fetal bovine
serum (FBS), and seeded in a culture plate. The cells were
then cultured in an incubator with 5% CO, at 37°C. Under
an optical microscope (model CX43; Olympus Corp., Tokyo,
Japan) the isolated cells exhibited typical epithelial-like mor-
phology of trophoblast cells and demonstrated a tendency
to spread and grow in sheets. Subsequently, the isolated
trophoblast cells were transfected using X-tremeGENE™
(6366244001, MilliporeSigma, St. Louis, USA) with either
an overexpression vector for parkin (OE-parkin group)
or a corresponding control vector (OE-NC group). Addition-
ally, trophoblast cells transfected with overexpressed parkin
and treated with the mitophagy inhibitor 3-methyladenine
(3-MA) were designated as the OE-parkin+3-MA group.
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Test for blood pressure and urine protein in rats

To measure the systolic blood pressure (SBP) of rats
in each group, female rats were fixed in the BP-2000 blood
pressure analysis system (Visitech Systems, Apex, USA)
on the 12" and 20" days of pregnancy. Once the rats were
stabilized, SBP readings were recorded for both the NC
group and model group. Additionally, urine samples from
the 12th and 20" days of pregnancy were collected. Briefly,
rats were placed in a metabolic cage, and urine was col-
lected over a 12-h period. The collected urine was then
centrifuged at 4°C and 12,000 rpm for 5 min, and the su-
pernatant was obtained. Total urine protein levels were
subsequently measured using a urine protein quantitative
test kit (C035-2-1; Jiancheng, Nanjing, China).

Hematoxylin and eosin staining

The obtained uteroplacental tissues were soaked in 4%
paraformaldehyde overnight for complete fixation, and then
sectioned into 5-pm thick slices. The sections were placed
on slides, with resin applied around the edges to prevent
slipping. Following the instructions of the hematoxylin and
eosin (H&E) staining kit (Beyotime Biotechnology, Shang-
hai, China), the sections were stained as follows: the nuclei
were stained with hematoxylin staining solution for 5 min,
then washed with running water and differentiated using
1% hydrochloric acid alcohol for a few seconds. The sec-
tions were washed again with running water, blued with
0.6% ammonia, and rinsed with running water. The cy-
toplasm was then stained with eosin for 3 min, followed
by dehydration and mounting. Finally, the sections were
observed under an optical microscope (Olympus BX51;
Olympus Corp., Tokyo, Japan) and photographed.

RT-qPCR

To extract RNA from mitochondria, mitochondrial
isolation kit (C3606; Beyotime Biotechnology) was first
used to purify the mitochondria. Subsequently, total RNA
from uteroplacental tissues, mitochondria or trophoblast
cells was extracted using Trizol reagent (R0016; Beyotime
Biotechnology). The RNA concentration from different
sources was determined with a NanoDrop spectropho-
tometer (840-317400; Thermo Fisher Scientific, Waltham,
USA). According to the instruction of FastKing cDNA
synthesis kit (KR116; Tiangen, Beijing, China), 2 ug of RNA
was reverse transcribed into complementary deoxyribo-
nucleic acid (cDNA). The expression levels of Beclin-1,
p62, mt-parkin, total-parkin, PINK1, NDP52, and OPTN
in tissue or cell samples, along with the internal control
GAPDH were detected using RealUniversal Color PreMix
(FP201; Tiangen). Relative gene expression was calculated
using the 2722t method. All primer sequences are listed
in Table 1 and were synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China).
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Table 1. Primer sequences

Gene name | Primer sequences (5’ to 3')
F: CAGCCTCTGAAACTGGACACGA
Beclin1
R: CTCTCCTGAGTTAGCCTCTTCC
. F: GCTCTTCGGAAGTCAGCAAACC
P R: GCAGTTTCCCGACTCCATCTGT
-y F: CCAGAGGAAAGTCACCTGCGAA
arkin
R: CTGAGGCTTCAAATACGGCACTG
PINK F: CGACAACATCCTTGTGGAGTGG
R: CATTGCCACCACGCTCTACACT
F: ACGCAAGGACTGGATTGGCATC
NDP52
R: GGATTTCCTGCTGTGTGGCTGA
oPTN F: AGGTGGAGAGACTTGAAGTCGC
R: TCCTCGCTGTCTGCTTCTCAGT
F: GTCTCCTCTGACTTCAACAGCG
GAPDH
R: ACCACCCTGTTGCTGTAGCCAA

Tunel staining

The collected uteroplacental tissue sections were depa-
raffinized in xylene, rehydrated through a graded ethanol
series, and subsequently treated with Proteinase K working
solution for 15-30 min. For the cells, the treated samples
were washed twice with phosphate-buffered saline (PBS),
fixed with 4% paraformaldehyde for 1 h, and then permea-
bilized with cell permeabilization solution for 8 min. Fol-
lowing this, tissues and cells were rinsed twice with PBS
and stained according to the instructions of TUNEL cell
apoptosis detection kit (green fluorescence) (C1086; Beyo-
time Biotechnology) using the one-step method. Briefly,
50 puL of TUNEL detection solution was added to the cells
or sections, which were then incubated in the dark at 37°C
for 60 min. Then, the nucleus was stained with DAPI
(4,6-diamidino-2-phenylindole) for 5 min. Finally, cell apop-
tosis was observed under a fluorescence microscope (Leica
DM2500 LED; Leica Camera AG, Wetzlar, Germany) and
photographed. The excitation wavelength of TUNEL was
450 nm, and the detection wavelength was 565 nm.

Western blot

Total protein was extracted from tissues, cells and iso-
lated mitochondria using radioimmunoprecipitation as-
say (RIPA) lysis buffer (P0013B; Beyotime Biotechnology).
For cell samples, ultrasonic disruption was performed af-
ter collection, while tissues were further homogenized.
The cell/mitochondrial lysate and tissue homogenate were
then centrifuged at 4°C and 12,000 rpm for 10 min, and
the supernatant was collected. Protein concentration was
determined using a bicinchoninic acid (BCA) protein assay
kit (P0009; Beyotime Biotechnology). Next, 25 pg of total
protein was mixed with 5xsodium dodecyl sulfate (SDS)
loading buffer and denatured at 99°C for 10 min. Proteins
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were separated using 10% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE), then transferred to a polyvinylidene
fluoride (PVDF) membrane via electrotransformation. Af-
ter transfer, the PVDF membrane was blocked with 5%
BCA at ambient temperature for 2 h. The membrane was
then incubated overnight at 4°C with primary antibod-
ies (all from Abcam, Cambridge, UK): Anti-LC3 (1:1,000;
ab192890), Anti-Beclin1 (1:1000; ab207612), Anti-p62 (1:1,
000; ab211324), Anti-PINK1 (1:1,000; ab300623), anti-par-
kin (1:1,000; ab77924), or Anti-GAPDH (1:1,000; ab8245).
On the next day, the membrane was incubated with sheep
anti-rabbit or anti-mouse secondary antibodies (1:3,000;
ab6721, ab205719) for 1 h of incubation at room tempera-
ture. Enhanced chemiluminescence (SuperSignal ECL;
Thermo Fisher Scientific) was then used to develop the pro-
tein signals on the PVDF membrane. Finally, the expression
levels of each protein were visualized using the iBright CL
750 (Thermo Fisher Scientific).

Statistical analyses

All data are presented as mean + standard deviation (SD),
and differences were analyzed using IBM SPSS v. 22.0 soft-
ware (IBM Corp., Armonk, USA). A t-test was used for ana-
lyzing differences between 2 independent samples, while
one-way analysis of variance (ANOVA) was employed for
comparing multiple independent samples. Post hoc tests
were performed using Tukey’s test to identify specific group
differences. A p < 0.05 indicated a significant difference.

Results

Establishment of rat model
of preeclampsia

To evaluate the role of parkin in preeclampsia, female rats
at 14 days of pregnancy were subcutaneously injected with
L-NAME for 7 days to establish a preeclampsia model. Sub-
sequently, the pathological changes in chorionic tropho-
blast tissues were observed using H&E staining. The H&E
staining results showed that, compared to the NC group,
the model group exhibited disordered cell arrangement,
widened intercellular spaces and thickened basement
membrane, indicating severe damage to the chorionic tro-
phoblast tissues in the model group (Fig. 1A). Additionally,
SBP and urine protein levels were measured on the 12" and
20" day of pregnancy. The results revealed no significant
differences between the 2 groups on the 12" day. However,
on the 20" day, the L-NAME-induced preeclampsia rats
showed increased blood pressure and urine protein lev-
els, reaching 136.35 mm Hg and 4.4 mg/mL, respectively,
compared to the NC group (p < 0.001, Fig. 1B and Table 2;
Fig. 1C, Table 3). In summary, L-NAME-induced rats dis-
played clear characteristics of preeclampsia, validating
the model for further experiments.
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Fig. 1. Construction of rat model of preeclampsia. A. Hematoxylin & eosin (H&E) staining was used to observe the pathological changes of chorionic
trophoblast tissues in rats in each group (scale bar = 200 pm); B,C. Measurement of the systolic blood pressure and urine protein content of rats

on the 12" and 20™ day of pregnancy

**p < 0.01 vs negative control (NC).

Table 2. Independent t-tests were conducted to compare systolic blood pressure between groups on gestational days 12 and 20, as shown in Fig. 1B

Median
NC 102,15 +8.34
12 ‘ model ‘ 100.55 +9.13 ‘
, | NC | 10330877 |
| model | 136.35 +8.01 |

0.94 ‘ 0.353 ‘ 38

12.44 <0.001 38

df — degrees of freedom; NC — negative control.

L-NAME induction increases the apoptosis
level of chorionic trophoblast cells
in preeclampsia rats

Additionally, TUNEL staining was used to observe
the level of apoptosis in chorionic trophoblast tissues

across each group of rats. Compared to the NC group,
the TUNEL fluorescence signal in the chorionic tropho-
blast tissues significantly increased after 7 days of subcu-
taneous L-NAME injection (Fig. 2). These results indicate
amarked upregulation of level of apoptosis in the chorionic
trophoblast tissues of the model group.
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Table 3. Independent t-tests were used to compare uroprotein levels between groups on gestational days 12 and 20, as shown in Fig. 1C

Day | Group | Median | t | p-value | df
| NC 2284026 |
12 0.84 0.407 38
| model 2354033 |
‘ NC 230042 ‘
20 15.03 <0.001 38
‘ model 444 +0.48 ‘
df - degrees of freedom; NC — negative control.
FITC DAPI Merge

Model

200 pm

Fig. 2. N-nitro-L-arginine methyl ester (.-NAME) induces the increase of apoptosis level in chorionic trophoblast tissues of preeclampsia rats. TUNEL staining
was adopted to observe the level of apoptosis in chorionic trophoblast tissues of rats in each group. TUNEL signal was green, DAPI (4',6-diamidyno-2-

fenyloindol) signal was blue, and the scale bar was 200 um

L-NAME induces the increase of parkin-
dependent mitophagy in chorionic
trophoblast tissues of preeclampsia rats

Previous studies have identified the presence of PINK1
and parkin-dependent mitophagy in preeclampsia pla-
centa.'?0 To further investigate this, we assessed the ac-
tivities of Beclin-1, PINKI1, parkin, p62, NDP52, and
OPTN pathways in the chorionic trophoblast tissues
of rats at both the mRNA and protein levels. The results
showed that, compared to the NC group, the model group
exhibited increased mRNA and protein expression levels
of Beclin-1 and mt-parkin in chorionic trophoblast tissues,
along with decreased mRNA and protein expression levels
of p62, NDP52 and OPTN. Additionally, a significant in-
crease in the LC3-1I/LC3-I ratio was observed (Fig. 3A-D;
Table 4,5). These findings indicate a significant increase
in mitophagy in the model group. Taken together, L-
NAME induced a notable increase in parkin-dependent
mitophagy in the chorionic trophoblast tissues of pre-
eclampsia rats.

3-methyladenine partly reversed

the increase of mitophagy and apoptosis
of trophoblast cells in preeclampsia rats
caused by overexpression of parkin

To clarify the effect of parkin on autophagy and apop-
tosis in preeclampsia tissues, primary trophoblast cells
were isolated from the uteroplacental tissue of pre-
eclampsia rats, and parkin was overexpressed in these
cells. Additionally, cells were treated with the autophagy
inhibitor 3-MA to determine whether parkin exacer-
bates preeclampsia symptoms by promoting autophagy
and apoptosis. Specifically, compared to the OE-NC
group, the OE-parkin group showed increased levels
of apoptosis in trophoblast cells. However, when com-
pared to the OE-parkin group, the level of apoptosis
in the OE-parkin+3-MA group was reduced (Fig. 4A).
Similar results were observed for autophagy. In the OE-
parkin group, mRNA and protein expression levels
of Beclin-1 and mt-parkin were elevated, while those
of p62, NDP52 and OPTN were reduced; the LC3II/LC3I
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Fig. 3. N-nitro-L-arginine methyl ester (LNAME) induction increases parkin-dependent mitophagy in chorionic trophoblast tissues of preeclampsia rats.
Reverse transcription quantitative polymerase chain reaction (RT-gPCR) and western blot were employed to check the mRNA and protein expression levels
of genes related to autophagy dependent on PINK1 and parkin in chorionic trophoblast tissues of rats in each group

**p < 0.01 and *p < 0.05 vs negative control (NC).

ratio also significantly increased. Notably, in the OE-
parkin+3-MA group, mRNA and protein expression lev-
els of LC3I, Beclin-1 and mt-parkin decreased compared
to the OE-parkin group, while those of p62, NDP52 and
OPTN increased; the LC3II/LC3I ratio also significantly
decreased (Fig. 4A-E and Table 6-9). These findings
suggest that 3-MA partially reversed the parkin overex-
pression-induced increase in mitophagy and apoptosis
in trophoblast cells of preeclamptic rats.

Discussion

This study explored the role of parkin in preeclampsia
by establishing an L-NAME-induced rat model of the con-
dition. The results showed that rats treated with L-NAME
exhibited typical symptoms of preeclampsia, including
significantly elevated SBP and urine protein levels. Further
experiments demonstrated that in the preeclampsia model,
the levels of apoptosis and mitophagy in chorionic tropho-
blast cells were significantly increased, and these changes
were closely associated with elevated parkin expression.
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Table 4. Independent t-tests were conducted to compare mRNA expression levels of Beclin-1, P62, mt-parkin, total-parkin, PINK1, NDP52, and OPTN

between the NC and model groups (Fig. 3A)

Gene | Group | Median
NC 1.16 £0.60
Beclin 1
model 562 +2.12
NC 1.05 +£040
P62
model 0.12 +0.06
NC 1.15 £0.50
mt-parkin
model 7.56 £3.51
NC 1.05 +0.37
total-parkin
model 0.17 £0.15
NC 1.10 £0.50
PINK1
model 0.17 £0.07
NC 1.04 +0.32
NDP52
model 0.90 +£0.28
NC 2.00+0.78
OPTN
model 0.95 +£0.62

t | p-value | df
4.51 0.002 8
517 <0.001 8
4.04 0.004 8
0.75 0475 8
0.57 0.587 8
4.16 0.003 8
4.90 0.001 8

df — degrees of freedom; NC — negative control.

Table 5. Independent t-tests were performed to compare the protein expression levels of Beclin-1, P62, mt-parkin, total-parkin, PINK1, NDP52, OPTN, and

the LC3-II/I ratio between the NC and model groups (Fig. 3B-D)

Gene | group | Median
NC 044 +0.01
Beclin 1
model 0.87 £0.03
NC 1.01 £0.01
P62
model 0.36 +0.00
NC 1.06 +0.01
mt-parkin
model 1.06 +0.05
NC 0.87 +0.04
total-parkin
model 0.22 +0.00
NC 0.91 +0.01
PINK1
model 0.25 +0.00
NC 0.61 +0.01
NDP52
model 1.12 +0.03
NC 1.03 £0.03
OPTN
model 0.94 +0.03
NC 0.36 +0.08
LC3I/1
model 1.01 £0.04

t | p-value | df
26.02 <0.001 4
127.70 <0.001 4
26.60 <0.001 4

4.05 0.016 4
0.05 0.962 4
145.60 <0.001 4
26.25 <0.001 4
13.07 <0.001 4

df — degrees of freedom; NC — negative control.

By overexpressing parkin, it was found that it could pro-
mote apoptosis and mitophagy in chorionic trophoblast
cells, while the use of the mitophagy inhibitor 3-MA par-
tially reversed these effects. These results indicate that
parkin plays a promotive role in the pathological progres-
sion of preeclampsia, particularly in terms of mitophagy
and apoptosis.

Preeclampsia poses a serious threat to both mother and
fetus, yet its pathophysiology remains unclear, and no de-
finitive treatment exists beyond early delivery. Therefore,
addressing the current challenges in treating preeclampsia

is of critical importance.?! It is widely believed that insuf-
ficient invasion of trophoblast cells into the uterine wall and
spiral arteries disrupts uteroplacental circulation, leading
to progressive damage as pregnancy progresses.??? Con-
sequently, trophoblast cell damage is considered a key con-
tributing factor in the development of preeclampsia. Many
studies have focused on understanding the mechanisms
of preeclampsia and exploring new treatment options, often
using chorionic trophoblast tissues as a basis for investiga-
tion.??2* In the present study, a rat model of preeclampsia
was established through continuous L-NAME injections.
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Fig. 4. 3-methyladenine (3-MA) partly reverses the upregulation of mitophagy and apoptosis of trophoblast cells in preeclampsia rats caused by parkin
overexpression. A. TUNEL staining was performed to assess the level of apoptosis in trophoblast cells across experimental groups (green: TUNEL-positive signal;
blue: DAPI (4'6-diamidyno-2- fenyloindol) nuclear staining; scale bar = 200 um); B-E. Reverse transcription quantitative polymerase chain reaction (RT-gPCR) and

western blot to detect the mRNA and protein expression levels of mitophagy-related genes in each group of cells

**p < 0.01 vs OE-NG; # p < 0.05, # p < 0.01 vs OE-parkin; NC — negative control.

Table 6. One-way ANOVA was conducted to compare the immunofluorescence intensity of Beclin-1, P62, mt-parkin, total-parkin, PINK1, NDP52, and OPTN

among the OE-NC, OE-parkin, and OE-parkin+3-MA groups (Fig. 4A,B)

Gene | Group | Median | F
OE-NC 1.05+0.28
Beclin 1 OE-parkin 2554 +£3.97 92.20
OE-parkin+3-MA 641 +061
OE-NC 1.02 £0.08
P62 OE-parkin 0.05 +£0.02 271.98
OE-parkin+3-MA 0.25 £0.04
OE-NC 1.04 £0.07
mt-parkin OE-parkin 17.64 +2.33 126.83
OE-parkin+3-MA 438 +0.18
OE-NC 1.01 £0.25
total-parkin OE-parkin 1.31£0.18 3.12
OE-parkin+3-MA 144 £0.21
OE-NC 1.01 £0.15
PINKT OE-parkin 0.93 +0.06 0.400
OE-parkin+3-MA 1.02 £0.14
OE-NC 1.03 £0.14
NDP52 OE-parkin 0.07 £0.02 107.52
OE-parkin+3-MA 0.28 £0.05
OE-NC 1.00 +0.10
OPTN OE-parkin 0.09 £0.01 106.87
OE-parkin+3-MA 044 +0.09

| p-value

<0.001

<0.001

<0.001

0.118

0.687

<0.001

<0.001

df

(2,6)

2,6)

(2,6)

(2,6)

(2,6)

2,6)

(2,6)

df — degrees of freedom; NC — negative control; ANOVA - analysis of variance.




Table 7. Tukey's post hoc test was performed following one-way ANOVA to compare expression levels of Beclin-1, P62, mt-parkin, total-parkin, PINK1, NDP52,
and OPTN among the OE-NC, OE-parkin and OE-parkin+3-MA groups (Fig. 4A,B)

Gene | Group | o} | p-value

OE-NC vs OE-parkin 1826 <0.00]

Beclin 1 OE-NC vs OE-parkin+3-MA 4,00 0.068
OE-parkin vs OE-parkin+3-MA 14.27 <0.001

OE-NC vs OE-parkin 3108 <0.00]

P62 OE-NC vs OE-parkin+3-MA 24.71 <0.001
OE-parkin vs OE-parkin+3-MA 657 0.008

OE-NC vs OE-parkin 2129 <0.00]

mt-parkin OE-NC vs OE-parkin+3-MA 428 0.053

P

OE-parkin vs OE-parkin+3-MA 1701 <0.001

OE-NC vs OE-parkin 237 0289

total-parkin OE-NC vs OE-parkin+3-MA 346 0.110
OE-parkin vs OE-parkin+3-MA 1.09 0733

OE-NC vs OE-parkin 100 0769

PINKT OE-NC vs OE-parkin+3-MA 017 0.992
OE-parkin vs OE-parkin+3-MA 117 0.700

OE-NC vs OE-parkin 1977 <0.00]

NDP52 OE-NC vs OE-parkin+3-MA 15.30 <0.001
OE-parkin vs OE-parkin+3-MA a4 0045

OE-NC vs OE-parkin 2048 <0.00]

OPTN OE-NC vs OE-parkin+3-MA 12.69 <0.001
OE-parkin vs OE-parkin+3-MA 800 0.004

df - degrees of freedom; NC — negative control; q - Tukey's g statistic; ANOVA — analysis of variance.

Table 8. One-way ANOVA was used to evaluate differences in protein expression levels of Beclin-1, P62, mt-parkin, total-parkin, PINK1, NDP52, and OPTN
among the OE-NC, OE-parkin and OE-parkin+3-MA groups (Fig. 4C-F)

OE-NC 0.24 £0.04

Beclin 1 OE-parkin 1.60 +0.04 779.40 <0.001 (2,6)
OE-parkin+3-MA 1.30 £0.05
OE-NC 149 £0.20

P62 OE-parkin 046 +0.12 39.59 <0.001 2,6)
OE-parkin+3-MA 0.97 +£0.08
OE-NC 0.32 £0.02

mt-parkin OE-parkin 1.17 £0.05 260.21 <0.001 (2,6)
OE-parkin+3-MA 1.01 £0.07
OE-NC 1.38 £0.01

total-parkin OE-parkin 1.37 £0.03 0.93 0.445 2,6)
OE-parkin+3-MA 1.36 +£0.03
OE-NC 1.34 £0.04

PINKT OE-parkin 1.34 £0.02 0.23 0.802 (2,6)
OE-parkin+3-MA 1.36 £0.04
OE-NC 1.14 £0.06

NDP52 OE-parkin 0.11 +0.00 336.17 <0.001 2,6)
OE-parkin+3-MA 0.82 +0.06
OE-NC 1.64 £0.05

OPTN OE-parkin 0.28 +0.00 1888.33 <0.001 2,6)
OE-parkin+3-MA 0.48 +£0.02
OE-NC 0.57 £0.02

LC3I1 OE-parkin 1.35+0.10 113.72 <0.001 (2,6)
OE-parkin+3-MA 1.02 £0.04

df — degrees of freedom; NC — negative control; ANOVA — analysis of variance.
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Table 9. Tukey's post hoc test was performed following one-way ANOVA to compare the expression levels of Beclin-1, P62, mt-parkin, total-parkin, PINKT,
NDP52, OPTN, and the LC3-II/I ratio among the OE-NC, OE-parkin and OE-parkin+3-MA groups (Fig. 4C-E)

Gene | Group
OE-NC vs OE-parkin
Beclin 1 OE-NC vs OE-parkin+3-MA
OE-parkin vs OE-parkin+3-MA
OE-NC vs OE-parkin
P62 OE-NC vs OE-parkin+3-MA
OE-parkin vs OE-parkin+3-MA
OE-NC vs OE-parkin

mt-parkin OE-NC vs OE-parkin+3-MA
OE-parkin vs OE-parkin+3-MA
OE-NC vs OE-parkin
total-parkin OE-NC vs OE-parkin+3-MA

OE-parkin vs OE-parkin+3-MA
OE-NC vs OE-parkin
PINK1 OE-NC vs OE-parkin+3-MA
OE-parkin vs OE-parkin+3-MA
OE-NC vs OE-parkin
NDP52 OE-NC vs OE-parkin+3-MA
OE-parkin vs OE-parkin+3-MA
OE-NC vs OE-parkin
OPTN OE-NC vs OE-parkin+3-MA
OE-parkin vs OE-parkin+3-MA
OE-NC vs OE-parkin
LC3II/1 OE-NC vs OE-parkin+3-MA
OE-parkin vs OE-parkin+3-MA

| a |

p-value
2312 <0.001
41.46 <0.001
1166 <0.001
12.58 <0.001
6.33 0.010
6.26 0.011
30.29 <0.001
24.76 <0.001
5.53 0.018
0.94 0.791
193 0416
0.99 0.774
0.29 0977
0.64 0.996
0.94 0.793
3583 <0.001
11.14 0.001
24.69 <0.001
80.52 <0.001
68.59 <0.001
11.93 <0.001
21.25 <0.001
12.17 <0.001
9.09 0.002

df — degrees of freedom; NC — negative control; g — Tukey's g statistic; ANOVA — analysis of variance.

Notably, preeclampsia is characterized by the onset of hy-
pertension and proteinuria in the 2" half of pregnancy.”
Consistent with this, our findings showed a significant in-
crease in SBP and urine protein levels in the model group
on the 20" day of pregnancy. Furthermore, research indi-
cates that imbalances in apoptosis and proliferation of cho-
rionic trophoblast cells contribute to trophoblast dysfunc-
tion and the development of preeclampsia.?>?¢ In this study,
we observed a marked increase in apoptosis in chorionic
trophoblast cells within the model group, confirming
the successful construction of an animal model with typical
symptoms of preeclampsia. These results further suggest
that elevated apoptosis levels in chorionic trophoblast cells
may be a key factor in the pathogenesis of preeclampsia.
Mitophagy, an organelle-specific autophagy pathway,
plays a crucial role in mitochondrial quality control and
in maintaining cellular structure and function.?” How-
ever, excessive mitochondrial damage can also trigger
programmed cell death (apoptosis).?® Previous study have
highlighted that mitochondria function in the placental
tissue of preeclampsia is severely compromised, including
a decrease in ATP production and mitochondrial DNA
copy number.?’ Zhou et al. observed an accumulation

of mitochondria with impaired mitophagy in preeclamptic
placental tissue using a scanning electron microscope.°
Similarly, Vangrieken et al. discovered a significant in-
crease in the number of mitochondria with impaired mi-
tophagy and notably upregulated mitophagy-related pro-
tein expression in preeclamptic placental tissue.?! These
findings collectively suggest that mitophagy plays an im-
portant role in the pathogenesis of preeclampsia. In this
research, we observed a significant increase in Beclin-1
expression levels, accompanied by a significant decrease
in the proteins p62, NDP52 and OPTN in the chorionic
trophoblast tissues of rats in the model group. Beclin-1
is widely recognized as a marker protein for measuring
autophagy, and the relative binding between Beclin-1 and
bcl-2 in cells is indicative of the autophagy level. Gener-
ally, a significant increase in Beclin-1 expression reflects
an elevated level of cellular autophagy.*? Additionally, p62
functions as a receptor for autophagic vesicles and ubiqui-
tinated protein aggregates; therefore, reduced p62 expres-
sion is indicative of increased autophagic activity.>® Simi-
larly, NDP52 and OPTN act as receptors that recognize
and target vesicles for autophagic degradation.*3> These
findings suggest that mitophagy levels are significantly
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elevated in preeclamptic rats. More importantly, after
overexpressing parkin in trophoblast cells from preeclamp-
sia placental tissues, we observed a significant upregulation
of both apoptosis and mitophagy levels in this study. This
suggests that parkin-dependent autophagy is significantly
increased in the chorionic trophoblast of preeclampsia rats.
Interestingly, mitophagy does not strictly follow a linear
model in which damage sensors and parkin function solely
as downstream effectors. The recruitment of autophagy
receptor protein mediated by phosphorylated ubiquitin
requires PINK1 activity but does not rely solely on par-
kin.?® However, previous studies have demonstrated that
parkin-mediated ubiquitination of intracellular proteins
is also a key signal promoting apoptosis.*” Consequently,
parkin may affect mitophagy and apoptosis in trophoblast
cells of preeclamptic rats through multiple pathways.
According to previous studies, 3-MA is a highly effective
mitophagy inhibitor.3® Some studies have also shown that
3-MA can effectively inhibit cell apoptosis.3 For instance,
the study by Seno et al. suggested that 3-MA could ef-
fectively inhibit the senescence and autophagy of tropho-
blast cells.?® In our study, we similarly found that the levels
of apoptosis and autophagy were significantly reduced after
parkin overexpression and the incubation of preeclampsia
trophoblast cells with 3-MA. However, Dai et al. observed
that when trophoblast cells were incubated with 3-MA,
the apoptosis level increased significantly when exposed
to zearalenone.?® These differing results may be attributed
to the varying states of the cells under different condi-
tions. Additionally, after overexpression of parkin, 3-MA
significantly reduced the expression level of mt-parkin,
thereby impacting mitophagy and apoptosis in preeclamp-
sia trophoblast cells. Overall, elevated levels of parkin are
akey factor in promoting the functional impairment of tro-
phoblast cells in preeclampsia. Thus, inhibiting the parkin
pathway may be a promising therapeutic approach for pre-
eclampsia. However, the efficacy of treating preeclampsia
by inhibiting parkin requires further validation through
in vivo experiments. Although this study primarily focuses
on the roles of mitophagy and apoptosis in preeclampsia,
it is important to acknowledge that existing research has
demonstrated that inflammatory processes play a signifi-
cant role in the pathophysiology of both preeclampsia and
intrauterine growth restriction. Future research could ex-
plore the interactions between inflammation, mitophagy
and apoptosis to gain a more comprehensive understand-
ing of the mechanisms underlying preeclampsia.**? Fur-
thermore, while this study underscores the critical role
of parkin in preeclampsia, these findings require validation
in clinical settings. Prioritizing clinical trials to evaluate
the potential of parkin inhibitors in the prevention and
treatment of preeclampsia is crucial. Additionally, bioin-
formatics analyses could be employed to further elucidate
the specific mechanisms of parkin inhibitors, thereby en-
hancing our understanding of this therapeutic strategy.

L. Wang et al. Parkin aggravates preeclampsia

Limitations

This study has several limitations. First, although the rat
model of preeclampsia induced by L-NAME closely mimics
key clinical features of the disease, it may not fully replicate
the complex pathophysiological processes occurring in hu-
man pregnancies. Second, the experimental findings were
derived primarily from animal tissues and isolated tropho-
blast cells, without validation in human placental samples
or clinical patient cohorts, which limits the translational
relevance. Third, the mechanistic exploration was focused
mainly on the PINK1/parkin pathway and its influence
on mitophagy and apoptosis; other potentially interacting
pathways, such as inflammation or oxidative stress, were
not evaluated. Fourth, the mitophagy inhibitor 3-MA used
in this study may have off-target effects, and more specific
tools (e.g., genetic knockdown or clustered regularly inter-
spaced short palindromic repeats (CRISPR)-based editing)
are needed to confirm the observed roles of parkin. Finally,
the sample size for molecular experiments was relatively
small, and the lack of long-term in vivo observations re-
stricts our ability to assess the chronic impact of parkin
modulation on pregnancy outcomes.

Conclusion

The overexpression of parkin can aggravate the symp-
toms of preeclampsia by promoting mitophagy and apopto-
sis in trophoblast cells in preeclampsia. This study has laid
a foundation for clarifying the function of parkin in pre-
eclampsia and suggests that parkin may be an important
marker in the treatment of preeclampsia.
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Abstract

Background. Inflammatory response is involved in the pathogenesis of herpes zoster (HZ) and postherpetic
neuralgia (PHN).

Objectives. This study aimed to evaluate levels of proinflammatory factors at different stages of HZ and PHN.

Materials and methods. A total of 154 patients within 72 h of HZ onset and 30 healthy controls were
included. Patients were followed up to 90 days. The levels of interleukin 6 (IL-6), tumor necrosis factor alpha
(TNF-a) and Creactive protein (CRP) were measured at baseline and 90 days. The visual analogue scale
(VAS) was used to assess the intensity of pain and PHN patients were divided into mild-to-moderate pain
and severe pain group.

Results. Interleukin 6, TNF-a and CRP levels in HZ patients at baseline were significantly higher than in healthy
controls and decreased as followed up to 90 days. Moreover, PHN patients had a higher level of IL-6, TNF-a
or CRP at baseline and 90 days than non-PHN patients. In addition, PHN patients in the severe pain group
had a notably higher baseline or 90-day IL-6, TNF-a and CRP level than in the mild-to-moderate pain group.
However, the changes of IL-6, TNF-a and (RP levels between 90 days and baseline were significantly less
pronounced in the severe pain group than in the mild-to-moderate pain group.

Conclusions. The levels of proinflammatory cytokines were higher in HZ and PHN patients and associated
with pain intensity in PNH patients. These findings suggest that repeated measurements of serum proin-
flammatory cytokines may aid in clinical management and quide anti-inflammatory treatment strategjes.

Key words: proinflammatory cytokines, interleukin 6, postherpetic neuralgia, tumor necrosis factor alpha,
herpes zoster
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Highlights

steadily decline over a 90-day follow-up.

than those reporting mild-to-moderate pain.

« Proinflammatory cytokine surge in acute herpes zoster: Cytokine levels peak within 72 h post-rash onset and

« Higher cytokine burden predicts postherpetic neuralgia (PHN): Patients who develop PHN exhibit significantly
elevated proinflammatory cytokines compared to non-PHN cases.
+ Cytokine intensity mirrors PHN pain severity: Individuals with severe PHN pain have greater cytokine elevations

+ Blunted cytokine decline in severe PHN: The reduction of proinflammatory cytokines over time is markedly lower
in severe-pain patients compared to those with milder symptoms.

Background

Herpes zoster (HZ), caused by varicella-zoster virus,
is known as a common skin infectious disease and remains
latent in the ganglia after the primary infection. Posther-
petic neuralgia (PHN)), a significant neuropathic complica-
tion of HZ, is clinically defined as persistent neuropathic
pain lasting beyond 3 months.! Recent studies indicated
that the effectiveness of the live zoster vaccine wanes after
10 years in preventing HZ and PHN.? Therefore, emerging
evidence underscores the necessity of developing multi-
modal therapeutic interventions targeting both HZ and
PHN. Previous studies suggest that combination or inter-
ventional therapies may benefit patients with intractable
conditions.>® Yet, the incidence of HZ and its sequela,
PHN, has continued to rise,® with the risk of PHN increas-
ing sharply with age.” Therefore, elucidating the underlying
pain mechanisms is essential for developing novel treat-
ment options.

Multiple immune cells (mast cells, neutrophils, macro-
phages, and T lymphocytes) and their secreted mediators
contribute to the pathophysiology of neuropathic pain.®?
Since proinflammatory cytokines are central to these
inflammatory pathways, a broader panel of pertinent
biomarkers should be assessed in patients with HZ and
PHN.

Proinflammatory cytokines, such as interleukin 6
(IL-6), tumor necrosis factor alpha (TNF-a) and C-reac-
tive protein (CRP), have a trending relationship with pain
condition.!®!! Previous studies also indicated that IL-6
levels were related to the severity of PHN.!? Compared
to non-PHN patients, CRP level increased in PHN pa-
tients.!® Furthermore, recent studies indicated that TNF-a
produced by varicella-zoster virus-specific T cells was
higher in PHN patients.!*

Objectives

This study aimed to evaluate the levels of IL-6, TNF-«
and CRP at different stages of HZ and PNH.

Materials and methods
Study subjects

The study was approved by the Biomedical Ethics Com-
mittee of Huabei Petroleum Administration Bureau Gen-
eral Hospital (approval No. EC-2023-hbyyecky-01) and
conducted in accordance with the Declaration of Helsinki.
All enrolled patients provided written informed consent.
Inclusion criteria for patients with HZ were: 1) fulfilment
of the diagnostic criteria for HZ; 2) no speech or cogni-
tive impairment; and 3) capacity to understand and use
the visual analogue scale (VAS).

Exclusion criteria were: 1) age <18 or >80 years; 2) con-
comitant autoimmune disease, including ankylosing spon-
dylitis; 3) active malignancy, bacterial or viral infection
other than HZ, or related disorders; 4) recent use of immu-
nosuppressants; 5) severe systemic comorbidities involving
the nervous, cardiac, pulmonary, hepatic, or renal systems;
and 6) pregnancy or lactation.

Patients with HZ and PHN were administered appropri-
ate comprehensive treatment, including oral valaciclovir,
gabapentin and mecobalamin. All patients were followed
up for 90 days. Trained clinical professionals conducted
face-to-face follow-up visits with the patients. The VAS
questionnaire was used to evaluate the pain intensity, rang-
ing from 0 to 10. The VAS pain scale was used as in earlier
studies: 0 = no pain; 1-3 = mild, tolerable pain; 4—6 = mod-
erate pain that disrupts sleep; and 7-10 = severe, intolerable
pain that interferes with both sleep and appetite.!>1®

Patients with PHN were stratified by VAS score:a VAS <6
defined mild-to-moderate pain (n = 68), whereas a VAS >6
indicated severe pain (n = 25).

Data collection

Baseline demographic and clinical data were recorded
within 24 h of admission, including histories of hyperten-
sion, diabetes mellitus and dyslipidemia. Serum biomark-
ers (IL-6, TNF-a and CRP) were also measured.

Hypertension was defined as a systolic blood pres-
sure 2140 mm Hg, a diastolic blood pressure 290 mm Hg
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or current use of antihypertensive medication. Dia-
betes mellitus was diagnosed by a fasting plasma glu-
cose 27.0 mmol/L, an HbAlc 26.5 %, a 2-h plasma glu-
cose >11.1 mmol/L during an oral glucose-tolerance test,
or current antidiabetic therapy. Dyslipidemia was defined
as a fasting total cholesterol >5.2 mmol/L, low-density
lipoprotein (LDL) cholesterol >3.4 mmol/L, high-density
lipoprotein (HDL) cholesterol <1.0 mmol/L, triglycer-
ides >1.7 mmol/L, or current use of lipid-lowering agents.

Biochemical measurements

Serum samples from HZ patients and healthy controls
were collected at enrollment and again 90 days later, ali-
quoted into cryotubes, and stored at -80°C without any
freeze—thaw cycles. Concentrations of IL-6, TNF-a and CRP
were quantified with commercial enzyme-linked immuno-
sorbent assay (ELISA) kits (RapidBio, Arizona, USA) by labo-
ratory staff blinded to the clinical data. Each assay was run
in triplicate according to the manufacturer’s instructions.

Study size

Between January 2020 and December 2022, 154 patients
seen within 72 h of HZ onset and 30 healthy controls were
enrolled.

Statistical analyses

Demographic and clinical characteristics of partici-
pants were described as frequencies (percentages) and
median with interquartile range (IQR; Q1-Q3). The vari-
ables included gender, age, a history of hypertension, dia-
betes mellitus, and dyslipidemia. Significant differences
between the 2 groups were tested with the x? or Fisher’s
exact test for categorical variables and the Mann—Whit-
ney U test for continuous variables. Paired cytokine
concentrations in HZ patients (baseline vs day 90) were
compared using the Wilcoxon signed-rank test. Baseline
HZ patients vs healthy controls, and day-90 HZ patients
vs healthy controls, were analyzed with the Mann—Whit-
ney U test, applying a Bonferroni correction (adjusted
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a = 0.025). All analyses were performed with IBM SPSS
Statistics v. 26.0 (IBM Corp., Armonk, USA). Two-sided
p-values <0.05 were considered statistically significant.

Results
Patient characteristics

From 2020 to 2022, 154 patients and 30 healthy volun-
teers were enrolled. The HZ and control groups did not
differ in age or sex. The patients’ median age was 67 years,
and 52 (33.8 %) were women. Baseline median serum con-
centrations of IL-6, TNF-a and CRP were 6.23 pg/mL (IQR:
4.63-9.55), 8.43 pg/mL (IQR: 7.34-9.95) and 12.98 mg/dL
(IQR: 11.89-14.69), respectively.

Evaluation of proinflammatory cytokines
in HZ patients and healthy controls

To investigate the differences of proinflammatory cyto-
kines between HZ patients and healthy controls, we mea-
sured the IL-6, TNF-a and CRP levels. We found that pro-
inflammatory cytokines were significantly higher in HZ
patients than in healthy controls (all p < 0.001) (Table 1).
Subsequently, to further assess the differences in proin-
flammatory cytokine levels across different stages of HZ,
we measured serum IL-6, TNF-a and CRP levels in HZ
patients at 90 days. We found that the 90-day levels of these
proinflammatory cytokines had significantly decreased
compared to baseline (all p < 0.001; Table 1). However, IL-6
and CRP levels at 90 days remained significantly higher
than those observed in healthy controls (both p < 0.001).

Evaluation of proinflammatory cytokines
with PHN patients

The demographic and clinical characteristics of PHN
and non-PHN patients are presented in Table 2. Among
the 154 patients, 93 (60.4%) had PHN, while 61 (39.6%) did
not. The PHN patients were generally older, with a higher
proportion of males, and showed a higher prevalence

Table 1. Comparison of proinflammatory cytokine levels between HZ patients and healthy controls

Control HZ at baseline

HZ at 90 days

Cytokines (nh=30) (h=154) (n=154) 7z p-value* z* ‘ p-value* VAl

l[t)_g/mL] 4.13 (3.08-4.51) 6.23 (4.62-9.56) 524 (421-8.39) —5.86 <0.001 —4.34 <0.001 -9.42 <0.001
[Tg)\lgsr?\L] 730 (5.94-8.02) 843 (7.34-9.95) 7.54 (6.04-9.07) —4.27 <0.001 -1.62 0.106 -832 <0.001
[CrﬁZ/dL] 9.04 (8.53-10.22) 12.98 (11.89-14.69) 11.87 (10.48-13.92) 835 <0.001 —6.90 <0.001 -8.29 <0.001

Continuous variables are presented as median and interquartile range (Q1-Q3). *Mann-Whitney test with the Bonferroni correction method was used
to compare the levels of cytokines between HZ patients at baseline and healthy controls. “Mann-Whitney test with the Bonferroni correction method
was used to compare the levels of cytokines between HZ patients at 90 days and healthy controls. *Wilcoxon signed-rank test for paired data was used
to compare the levels of cytokines in HZ patients between at baseline and at 90 days. CRP — C-reactive protein; HZ — herpes zoster; IL-6 — interleukin 6;

TNF-a - tumor necrosis factor alpha.
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Table 2. Comparison of demographic and clinical characteristics between PHN and non-PHN patients

Non-PHN patients

PHN patients

Characteristics (h=61) (n=93) ‘ Z/3? ‘

Age [years] 60 (55-67) 68 (64-69) -5.116 <0.001

Female, n (%) 22 (36.1) 30(322) 0.239 0.625

History of hypertension, n (%) 19 (31.1) 52 (55.9) 9.903 0.003

History of diabetes mellitus, n (%) 17 (27.9) 46 (49.5) 7.106 0.008

History of dyslipidemia, n (%) 22 (36.1) 29(32.2) 0397 0.529
At baseline

IL-6 [pg/mL] 511 (442-6.01) 8.13 (4.98-10.94) —4.89 <0.001

TNF-a [pg/mL] 7.83 (7.34-8.46) 943 (7.63-10.32) —4.28 <0.001

CRP [mg/dL] 11.93 (11.01-12.98) 13.93 (12.77-15.14) =571 <0.001
At 90 days

IL-6 [pg/mL] 4.36 (4.04-5.24) 7.01 (4.73-9.88) —4.91 <0.001

TNF-a [pg/mL] 7.04 (5.53-8.04) 862 (6.37-9.73) -4.14 <0.001

CRP [mg/dL] 10.97 (9.92-11.63) 1322 (11.33-14.79) —6.36 <0.001

Categorical variables are presented as frequencies (percentage), and continuous variables are presented as median with interquartile range (Q1-Q3);
p-value was calculated using x* test or Mann-Whitney test comparing PHN patients to non-PHN patients. CRP — C-reactive protein; IL-6 — interleukin 6;

PHN — postherpetic neuralgia; TNF-a — tumor necrosis factor alpha.

16 14
’_ET 14 _E' 12
N
\g 12 g 10
= 10
© ? 8
48 E
2 6 o
5 £ ¢
B 2 8 2
0 0
16 14
S 14 2 12
£ > 10
© s 8
4 8 L
= zZ 6
% 6 =
T 4 g
8 2 oolu 2
0 0

M non-PHN B PHN
18
-~ 16
B 1
()]
E 12
a 10
[a'
O 38
2 6
% 4
o 2
0
18
- 16
T 14
()]
g 12
a 10
x 3
& 6
T
o
o 2
0

Fig. 1. Comparison of proinflammatory cytokine levels between PHN and non-PHN patients at baseline and after 90 days

CRP — Greactive protein; IL-6 — interleukin 6; PHN — postherpetic neuralgia; TNF-a — tumor necrosis factor alpha. The chart columns represent the range

(whiskers), interquartile range (box), median (line), and mean values (X mark).

of preexisting comorbidities, particularly hypertension and
diabetes mellitus. We examined the relationship between
baseline proinflammatory cytokine levels and pain inten-
sity in PHN patients (Table 2). As shown in Fig. 1, serum

levels of proinflammatory cytokines were markedly higher
in PHN patients compared to non-PHN patients. Further-
more, at 90 days, the levels of these cytokines remained
significantly elevated in PHN patients (Fig. 1).
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Table 3. Comparison of demographic and clinical characteristics based on PHN severity

Characteristics Mild-to-moderate PHN Severe PHN
(n=68) (n=25)
Age [years] 68 (63-69) 81 (75-87) —6.838 <0.001
Female, n (%) 20(294) 10 (40.0) 0.938 0333
History of hypertension, n (%) 38 (55.9) 14 (56.0) 0.000 0.992
History of diabetes mellitus, n (%) 32(344) 14 (56.0) 0.585 0.445
History of dyslipidemia, n (%) 22 (324) 7 (28.0) 0.161 0.668
At baseline
IL-6 [pg/mL] 7.20 (4.61-10.23) 10.31 (7.96-12.35) -343 <0.001
TNF-a [pg/mL] 9.05 (7.23-10.08) 9.67 (8.55-11.31) -2.29 <0.001
CRP [mg/dL] 13.14 (12.05-14.46) 15.22 (14.28-15.89) —4.47 <0.001
At 90 days
I-6 [pg/mL] 6.06 (4.11-8.77) 10.11 (6.41-11.95) —4.26 <0.001
TNF-a [pg/mL] 7.14(6.05-9.11) 9.99 (8.62-1048) -4.35 <0.001
CRP [mg/dL] 1238 (10.88-13.90) 14.93 (14.39-15.63) -5.25 <0.001

Categorical variables are presented as frequencies (percentage), and continuous variables are presented as median with interquartile range (Q1-Q3);
p-value was calculated using x* test or Mann-Whitney test comparing mild-to-moderate PHN patients to severe PHN patients. CRP — C-reactive protein;
IL-6 — interleukin 6; PHN — postherpetic neuralgia; TNF-a — tumor necrosis factor alpha.
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Fig. 2. Comparison of proinflammatory cytokine levels between mild-to-moderate PHN and severe PHN patients at baseline and after 90 days

CRP - Greactive protein; IL-6 — interleukin 6; PHN — postherpetic neuralgia; TNF-a — tumor necrosis factor alpha. The chart columns represent the range
(whiskers), interquartile range (box), median (line), and mean values (X mark).

Association between serum
proinflammatory cytokines and VAS score

severe pain. Compared to those with mild-to-moderate
PHN, patients with severe PHN were more likely to be
older and female and to have a history of diabetes mellitus.

The demographic and clinical characteristics of PHN
patients in relation to VAS scores are presented in Table 3.
Among the 93 PHN patients, 68 (73.1%) were classified
as having mild-to-moderate pain, while 25 (26.9%) had

We examined the relationship between proinflamma-
tory cytokine levels and pain intensity in PHN patients
(Table 3). As shown in Fig. 2, baseline levels of proinflam-
matory cytokines were significantly higher in patients with
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Table 4. Changes in proinflammatory cytokine levels between mild-to-moderate and severe PHN patients

Mild-to-moderate PHN

Changes of cytokines

(n=68)
IL-6 [pg/mL] —1.09 (-2.00-0.44)
TNF-a [pg/mL] ~131(~1.84-051)
CRP [mg/dL] —0.78 (—1.94-0.55)

Severe PHN
(n=25)
—0.73 (=1.22-0.10) —2.17 0.030
—-0.32 (-1.07-0.17) —3.04 0.002
—0.26 (—-0.66-0.00) -2.29 0.022

Variables are presented as median with interquartile range (Q1-Q3); p-value was calculated using Mann-Whitney test comparing mild-to-moderate PHN
patients to severe PHN patients; CRP — C-reactive protein; IL-6 — interleukin 6; PHN — postherpetic neuralgia; TNF-a — tumor necrosis factor alpha.

severe pain compared to those with mild-to-moderate pain.
Furthermore, at 90 days, cytokine levels remained notably
higher in the severe pain group compared to the mild-to-
moderate pain group (Fig. 2).

Changes of proinflammatory cytokines
in different pain intensity PHN

To investigate the changes in proinflammatory cytokine
levels across different phases in PHN patients, we further
analyzed the differences between baseline and 90-day mea-
surements according to pain intensity (Table 4). The results
showed that the reduction in proinflammatory cytokine
levels over time was smaller in PHN patients with severe
pain compared to those with mild-to-moderate pain.

Discussion

In this study, we found that serum proinflammatory cy-
tokine levels in patients with HZ were significantly higher
than those in healthy controls. Furthermore, cytokine
levels showed a significant decrease at 90 days compared
to baseline. Additionally, serum proinflammatory cyto-
kine levels were notably higher in PHN patients compared
to non-PHN patients. We also observed that cytokine lev-
els were associated with pain intensity, and the degree
of change in serum cytokine levels over time was related
to pain intensity as measured using VAS scores.

Interleukin 6 is a key immunomodulatory cytokine that
plays a significant role in the pathogenesis of inflammatory
conditions.!” Previous studies have confirmed that block-
ing the IL-6 pathway is an effective immunotherapeutic
strategy.!®1°Recent research has further demonstrated that
targeting the IL-6 pathway, either by interfering with IL-6
itself or its specific receptor, has become a major approach
to alleviating inflammatory responses.?’ Additionally,
IL-6 levels have been shown to decrease following treat-
ment in PHN patients.?! Other immune cytokines, such
as TNF-a, which regulate both acute and chronic inflam-
mation, also play crucial roles in signal transduction under
certain conditions.??23

Monoclonal antibodies have been used to antagonize
the TNF-a pathway in inflammatory diseases.?*~2° How-
ever, a recent study indicated that TNF-a levels were lower
in PHN patients.?” Additionally, CRP, which is secreted

in response to IL-6 stimulation, may serve as a more sen-
sitive biomarker for detecting systemic inflammation fol-
lowing inflammatory events. In turn, CRP interacts with
various cell types and stimulates the secretion of IL-6 and
TNF-a, thereby promoting proinflammatory effects.?
Growing evidence has shown that CRP levels are associ-
ated with inflammation and disease activity.?® Further-
more, pharmacological treatments for immune-mediated
systemic inflammatory diseases generally reduce systemic
inflammation, with CRP levels typically decreasing in ac-
cordance with the drug’s mechanism of action.?

Previous studies have found that CRP levels increase
in both HZ and PHN patients and decrease after treat-
ment.'33% In summary, although immunological responses
are thought to mediate the clinical features of HZ and
PHN,3! the association between serum IL-6, TNF-«
or CRP levels and pain intensity in PHN remains not well
established. Some studies have shown that IL-6 and CRP
levels in HZ patients within seven days of onset are higher
than in healthy controls, with these differences potentially
linked to pain severity.>? Additionally, it has been suggested
that serum IL-6 levels might serve as a predictor of PHN
severity.!? In contrast, other studies have reported that IL-6
receptor o levels are significantly downregulated in PHN
patients compared to healthy controls.'®

In addition, recent studies with small sample sizes have
shown that the concentration of TNF-a secreted by vari-
cella-zoster virus-specific T cells is higher in PHN patients
than in non-PHN patients, highlighting the potential role
of these specific T cells in the development of PHN.!* How-
ever, further investigation into the interactions among
multiple inflammatory factors in HZ and PHN is needed
to better understand their combined effects. Moreover,
given the large sample size in this study, even minor dif-
ferences may reach statistical significance. Therefore,
additional research is required to clarify the association
between proinflammatory cytokines and pain intensity
in PHN patients.

In our study, we examined serum proinflammatory cyto-
kine levels in HZ patients within 72 h of onset and in PHN
patients at 2 different phases. Additionally, we analyzed
whether changes in proinflammatory cytokine levels were
associated with pain intensity. We found that serum levels
of proinflammatory cytokines in HZ patients were signifi-
cantly higher at baseline compared to healthy controls and
decreased over the 90-day follow-up period. Furthermore,
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elevated serum levels of these cytokines were associated
with the pain intensity observed in PHN patients. No-
tably, the reduction in cytokine levels between baseline
and 90 days was smaller in PHN patients with severe pain
compared to those with mild-to-moderate pain.

Since levels of inflammatory factors change dynami-
cally throughout disease progression, examining these
markers at different phases of PHN may help improve our
understanding of their relationship with pain intensity.
Consistent with previous studies,'? we found that IL-6
levels significantly decreased at 90 days compared to base-
line. However, to date, no studies have assessed serum
IL-6, TNF-a and CRP levels both at baseline and at 90 days
to explore their association with pain intensity in PHN pa-
tients. Our study demonstrated that both baseline and 90-
day proinflammatory cytokine levels were elevated in HZ
patients and were closely associated with pain intensity
in those with PHN.

Several mechanisms might explain this finding. One
possible explanation is that pro-nociceptive cytokines,
such as IL-6 and TNF-a, promote the activation of noci-
ceptor neurons.?33* Previous studies have indicated that
macrophages play a key role in both pathological and physi-
ological pain by releasing the nociceptive cytokine IL-6.3°
Additionally, macrophages can regulate the threshold for
pain perception by secreting nerve growth factor into
the dermis.3® Another possible explanation is that immune
cells and neurons interact to modulate pain sensitivity,
contributing to the transition from acute to chronic pain.?’”

Previous studies have suggested that the application
of TNF-a can cause axons to produce aberrant electro-
physiological activity, and this subsequent ectopic firing
by nociceptive axons may generate pain sensations through
activation of dorsal horn neurons.?® Another explanation
is that serum CRP levels are higher in HZ patients with
severe rash compared to those with mild or moderate
rash.!® Consistent with prior findings, severe rash was
significantly associated with severe pain in both univari-
ate and multivariate analyses, indicating that the severity
of rash is an important risk factor for pain intensity in PHN
patients.?

Considering the dynamic changes of inflammatory
markers involved in pain sensation,*® we further evalu-
ated the association between changes in serum proin-
flammatory cytokine levels (from baseline to 90 days)
and pain intensity. To date, these associations with pain
intensity in PHN patients have not been clearly defined.
We found that smaller reductions in IL-6, TNF-a and
CRP levels were associated with an increased risk of se-
vere pain. Therefore, repeated measurements of se-
rum proinflammatory cytokines should be considered
in the clinical management of HZ and PHN patients.
Our findings suggest that appropriate anti-inflammatory
treatments — particularly targeting IL-6, TNF-a and CRP
— may help reduce the risk of developing severe pain
in HZ patients.
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Limitations

This study has several limitations. First, we focused only
onIL-6, TNF-a and CRP, while other proinflammatory and
anti-inflammatory mediators may also play important roles
in pain intensity among PHN patients. Second, we mea-
sured serum levels of inflammatory factors without inves-
tigating their cellular sources, which could provide deeper
insights into the underlying mechanisms. Future studies
exploring the origin of these inflammatory mediators may
help clarify their specific contributions to pain intensity.
Third, we assessed inflammatory factor levels at only 2 time
points; more frequent, dynamic measurements over time
could offer a better understanding of the temporal relation-
ship between inflammatory responses and pain. Future
research should include a broader panel of inflammatory
mediators, track their dynamic changes over multiple time
points, and explore their cellular origins to provide more
precise mechanistic insights and strengthen the biological
relevance of the findings.

Conclusions

This study demonstrated that elevated levels of proin-
flammatory cytokines are associated with pain intensity
in patients with PHN. Furthermore, patients with severe
pain showed smaller reductions in proinflammatory cy-
tokine levels between baseline and 90 days, suggesting
alink between sustained inflammation and pain severity.
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Abstract

Background. With the increasing number of older pregnant women and environmental pollution, the inci-
dence of congenital malformations increases every year. Prenatal diagnosis is an effective means of identifying
congenital malformations.

Objectives. To evaluate the clinical utility of single nucleotide polymorphism (SNP) microarray analysis
during prenatal evaluations.

Materials and methods. To assess the similarities and differences between the 2 approaches, 425 pregnant
women were selected to undergo prenatal gene SNP microarray analysis and karyotype analysis during
prenatal evaluation between January 2020 and August 2021.

Results. The success rate of SNP microarray analysis was 100%, which was statistically different from that
of karyotype analysis (92%, Fisher’s exact test, p < 0.001). The positive rate of SNP detection was 10.4%
higher than karyotype analysis, which was 6.6% (Pearson’s ¥’ test, x> = 3.89, degrees of freedom (df) =1,
p = 0.049). Karyotype analysis detected 28 cases of aneuploidy; SNPs could not only detect these results
of karyotype analysis, but 16 cases of copy number variations (CNV) with obvious pathogenicity, including
duplications/deletions, chimerism and loss of heterozygosity (LOH).

Conclusions. Single nucleatide polymorphism microarray analysis technology is an important method
used in prenatal genetic evaluations, which can find fetal genetic etiologies, correctly evaluate the fetal
prognosis during prenatal clinical examination, and provide a more objective basis for whether to continue
the pregnancy.

Key words: karyotype analysis, prenatal diagnosis, SNP microarray analysis
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Highlights

+ The success rate of SNP array analysis was 100%.
+ The time for SNP array analysis is much shorter.

« Single nucleotide polymorphism (SNP) array analysis is an important tool for screening chromosome deletions
and replications, especially in fetuses with normal karyotypes.

+ SNP array analysis technology has the advantages of simple operation and fast speed.
+ SNP array analysis technology has high throughput and resolution.

Background

With the increasing number of older pregnant women
and environmental pollution, the incidence of congenital
malformations increases every year. Prenatal diagnosis
is an effective means to diagnose congenital malforma-
tions.! Karyotype analysis is currently the gold standard
for the prenatal diagnosis of genetic abnormalities, but
it also has drawbacks, including the need for cell culture,
long reporting cycles, and an increased risk of sample
contamination that can lead to experimental failure.?
Karyotype analysis can distinguish only fragments larger
than 10 megabase (Mb) pairs, and often misses some dis-
ease-causing genes smaller than 10 Mb. Microdeletion
and microreplication syndrome? is caused by the duplica-
tion or deletion of chromosomal segments smaller than
5-10 Mb and is associated with a wide range of malforma-
tions and dysgnosia. Microreplication and microdeletion
of genomic segments (also known as copy number varia-
tion (CNV)) are associated with 6-15% of genetic diseases.
Detection of CN'Vs requires high-resolution technology
for which traditional karyotype analysis is ineffective.*
Because of its rapid, high-throughput and high-resolution
ability, chromosomal microarray analysis (CMA) has been
accepted as a powerful tool for the diagnosis of develop-
mental retardation, intellectual disability, autism, and
multiple congenital anomalies.>~® Microdeletions and
microreplications as small as 50-100 kilobase (kb) pairs
can be detected using CMA across the entire genome.’
Chromosomal microarray analysis is currently classified
into 2 categories: array-based comparative genomic hy-
bridization (aCGH) and single nucleotide polymorphism
(SNP) array. The aCGH demonstrates the relative amounts
of DNA from various areas of the genome by comparing
the test DNA sample with a normal reference DNA sample
and cannot detect triploidy, while SNP arrays can identify
triploidy as well as loss of heterozygosity (LOH) by hybrid-
izing the test sample to the array platform and analyzing
the signal intensity of SNP probes.'%!! The SNP array anal-
ysis technology is a new molecular method for karyotype
analysis with high resolution, sensitivity, throughput, and
accuracy, capable of detecting and analyzing submicrosco-
pic changes in ploidy.!? The SNP array analysis is effective
in the prenatal diagnosis of genetic causes of fetal nasal

bone deletion.!* The SNP array technology has been in-
creasingly applied in prenatal clinical genetic evaluations
and has become a recommended genetic testing method
for the prenatal diagnosis of fetal growth retardation, men-
tal retardation, autism, and organ malformations, espe-
cially when an ultrasound shows fetal abnormalities and
a normal karyotype.1*

Objectives

To evaluate the clinical utility of SNP arrays in prenatal
evaluations.

Objects and methods
Research objects

Prenatal SNP array analysis and karyotype analysis were
performed on 425 pregnant women aged 19-45 years old
between 16 and 31 weeks gestation at our antenatal di-
agnostic center between January 2020 and August 2021.
The main indications of prenatal diagnosis were abnor-
mal prenatal ultrasonography, chromosomal abnormali-
ties of one spouse, advanced maternal age, fetal structural
abnormalities, and noninvasive genetic abnormalities. All
pregnant women enrolled in the study received technical
counseling and signed informed consent forms for the SNP
array and conventional karyotypes prior to the study.

Materials and methods
Chromosome karyotype analysis

After samples were centrifuged at 2,000 rpm for 10 min,
the supernatant was discarded and the samples were incu-
bated for 8—9 days. Each sample was counted and analyzed
for 20—30 mitotic periods, and 5 radionuclide images were
observed, analyzed and photographed. If any abnormality
was detected, the number of karyotypes increased. Using
the International Nomenclature of Human Cytogenetics
(ISCN, 2005),' the aberrant karyotype was described.
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Single nucleotide polymorphism
array analysis

Genomic DNA was extracted from fetal umbilical cord
blood and amniotic fluid that had never been cultured
or previously cultured using a Qiagen kit (Qiagen, Hilden,
Germany). The SNP analysis was performed using a genome-
wide Affymetrix CytoScan 750 K array (Affymetrix Inc.,
Santa Clara, USA) containing 500,000 probes for CNV and
200,000 probes for SNPs spread throughout the whole human
genome. Data were analyzed using the human genome ver-
sion of GRCh37 (hgl9) and Chromosome Analysis Kit soft-
ware (Affymetrix). Gains or losses 2400 kb and LOH = 10 Mb
were the most common recommendations. Genome-wide
identification of uniparental disomy (UPD) in the offspring-
parents triad can be confirmed as having a maternal or pa-
ternal origin using the UPDtool.1° All CN'Vs found were com-
pared using the following databases: Database of Genomic
Variants (DGV, http://projects.tcag.ca/variation), Database
of Chromosomal Imbalance and Phenotype in Humans using
Ensemble Resources (DECIPHER) database (https:/www.
deciphergenomics.org), International Standards for Cytoge-
nomic Arrays, and Online Mendelian Inheritance in Man
(OMIM) database (http://www.omim.org).!”

Statistical analyses

For qualitative data, the assumption of expected abun-
dance for the x? test was checked. If the assumption was
met, Pearson’s x? test of independence was used to analyze
the differences between groups. If the assumption was not
met, Fisher’s exact test for 2x2 tables was used. The analy-
sis was performed using GraphPad Prism v. 9.0 (GraphPad
Software, San Diego, USA).

Results
General conditions of study objects
Age composition of objects

There were 425 pregnant women aged 18-45 years
old. The distribution of cases by age group is illustrated
in Fig. 1. The 18-23 age group had 27 cases, the 24—29 age
group had 105 cases, the 30-34 age group had 133 cases,
the 35-39 age group had 122 cases, and the 40—45 age
group had 38 cases.

Gestational weeks of study participants

The prenatal diagnosis of 425 pregnant women was be-
tween 16 and 31 weeks, as shown in Fig. 2. There were
7 cases in the 16+ weeks group, 65 cases in the 17+ weeks
group, 89 cases in the 18+ weeks group, 70 cases in the 19+
weeks group, 67 cases in the 20+ weeks group, 28 cases

1931

4045h
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Fig. 1. Age analysis (cases)

in the 21+ weeks group, 20 cases in the 22+ weeks group,
32 cases in the 23+ weeks group, 11 cases in the 24+ weeks
group, 11 cases in the 25+ weeks group, 5 cases in the 26+
weeks group, 2 cases in the 27+ weeks group, 2 cases
in the 28+ weeks group, 4 cases in the 29+ weeks group,
10 cases in the 30+ weeks group, and 2 cases in the 31+
weeks group.

Sample type of the study objects

Among the 425 samples, 363 were amniotic fluid, ac-
counting for 85.41% of the total sample size, 30 were mis-
carriage villi, accounting for 7.06% of the total sample size,
and 32 were umbilical cord blood, accounting for 7.53%
of the total sample size, as shown in Fig. 3.

Success rate and positive rate of karyotype analysis
and SNP array analysis

There were 425 samples, with 391 successful and 34 failed
cases (a success rate of 92%). Karyotype analysis identified
28 cases of aberrant karyotypes among the 425 samples,
with a positive rate of 6.6%, as shown in Table 1.

In addition, the success rate of SNP array analysis was
100%. Compared with karyotype analysis, the success rate
was significantly improved (Table 2, Fisher’s exact test,
p < 0.001). Forty-four cases showed positive results, with
a positive rate of 10.4%, which was statistically significant
compared to karyotype analysis (Table 3, Pearson’s x? test,
X2 = 3.89, degrees of freedom (df) = 1, p = 0.049).

Results of karyotype analysis and SNP array analysis

Among the 28 cases with abnormal karyotypes detected
with karyotype analysis, there were 12 cases with trisomy
21, 4 cases with trisomy 18, 2 cases with trisomy 16, 1 case
with trisomy 13, 5 cases with 45 X, 1 case with 46 XXX,
and 3 cases with 47 XXY. In addition to the abnormal cases,
16 cases with normal karyotypes but abnormal SNP array
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Table 1. Success rate and positive rate of karyotype analysis and SNP array
analysis

Detection items

Total Successful | Positive
cases cases cases

Chromosome karyotype analysis 425 391 (92%) @ 28 (6.6%)
_ 44
0,
SNP array analysis 425 425 (100%) (10.4%)

SNP - single nucleotide polymorphism.

Table 2. Fisher's exact test of the success rate of karyotype analysis and
SNP array analysis

_ Successful Failed
Detection items p-value
cases cases
Chromosome karyotype analysis 391 34 <0.001
SNP array analysis 425 0 -

SNP - single nucleotide polymorphism.

Table 3. Pearson’s x* test of independence of the positive rate
of karyotype analysis and SNP array analysis

Positive | Other

Detection items

cases cases
Chromosome 397 1 389 0049
karyotype analysis
SNP array analysis 44 381 - - -

SNP - single nucleotide polymorphism; df — degree of freedom.

analysis were also detected, including 8 cases of dupli-
cation/deletion, 3 cases of chimera and 5 cases of LOH.
Table 4 summarizes the outcomes.

Results of normal karyotype analysis
and abnormal SNP array analysis

Sixteen CN'Vs with normal karyotype were found to be
abnormal in the SNP array analysis results, with a fragment
length of 349 kb-14.59 Mb, which was related to micro-
deletion, microreplication, chimera, and LOH syndrome,
as shown in Table 5.

Discussion

Although traditional chromosome karyotyping can
identify polyploidy, aneuploidy, translocation, inversion,
chimerism, duplication, and deletions larger than 10 Mb,
this technique has various limitations, including time-con-
suming cell cultures, low resolution, high labor demand,
and an inability to identify CN'Vs smaller than 10 Mb.!8-20
Therefore, there is an urgent need for a new testing tech-
nique to be used in prenatal evaluations.

Karyotype analysis and CMA are 2 prenatal diag-
nostic methods that have been widely used over the re-
cent years.?!?> Chromosomal microarray analysis
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Table 4. Comparison of the results of karyotype analysis and SNP array
analysis (16 cases with with normal karyotypes but abnormal SNP array
analysis, including 8 cases of duplication/deletion, 3 cases of chimera and
5 cases of LOH)

Chromosome karyotype

. SNP array analysis results (cases,
analysis results (cases) Y Y ( )

Trisomy 21 (12)
Trisomy 18 (4)

Trisomy 21 (12)
Trisomy 18 (4)
Trisomy 16 (2) Trisomy 16 (2)

Trisomy 13 (1) Trisomy 13 (1)

45, X (5) 45, X (5)
46, XXX (1) 46, XXX (1)
47, XXY (3) 47, XXY (3)

LOH - loss of heterozygosity; SNP — single nucleotide polymorphism.

is a high-resolution technology for whole-genome analy-
sis, detecting micro-deletions and micro-duplications,
which are not routinely detected via karyotyping. Chro-
mosomal microarray analysis can be separated into aCGH
and SNP array. The SNP array can detect regions of ho-
mozygosity, triploidy, and maternal cell contamination,
which the aCGH cannot. The SNP array analysis has
been widely used in the field of prenatal genetics and has
shown tremendous advancement and superiority as a re-
sult of scientific and technological developments.?* Com-
pared to conventional karyotyping, the resolution of SNP
array analysis is much greater, allowing the identification
of submicroscopic imbalances such as UPDs and LOHs.?
The value of the additional information provided by SNP
array analysis in prenatal diagnosis is evident in reducing
the prevalence of fetuses at increased risk of chromosomal
imbalances that are undetected or may have genetic dis-
orders.?® The SNP array analysis can influence pregnancy
care and outcomes by offering more precise prognostic
information than karyotype analysis.?’

Compared with traditional karyotypes, the time for SNP
array analysis is much shorter, and the time for patients
to wait for the genetic results is also significantly short-
ened.? In this study, 425 amniotic fluid, miscarriage villi
and umbilical cord blood samples were subjected to tradi-
tional cell culture, and karyotype analysis generally takes
12-15 days, with some samples taking up to 20 days due
to low cell activity and slow growth.?® In contrast, the de-
tection period for SNP array analysis is only 3—4 days.
Prenatal evaluations are an important means to judge
the health state of the fetus. The rapid results of genetics
can reduce the waiting time of pregnant women and greatly
reduce the psychological burden.?

In addition, SNP array analysis technology has the ad-
vantages of simple operation and speed, while traditional
karyotype analysis technology requires a high level of op-
eration skills, strict aseptic operation of cell cultures, and
a tedious and time-consuming chromosome preparation
process. The SNP does not require a complex chromosome
preparation process or strict aseptic operation, and it only
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Table 5. Sixteen cases with normal karyotype results and abnormal
SNP results
CNV fragment
No. SNP result i CNV type
arrfhg19] 10p12.2 )
1 (24,110,323-24,477,294)x1 3670 deletion
arrfhg19] 6g26 I
2| (162,513,754-163,102,082)x3 S88kb duplication
arrlhg19] 2913 )
3 (110498,142-111,366,256)3 Bo8ID deletion
arrlhg19] Xq13.3 o
N (74,524,076-75,360,251)x3 B3okb duplication
arrlhg19] 3p26.3p25.3 )
5 (61,892-0.122,774)x1 9.06 Mb deletion
arrlhg19]4g21.3 -
6 (87,084,084-87,623,511)x4 539kb duplication
arr[hg19] 18g22.1 )
/ (61,642,539-62,185,405)x1 2420 deletion
arrfhg19] 7p21.3 )
& | (10386633-10,780,601)x1 349K0 deletion
arrfhg19] 5915g21.3
9 (93,766,219-107,405,476) 13.60 Mb LOH
x2 hmz
arrlhg19] 22g11.1913.33 ' )
101 (16888900-51,197,766)2-3 | O™V 22 chimera
arrlhg19] 18p11.32g23 : )
! (136228-78013728)2-3 | oomy18 - chimera
arrfhg19]21911.2922.3 ) )
121 (15016487-48093361x3 | oMy 2! chimera
2q14.2921.2
13 (120,222,604-134,809,504) 1459 Mb LOH
x2 hmz
arrlhg19]1 9921.33g22.33
14 (89,317,009-102,177,977) 12.80 Mb LOH
x2 hmz
arrfhg1914q13.2g21.21
15 (68,443,308-80,883,021) 1244Mb LOH
x2 hmz
arrthg19] 7p15.2p14.1
16 (27,122,563-39,324,349) 12.20Mb LOH
x2 hmz

SNP - single nucleotide polymorphism; LOH — loss of heterozygosity;
CNV = copy number variation.

utilizes a modest amount of DNA to identify the whole
genome’s changes in copy number.? In this study, 425 sam-
ples were cultured under strict aseptic conditions, and
391 samples were successfully cultured with a success rate
of 92%. Some samples failed because cells did not adhere
to cell walls after culture or cell cloning was stunted, and
karyotype isolates were not collected for analysis. This
limitation was overcome by the SNP array analysis tech-
nology, which obtained results for all 34 samples that failed
in culture with a 100% success rate, significantly higher
than the karyotyping technique.

The SNP array analysis technology can provide a higher
resolution.?’ The number of chromosome bands prepared
by traditional karyotype technology is between 300 and
420, and the resolution is low. Theoretically, only 5-10 Mb
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chromosome structural abnormalities can be detected.??
The SNP array analysis technology has high throughput and
resolution, enabling the detection of genome-wide CNVs
at one time, as well as detecting single gene diploid and small
chromosome variants that cannot be identified by karyotype
analysis.® In addition, SNP probes also provide SNP typing
information, which can detect heterozygous loss and can be
used for clinical detection of some residual and imprinted
genetic diseases. In this study, among the cases with nor-
mal karyotypes, 16 CN'Vs with specific pathogeneses were
detected using SNP array analysis, and the length ranged
from 349 kb to 14.59 Mb, which involved the microdeletion
of a 367 kb fragment in the p12.2 region of chromosome
10, the microreplication of a 588 kb fragment in the q26
region of chromosome 6 and the ROH of about 13.6 Mb
in the q15q21.3 region of chromosome 5.

The inability of SNP array analysis to recognize balanced
chromosomal structural abnormalities, such as balanced
translocations and reversals,?* prevents them from com-
pletely replacing karyotype analysis, despite its many ben-
efits.3® Although most of these abnormalities are inherited
from the parents and do not necessarily affect the pheno-
type of the fetus, they may still cause spontaneous abortion
throughout the reproductive process or cause chromosomal
imbalances.?® A small number of mosaic chromosomal
defects may also be undetectable using SNP array analy-
sis. Given that SNP array and karyotype analyses are not
substitutable for each other, the combination of the 2 can
provide us with more genetic information to avoid a missed
diagnosis and provide more basis for genetic counseling.?”

Limitations

A larger number of participants is suggested to reduce
result bias. Moreover, to popularize and generalize SNP
array analysis technology, more studies are needed.

Conclusions

The SNP array analysis is an important tool for screening
chromosome deletions and replications, especially in fe-
tuses with normal karyotypes. With technical improve-
ments and data accumulation, SNP array analysis will play
an important role in prenatal diagnosis.
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Abstract

Background. Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) is implicated in various
cancers, but its role in modulating ferroptosis and tumor cell behavior in non-small cell lung cancer (NSCLC)
remains unclear.

Objectives. This study aimed to investigate how IGF2BP2-mediated N6-methyladenosine (m°A) modification
of solute carrier family 7 member 11 (SLC7AT1) affects ferroptosis and NSCLC cell viability.

Materials and methods. NSCLC H1299 cells were transfected with either IGF2BP2 or SLC7A11 plasmids
and corresponding siRNAs. Expression levels of IGF2BP2, SLC7AT1 and ferroptosis markers were analyzed
using reverse transcription real-time quantitative polymerase chain reaction (RT-qPCR) and western blot. Cell
viability was assessed using the Cell Counting Kit-8 (CCK-8) assay. Reactive oxygen species (R0S) and lipid
peroxidation levels were measured with flow cytometry and biochemical kits. The RNA immunoprecipita-
tion (RIP) and mRNA stability assays were utilized to explore the interaction between IGF2BP2 and SLC7AT1.

Results. IGF2BP2 expression was significantly uprequlated in H1299 cells. Overexpression of IGF28P2 en-
hanced cell viability and decreased ferroptosis, whereas its knockdown resulted in reduced cell viability and
increased ferroptotic activity. IGF2BP2 enhanced SLC7ATT mRNA stability through mA modification, and
SLC7ATT overexpression reversed the effects of IGF2BP2 knockdown. This interaction increased cell viability
and reduced ROS and lipid peroxidation.

Conclusions. IGF2BP2 plays a critical role in NSCLC by stabilizing SLC7AT1 mRNA via m°A modification,
promoting cell proliferation and suppressing ferroptosis. Targeting the IGF2BP2—SLC7ATT axis may offer
a promising therapeutic strategy for NSCLC.

Key words: non-small cell lung cancer, SLC7A11, ferroptosis, IGF2BP2, m°A modification
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peutic target.

» IGF2BP2 enhances non-small cell lung cancer (NSCLC) cell proliferation by stabilizing SLC7A11 mRNA through

+ Overexpression of IGF2BP2 boosts SLC7A11 levels, reducing oxidative stress markers and ferroptosis indicators.
+ IGF2BP2 stabilizes SLC7A11 mRNA, aiding in the maintenance of redox homeostasis and metabolic reprogram-

+ IGF2BP2 knockdown leads to increased ferroptosis and decreased cell viability, suggesting its potential as a thera-

« Targeting the IGF2BP2-SLC7A11 axis may provide novel therapeutic strategies for improving clinical outcomes in NSCLC.

Background

Non-small cell lung cancer (NSCLC), the most prevalent
form of lung cancer, constitutes nearly 85% of lung cancer
diagnoses. Besides, NSCLC is characterized by a complex
interplay of genetic and metabolic factors that contribute
to lung cancer progression and resistance to treatment.!
Insulin-like growth factor 2 mRNA-binding protein 2
(IGF2BP2) is pivotal in the context of NSCLC, serving
as a regulatory protein related to cancer biology due to its
effects on cellular proliferation, metabolism and survival.?

IGF2BP2 exerts its biological functions primarily
by binding to the mRNAs of various genes, thereby regu-
lating their stability and translation.® As a critical target
of IGF2BP2, solute carrier family 7 member 11 (SLC7A11)
is a crucial transporter in the cellular antioxidant system
that maintains intracellular glutathione levels.*> Ferrop-
tosis, a regulated cell death process induced by oxidative
stress and characterized by lipid peroxidation, has attracted
growing attention in cancer research due to its potential
as a therapeutic target.® SLC7A11 acts greatly in prevent-
ing ferroptosis via promoting the uptake of cystine, which
is essential for glutathione synthesis. Glutathione serves
as a crucial antioxidant, safeguarding cells against lipid
peroxidation and oxidative damage. The capability of can-
cer cells to evade ferroptosis through metabolic alterations,
including the upregulation of glutaminolysis, is consid-
ered a hallmark of cancer cell survival and proliferation.”
The conversion of glutamine into a-ketoglutarate was con-
ducted through this metabolic pathway, thereby fueling
the tricarboxylic acid cycle. Additionally, such a pathway
is often enhanced in cancer to meet the increased demands
of rapidly dividing cells and contribute to the perturba-
tion of redox balance.®® Given the importance of SLC7A11
in maintaining redox homeostasis and preventing ferrop-
tosis, it was specifically chosen for this study.

Objectives

In this context, the present study was designed to elu-
cidate the roles of IGF2BP2 and SLC7A!! in regulating

the fate of NSCLC cells, with a particular focus on their
contributions to cell viability and resistance to ferroptosis.
We hypothesized that IGF2BP2 was upregulated
in NSCLC cells and this upregulation confers a growth
advantage through the stabilization of SLC7A! mRNA, en-
hanced antioxidant defense and metabolic shifts favoring
cell survival.1-12 The purpose of this study was to explain
the regulatory functions of IGF2BP2, examining its impact
on the post-transcriptional control of critical genes and its
broader effects on the NSCLC cell’s metabolic state.

Materials and methods
Cell culture and transfection

Normal human bronchial epithelial (HBE) cells (CRL-
2741) and NSCLC H1299 cells (CRL-5803) were pro-
vided by the American Type Culture Collection (ATCC;
Manassas, USA). The culture of HBE cells and H1299
cells was conducted in Dulbecco’s modified Eagle’s me-
dium (DMEM)/Nutrient Mixture F-12 medium (cat. No.
#11320033; Gibco, Waltham, USA) and Roswell Park Me-
morial Institute (RPMI) 1640 medium (cat. No. #11875093;
Gibco), respectively. Both media contained 1% penicillin/
streptomycin (cat. No. #15140122; Gibco) as well as 10%
fetal bovine serum (FBS; cat. No. #10082147; Gibco). Cells
were incubated at 37°C in a humidified atmosphere con-
taining 5% CO,.

For transfection, H1299 cells were seeded into 6-well
plates to reach 70—80% confluency. Transfections were
performed using Lipofectamine 2000 (cat. No. #11668019;
Invitrogen, Waltham, USA) according to the manufactur-
er’s instructions. The following experimental groups were
established:

SLC7A11 group: transfected with SLC7A11 pcDNA3.1
plasmid; IGF2BP2 group: transfected with IGF2BP2
pcDNA3.1 plasmid; Vector group: transfected with empty
vector (control for plasmid transfection); si-IGF2BP2
group: transfected with siRNA targeting IGF2BP2
(sense: 5-GGGACCAAGAUAACAAUCUTT-3,
anti-sense: 5~ AGAUUGUUAUCUUGGUCCCTT-3’);



Adv Clin Exp Med. 2025;34(11):1937-1946

si-NC group: transfected with negative control siRNA
(5-CAACAAGAUGAAGAGCACCAA-3),
anti-sense: 5-UUGGUGCUCUUCAUCUUGUUG-3;
100 nM final concentration).

For each group, the corresponding controls (empty vec-
tor or negative control siRNA) were included to ensure
the specificity of the observed effects. Cells were har-
vested 48 h post-transfection for further analysis. Sangon
Biotech Co., Ltd. (Shanghai, China) was responsible for
designing and synthesizing the aforementioned plasmids,
and the siRNA fragments were provided by GenePharma
(Shanghai, China).

RT-gPCR

TRIzol reagent (cat. No. #15596018; Invitrogen) was
utilized for extracting total RNA from cells according to
the manufacturer’s protocol. A NanoDrop spectropho-
tometer (Thermo Fisher Scientific, Waltham, USA) was
adopted to assess the quantity and quality of RNA. Besides,
as described by the manufacturer’s guidelines, the syn-
thesis of cDNA was conducted using total RNA (1 pg)
through the High-Capacity cDNA Reverse Transcription
Kit (cat. No. #4368814; Applied Biosystems, Waltham,
USA). Reverse transcription real-time quantitative poly-
merase chain reaction (RT-qPCR) was performed using
SYBR Green PCR Master Mix (cat. No. #4309155; Ap-
plied Biosystems) on a QuantStudio 5 Real-Time PCR
System (Applied Biosystems). Primer sequences applied
were as follows:

IGF2BP2:

Reverse 5-TGGTAGGTGGTCTCGGTGTT-3,
Forward 5-AGAAGATGTGGAGGAGGCTT-3}

GAPDH (internal control):

Reverse 5-GAAGATGGTGATGGGATTTC-3),
Forward 5-GAAGGTGAAGGTCGGAGTC-3}

SLC7A11:

Reverse 5-AGACTCCCCTCAGTAAAGTGAC-3,,
Forward 5-TCTCCAAAGGAGGTTACCTGC-3.

Relative gene expression was analyzed using the 2744¢
method, with GAPDH served as the internal control to
normalize the results.

Western blot

Cell were lysed with ice-cold radioimmunoprecipita-
tion assay (RIPA) buffer (cat. No. #R0278; Sigma-Aldrich,
St. Louis, USA) supplemented with phosphatase inhibi-
tors (cat. No. #P0044; Sigma-Aldrich) as well as protease
(cat. No. #P8340; Sigma-Aldrich). Protein concentrations
were measured using the Bicinchoninic Acid (BCA) Pro-
tein Assay Kit (cat. No. #23225; Pierce, Rockford, USA).
Proteins (30 pg) were separated on 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene fluoride (PVDF) mem-
branes (cat. No. #IPVH00010; MilliporeSigma, St. Louis,

1939

USA). Membranes were blocked with 5% skimmed milk for
1 h at room temperature and incubated overnight at 4°C
with the following primary antibodies: IGF2BP2 (cat. No.
#14672S, 1:1,000; Cell Signaling Technology (CST), Dan-
vers, USA), SLC7A11 (cat. No. #ab175186, 1:1,000; Abcam,
Cambridge, UK), GPX4 (cat. No. #ab125066, 1:1,000; Ab-
cam), B-actin (cat. No. #A1978, 1:5,000; Sigma-Aldrich),
and Acyl-CoA synthetase long-chain family member 4
(ACSLA4) (cat. No. #ab155282, 1:1,000; Abcam). Upon rins-
ing, the membranes were subjected to 1-h incubation with
horseradish peroxidase (HRP)-conjugated secondary an-
tibodies (cat. No. #NA931, 1:5,000 for anti-rabbit; cat. No.
#NA934, 1:5,000 for anti-mouse; GE Healthcare, Chicago,
USA) at ambient temperature. Visualization of the protein
bands was achieved using the SuperSignal West Pico PLUS
Chemiluminescent Substrate (cat. No. #34580; Thermo
Fisher Scientific), followed by imaging on a ChemiDoc
XRS+ system (Bio-Rad, Hercules, USA).

Cell viability assay

Cells (5 x 103 cells/well) were seeded into 96-well plates and
allowed to adhere overnight. Following treatments, 100 uL
of fresh medium containing MTT reagent (0.5 mg/mL, cat.
No. #M2128; Sigma-Aldrich) was added and incubated for
4 h. The formazan crystals were dissolved in 100 uL of di-
methyl sulfoxide. A microplate reader (Bio-Tek; Winooski,
USA) was utilized for measuring the absorbance at 570 nm,
with a reference wavelength of 690 nm. Untreated cells
served as a control for baseline viability.

ROS detection

The DCFDA Cellular ROS Detection Assay Kit (cat. No.
#ab113851; Abcam) was employed for detecting the intra-
cellular ROS levels. Cells (1 x 10* cells/well) were planted
in a 96-well plate for cultivation until reaching 70—-80% con-
fluency. Upon rinsing with phosphate-buffered saline (PBS),
cells was incubated with 25 uM DCFDA in a serum-free me-
dium for 45 min at 37°C in the dark. Fluorescence intensity
was measured using a microplate reader (Bio-Tek; excitation:
485 nm, emission: 535 nm). Negative controls (untreated
cells) were used to set the baseline fluorescence levels.

Measurement of malondialdehyde
and Fe?* levels

Following treatments, the collected cells were rinsed
with pre-cooled PBS. Upon centrifugation (3,000 rpm, 4°C,
15 min), the supernatant was collected to assess the levels
of Fe** and malondialdehyde (MDA) using the Iron As-
say Kit (cat. No. 3100865; Sigma-Aldrich) and MDA As-
say Kit (cat. No. MAKO085; Sigma-Aldrich), respectively,
as per the manufacturer’s protocols. Control samples were
prepared from untreated cells to establish baseline levels
of Fe** and MDA.
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RNA immunoprecipitation assay

The association between IGF2BP2 and SLC7A11 mRNA
was examined using the Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (cat. No. #17-700; MilliporeSigma).
Cell lysates were incubated with magnetic beads conjugated
to anti-IGF2BP2 antibody or normal mouse immunoglobu-
lin G (IgG) (negative control) overnight at 4°C. After incu-
bation, the beads were washed and the RNA was eluted
from the beads. Following RNA extraction from the im-
munoprecipitate, SLC7A11 mRNA levels were measured
with RT-qPCR as described previously. An IgG control was
included to confirm the specificity of the interaction.

mRNA decay assay

To determine mRNA stability, cells were treated with
actinomycin D (5 ug/mL, cat. No. #A9415; Sigma-Aldrich)
to suppress RNA synthesis. Samples were collected at 0,
2,4, 8, and 24 h post-treatment. Total RNA was extracted
as previously detailed, and SLC7A11 mRNA levels were
quantified with RT-qPCR. The decay rates were calcu-
lated by normalizing mRNA levels to the amount at time 0.
Non-treated cells served as a control for baseline mRNA
stability.

Statistical analyses

Data were analyzed using IBM SPSS v. 23.0 (IBM Corp.,
Armonk, USA). Results were presented as median with
interquartile range (IQR) or mean + standard deviation
(SD). The specific statistical test used was determined
based on the data distribution and the number of groups
compared.

Due to the small sample size (n < 10 per group), non-
parametric tests were primarily employed to ensure robust
statistical analysis. For comparisons between 2 groups,
the Mann—Whitney U test was used. For multiple group
comparisons, the Kruskal-Wallis test was applied, fol-
lowed by Dunn’s post hoc test with Bonferroni correction
to identify specific differences between groups.

For experiments involving repeated measurements (e.g.,
measurements taken at multiple time points for the same
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group), the Friedman’s test, a nonparametric alternative
to repeated-measures analysis of variance (ANOVA), was
performed to evaluate overall differences within each
group over time. For post hoc pairwise comparisons be-
tween time points, Wilcoxon signed-rank tests were ap-
plied with Bonferroni correction for multiple compari-
sons. For comparisons between groups at the final time
point, the Kruskal-Wallis test was performed, followed
by Dunn’s post hoc test to identify specific between-group
differences. A 2-tailed p < 0.05 was considered statistically
significant for all analyses.

Results

The IGF2BP2 expression is increased
in NSCLC H1299 cells

As demonstrated in a previous study, IGF2BP2 expres-
sion is elevated in NSCLC, and its overexpression promotes
tumor growth and metastasis.!® Therefore, the differential
expression between H1299 cells and HBE cells was first
examined. The RT-qPCR findings displayed a remarkable
increase in the IGF2BP2 mRNA expression in H1299 cells
in comparison with normal HBE cells (U = 0, p = 0.002).
The western blot analysis further verified that the IGF2BP2
protein expression was higher in H1299 cells (U = 0,
p = 0.002) (Fig. 1). These outcomes revealed a marked up-
regulation of IGF2BP2 expression in H1299 cells, suggest-
ing that IGF2BP2 had a potential function in H1299 cells.

Effects of IGF2BP2 knockdown and
overexpression on H1299 cell viability

We further investigated the role of IGF2BP2 in the H1299
cell by knocking down and overexpressing IGF2BP2. Accord-
ing to the analyses of western blot and RT-qPCR, the IGF2BP2
expression levels were evidently raised in the IGF2BP2
group compared to the vector group, while the si-IGF2BP2
group presented a notable reduction in the IGF2BP2 pro-
tein expression relative to the si-NC group (mRNA: H (3,
24) = 19.53, p < 0.001; Protein: H (3, 24) = 19.55, p < 0.001)
(Fig. 2A,B). These findings indicated that we successfully

Fig. 1. The IGF2BP2 expression
isincreased in NSCLC H1299 cells.
% A. RT-gPCR analysis of IGF2BP2 mRNA

C

-% 1.8+ levels in HBE and H1299 cells; statistical
g 1.6- ! significance was determined using

o 3 Mann-Whitney U test; B. Relative

] % 1.4 protein expression of IGF2BP2 in HBE

-GE_, N cells and H1299 cells using western blot;
§ O 1.2 . Mann-Whitney U test; **p < 0.01
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HBE H1299 IGF2BP2 — insulin-like growth factor 2

mRNA-binding protein 2.
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overexpressed and knocked down IGF2BP2 in H1299 cells.
The enhancement or suppression of cell viability in H1299
cells was associated with IGF2BP2 overexpression or knock-
down, respectively. As disclosed in the findings from cell vi-
ability assay, we observed significant changes in cell viability
within each group over time (vector group: x> = 12, degrees of
freedom (df) = 2, p = 0.002; IGF2BP2 group: x> = 10.33,df = 2,
p = 0.006; si-NC group: x* = 12, df = 2, p = 0.002; si-IGF2BP2
group: x? = 12, df = 2, p = 0.002). Post hoc Wilcoxon signed-
rank tests revealed that cell viability significantly increased
between 24 h and 72 h in each group (p < 0.01). At the fi-
nal time point (72 h), IGF2BP2 overexpression in H1299
cells significantly increased cell viability, whereas IGF2BP2
knockdown notably reduced it (H (3, 24) = 19.47, p < 0.001)
(Fig. 2C). These findings suggested that IGF2BP2 promoted
the H1299 cell proliferation.

Different effects of IGF2BP2 knockdown
and overexpression on ferroptosis
in H1299 cells

The accumulation of lipid peroxidation and reactive oxygen
species (ROS) leads to ferroptosis, a form of iron-dependent
cell death.!* Therefore, further exploration was conducted
on the impacts of IGF2BP2 knockdown and overexpression
on ferroptosis-related markers in H1299 cells. Figure 3A
shows that, as opposed to the vector group, ROS levels were
considerably declined in the IGF2BP2 overexpression group,
while ROS levels were evidently raised in the IGF2BP2 knock-
down group (H(3, 24) = 19.46, p < 0.001). No statistical dif-
ference were observed between the vector and siNC groups
(p > 0.05) (Fig. 3A). Similarly, Fe?* (H(3, 24) = 19.74, p < 0.001)
and MDA (H(3, 24) = 19.56, p < 0.001), indicators of iron ac-
cumulation and lipid peroxidation, were significantly lower
in the IGF2BP2 group and markedly higher in the si-IGF2BP2
group (Fig. 3B,C). ACSL4, a key inducer of ferroptosis,'® and
GPX4, an antioxidant enzyme that scavenges ROS and whose
inhibition promotes ferroptosis,'® were also upregulated.

IGF2BP2 overexpression considerably increased GPX4
protein expression and decreased ACSL4 levels in H1299
cells. Conversely, IGF2BP2 knockdown markedly decreased
the GPX4 protein expression (H (3, 24) = 19.50, p < 0.001)
and increased ACSL4 expression (H (3, 24) = 19.61,
p <0.001) (Fig. 3D,E). These outcomes indicated that down-
regulation of IGF2BP2 could evidently enhance ferroptosis
in H1299 cells.

IGF2BP2 modulates SLC7A11 expression
through m°A modification

SLC7A11 is a key regulator of ferroptosis; its inhibition
induces ferroptosis and suppresses tumor growth.”18
We first verified the difference in SLC7A11 expression
between normal and cancer cells. In contrast to HBE cells,
the SLC7A11 protein expression level was remarkably raised
in H1299 cells (U = 0, p = 0.002) (Fig. 4A). In H1299 cells,
SLC7A11 protein levels were increased in the IGF2BP2
overexpression group and decreased in the si-IGF2BP2
group (H (3, 24) = 19.45, p < 0.001) (Fig. 4B). The RNA
immunoprecipitation assays confirmed an interaction be-
tween IGF2BP2 and SLC7A11 mRNA in H1299 cells (U =0
p = 0.002), with the m®A modification levels of SLC7A11
mRNA being higher in the IGF2BP2 group and lower
in the si-IGF2BP2 group (H (3, 24) = 19.61, p < 0.001)
(Fig. 4C,D). RNA stability assays demonstrated a time-
dependent decrease in SLC7A11 mRNA expression across
all groups (x> =18, df = 3, p < 0.001 for all groups). Post hoc
Wilcoxon signed-rank tests showed significant differences
in SLC7A11 mRNA levels between 0 h and 4 h (p = 0.044),
as well as between 0 hand 6 h (p < 0.001), across all groups.
At the final time point (6 h), the SLC7A11 mRNA levels
were elevated in the IGF2BP2 group and dropped in the si-
IGF2BP2 group (H (3, 24) = 18.81, p < 0.001), indicating
that IGF2BP2 regulated the stability of SLC7A11 mRNA
(Fig. 4E). Overall, IGF2BP2 promoted SLC7A11 expression
through m°A modification in H1299 cells.
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IGF2BP2 regulates cell proliferation and
ferroptosis in a SLC7A11-dependent
manner

Based on the results presented above, we hypothesized
that IGF2BP2 promotes SLC7A11 expression through m°A
modification, thereby moderating ferroptosis and cell pro-
liferation. To test this hypothesis, SLC7A11 was overex-
pressed in H1299 cells following IGF2BP2 knockdown.
Initially, we transfected the SLC7A11 plasmid in H1299
cells. Our results suggested that SLC7A11 protein expres-
sion was notably raised in H1299 cells transfected with
the SLC7A11 plasmid compared to the vector group, in-
dicating successful overexpression (Supplementary Fig. 1).

As illustrated in Fig. 5A, a remarkable elevation in cell
viability was observed over time in all groups (si-NC + vec-
tor group: X2 = 10.33, df = 2, p = 0.006; si-IGF2BP2 + vector
group: X2 = 12, df = 2, p = 0.002; si-IGF2BP2 + SLC7A11
group: x* = 12, df = 2, p = 0.002). Post hoc Wilcoxon
signed-rank tests indicated significant differences in cell
viability between 24 h and 72 h across all groups (p < 0.01).
At the final time point (72 h), cell viability was markedly
decreased by IGF2BP2 knockdown as opposed to the siNC
+ vector group, while the SLC7A11 + si-IGF2BP2 group
of H1299 cells exhibited an upward trend in cell viability
relative to the si-IGF2BP2 + vector group (H (2, 18) = 13.93,
p =0.001). Correspondingly, the ROS levels were markedly
raised in the si-IGF2BP2 + vector group, while a notable
decline was disclosed in ROS levels in the si-IGF2BP2 +
SLC7A11 group (H (2, 18) = 14.36, p < 0.001) (Fig. 5B).

Additionally, the si-IGF2BP2 + vector group illustrated
anotable elevation in the MDA (H (2, 18) = 14.00, p < 0.001)
and Fe?* (H (2, 18) = 14.78, p < 0.001) levels. However, the si-
IGF2BP2 + SLC7A11 group presented a marked downward
trend in the MDA and Fe?* levels (Fig. 5C,D).

At the protein level, the si-IGF2BP2 + vector group dis-
played a remarkable downregulation of SLC7A11 and GPX4
and an upregulation of ACSL4 as opposed to the siNC +
vector group. However, these changes were remarkably
reversed in the si-IGF2BP2 + SLC7A11 group, with upregu-
lation of SLC7A11 (H (2, 18) = 13.35, p < 0.001) and GPX4
(H (2,18) = 14.75, p < 0.001) and downregulation of ACSL4
(H (2, 18) = 14.36, p < 0.001) (Fig. 5E,F). These outcomes
implied that SLC7A11 overexpression reversed the impacts
of IGF2BPP2 knockdown on the ferroptosis pathway.

Discussion

A comprehensive study elucidated that IGF2BP2 fa-
cilitates a shift in cancer cell metabolism towards glu-
taminolysis through the post-transcriptional upregula-
tion of SLC7A11, thereby fundamentally contributing
to the progression of NSCLC. This metabolic adaptation not
only meets the energy and biosynthetic demands of NSCLC
cells but also equips them with the ability to counteract
oxidative stress, thereby effectively hindering ferroptosis.
The elevated levels of IGF2BP2 observed in NSCLC cells
are associated with increased cell viability and prolifera-
tion, suggesting that IGF2BP2 coordinates the cellular
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SLC7AN - solute carrier family 7 member 11; HBE — human bronchial epithelial; IGF2BP2 — insulin-like growth factor 2 mRNA-binding protein 2;
RIP — RNA immunoprecipitation; RT-qPCR - reverse transcription real-time quantitative polymerase chain reaction ; IgG - immunoglobulin G.

response to the oncogenic stress environments. These
outcomes highlight the significance of IGF2BP2 as a thera-
peutic target and biomarker in NSCLC, which is central
to cancer survival, growth and malignant behavior.}*-2!
Further study on the role of IGF2BP2 in NSCLC has
positioned it as a potential oncogene, with its upregulation
linked to enhanced cell proliferation.?? Besides, IGF2BP2
is involved in various cancer-promoting pathways, includ-
ing cell cycle control,?® evasion of apoptosis** and metas-
tasis.?® In addition, IGF2BP2 has been reported to activate
endothelial cells and promote lung adenocarcinoma angio-
genesis and metastasis by single-cell sequencing.?® This
aligns with our findings, where we observed that IGF2BP2
promotes NSCLC progression by enhancing cell prolif-
eration and survival, highlighting the role of IGF2BP2
in stabilizing SLC7A11 mRNAs through m°A reading.
Furthermore, IGF2BP2 can enhance the colorectal can-
cer progression by increasing the transferrin receptor

expression and promoting iron metabolism.?” Similarly,
our study demonstrated that IGF2BP2 stabilized SLC7A11
mRNA, which was vital for maintaining glutathione levels
and protecting against ferroptosis in NSCLC.

To fully understand the oncogenic potential of IGF2BP2,
future studies should elucidate its interaction network
within cancer cells. This includes identifying its mRNA
targets and understanding how IGF2BP2 itself is regulated
in the cancer setting. Such endeavors will potentially un-
cover new therapeutic targets and strategies for NSCLC
treatment, offering hope for better treatment of this chal-
lenging disease. The regulatory role of IGF2BP2 extends
beyond metabolic pathways to include the stabilization
of oncogenic mRNAs, such as SLC7A11, which is essen-
tial for maintaining redox homeostasis and protecting
against ferroptosis.* In this study, a significant mechanism
in NSCLC pathology was revealed. IGF2BP2 stabilizes
SLC7A11 mRNA, which is the core of maintaining cellular
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redox balance. SLC7A11 ensures the uptake of cystine,
which is necessary for glutathione synthesis, enabling cells
to withstand oxidative stress and avoid ferroptosis. The ef-
fect of IGF2BP2 on SLC7A11 marks a protective mecha-
nism for NSCLC cells, allowing them to thrive in a pro-ox-
idant tumor microenvironment. The relationship between
IGF2BP2 and SLC7A11 suggests that cellular metabolism
is closely associated with susceptibility to ferroptosis, po-
tentially reshaping our approach to cancer treatment.

Although this study focused on mRNA stabilization,
IGF2BP2 might regulate SLC7A11 through other mecha-
nisms, such as post-translational modifications (like phos-
phorylation), miRNA interaction and protein-protein in-
teraction.?-3% In the future, several approaches including
phosphoproteomic analysis, miRNA profiling and protein
interaction analysis could be employed to further explore
these potential mechanisms to comprehensively under-
stand the IGF2BP2’s role in regulating SLC7A11.

As is reported, metabolic reprogramming in NSCLC,
particularly the shift towards glutaminolysis,3! is not
merely a response to energy demands but a strategic ad-
aptation that confers survival advantages.3? Through this
pathway, NSCLC cells acquire antioxidant capacity by gen-
erating nicotinamide adenine dinucleotide phosphate
(NADPH), which supports the regeneration of reduced
glutathione. The role of IGF2BP2 in this metabolic shift not

only supports rapid cell proliferation but also contributes
to the cells against ferroptosis.>® Given this adaptability,
targeting metabolic reliance in NSCLC may prove effec-
tive, especially when paired with therapies that induce
ferroptosis.®*3> The therapeutic potential of interfering
with the IGF2BP2-SLC7A11 interaction and glutaminoly-
sis is substantial. The development of small molecule in-
hibitors to disrupt this interaction could directly counter
the ferroptosis resistance in NSCLC cells. Additionally,
targeting glutaminolysis can deplete the metabolic re-
sources of NSCLC cells, making them susceptible to fer-
roptosis. Such strategies, particularly when combined with
existing treatments, can revolutionize NSCLC therapy.
The current challenge is to translate these findings into
clinical applications, which will involve the development
and rigorous testing of targeted pharmacological agents
in preclinical and clinical settings. Our findings support
a precision medicine approach, suggesting that patient-
specific therapies based on the expression of IGF2BP2
and SLC7A11 could enhance treatment outcomes. This
study lays a solid foundation for future efforts to conquer
NSCLC, highlighting the IGF2BP2—-SLC7A11 axis stand-
ing as a promising target for novel cancer therapies.
Importantly, this study uncovers a previously unreported
regulatory axis where IGF2BP2 stabilizes SLC7A11 mRNA
through m°A reading, providing a novel understanding
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of how IGF2BP2 contributes to metabolic adaptation and
ferroptosis resistance in NSCLC. This novel mechanism
highlights IGF2BP2 as a potential therapeutic target, open-
ing new avenues for developing targeted treatments to im-
prove clinical outcomes in NSCLC.

Limitations

However, certain limitations must be acknowledged.
First, we relied on the MTT assay to assess cell viability.
However, although this method is efficient and widely ac-
cepted, it does not reflect other aspects of cell behavior
such as proliferation rate, migration and invasion capa-
bilities. Therefore, further studies incorporating compre-
hensive assays such as colony formation, migration and
invasion are necessary to thoroughly evaluate malignant
behavior. Second, this study was conducted primarily in vi-
tro. The use of cell lines may not fully represent the com-
plexity and heterogeneity of tumor behavior in vivo. More-
over, the sample size used in our study was relatively small,
which may limit the statistical power and generalizability
of the results. Future studies with larger sample sizes will
help confirm the robustness of these findings and pro-
vide more reliable statistical analysis. Additionally, our
study merely offers preliminary data suggesting potential
ferroptotic activity and cell proliferation, necessitating
additional specific assays to comprehensively confirm
ferroptosis. Furthermore, we need to consider the po-
tential compensatory mechanisms that could arise from
the inhibition of the IGF2BP2-SLC7A11 axis.!? Ultimately,
although IGF2BP2 has been shown to regulate the stabil-
ity of SLC7A11 and affect cell viability and ferroptosis,
the precise molecular mechanisms and downstream sig-
naling pathways have only been partially elucidated. Com-
prehensive proteomic and metabolic studies may reveal ad-
ditional layers of regulation and interaction that contribute
to the observed phenotypes. These limitations highlight
the importance of future studies with multidimensional
approaches, integrating genomic, proteomic and metabolo-
mic data to fully elucidate the role of IGF2BP2 in NSCLC.

Conclusions

IGF2BP2 plays an essential role in NSCLC by modulat-
ing m°A modification of SLC7A11 mRNA and enhanc-
ing its stability, thereby inhibiting ferroptosis. These
findings highlight the therapeutic potential of targeting
the IGF2BP2-SLC7A11 axis. Future research should fo-
cus on exploring the broader clinical implications, such
as the development of small molecule inhibitors or other
therapeutic strategies that target this pathway. Addi-
tionally, investigating the role of IGF2BP2 in other types
of cancers may reveal new insights into its role in cancer
progression and ferroptosis regulation, potentially leading
to more effective, personalized treatments.
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Abstract

Background. Evidence regarding the optimal timing of peritoneal dialysis catheter (PDC) removal in renal
graft recipients is limited. While some centers opt for removal during the transplant procedure, others defer
catheter removal to various time points post-transplantation.

Objectives. Inthis multicenter cardinality-matched cohort study, we aimed to determine the optimal timing
of PDC removal in patients undergoing kidney transplantation.

Materials and methods. Data from 324 patients were collected across 5 centers. We compared patients
who had catheters removed during renal transplant (the PD(-free group) with those who had them removed
after the procedure (the PDC group), matched 1:2 by age, sex, body mass index (BMI), living, and extended
criteria donor statuses. We evaluated: 1) the need for dialysis within 2 post-transplant months, 2) a com-
posite endpoint of catheter-related infection, peritonitis and/or surgical site infection, and 3) the length
of hospitalization.

Results. After cardinality matching, the groups were well-balanced across all matching covariates. Postop-
erative dialysis was required in 14% of patients, with no statistically significant difference observed between
the PDC-free and PDC groups (19% vs 12%; odds ratio (OR) = 1.94; 95% confidence interval (95% Cl):
0.78—4.81;p=0.152). Of the 14 patients in the PDC group who required dialysis postoperatively, only 3 were
managed with peritoneal dialysis. No statistically significant difference was noted for the composite endpoint
(8.69% V5 6.2%; OR = 0.74; 95% (I 0.20—2.77; p= 0.656). Hospitalization was significantly longer in patients
from the PDC group (median [interquartile range (IQR)]: 11 [9-15] vs 9 [7-12]; BM = —3.036; p = 0.003).

Conclusions. This study did not demonstrate any benefits associated with delaying PDC removal in renal
graft recipients. On the contrary, postponing removal was linked to prolonged hospitalization.

Key words: kidney transplantation, peritoneal dialysis, delayed graft function, catheter-related infections
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Highlights

recipients.

» No clear evidence exists on the optimal timing for peritoneal dialysis catheter removal in kidney transplant

« This is the first multicenter, cardinality-matched cohort study comparing outcomes of peritoneal dialysis catheter
removal at the time of transplantation versus delayed removal.

+ Study results do not support routine delayed peritoneal dialysis catheter removal after kidney transplantation.

« Peritoneal dialysis catheter management in renal transplant patients should follow an individualized approach,
based on comprehensive risk—benefit analysis and patient-centered care.

Background

The perioperative care of peritoneal dialysis patients
undergoing renal transplantation involves addressing
various challenges across the preoperative, intraoperative
and postoperative phases.! These include but are not lim-
ited to optimizing dialysis, controlling the increased risk
of catheter-related infections, including peritonitis, bal-
ancing fluid volume and nutritional statuses, monitoring
surgical wound healing, ensuring rejection surveillance,
and establishing alternative acute or chronic renal replace-
ment therapy in case of graft failure or loss.> Another di-
lemma that transplant surgeons face is related to provid-
ing peritoneal dialysis catheter (PDC) management that
is most beneficial for the renal recipient. The problem can
be summarized by the clinical question of whether PDCs
should be left intact or removed during the transplant
procedure.?

Unfortunately, there is currently no consensus or robust
evidence to guide transplant teams on the optimal tim-
ing for PDC removal in renal graft recipients.®* Different
centers and individual transplant surgeons follow various
policies. These include routine removal of the catheters
at the time of transplant3-8 or postponing it until various
postoperative time points.”!° The European Best Practice
Guidelines for peritoneal dialysis suggest they can be left
intact for around 3—4 months following transplantation
even if good graft function is observed.!! However, these
guidelines, published in 2005, have never been updated
(also by other peritoneal dialysis expert groups or soci-
eties) and faced criticism due to their methodological
constraints.'?

A recent systematic review and meta-analysis concern-
ing 8 non-randomized studies of interventions did not
provide a definitive answer to the question about optimal
catheter removal in renal graft recipients due to the high
risk of bias of the included studies.’ It showed that sev-
eral factors should be taken into account when planning
perioperative and post-transplant catheter management,
i.e., the risk of early graft dysfunction requiring renal re-
placement therapy (including acute and chronic dialysis),
the risk of infectious or other catheter-related complica-
tions, as well as the patient’s preferences.

According to Gardezi et al.,'* patients receiving peri-
toneal dialysis are more likely to undergo kidney trans-
plantation compared to those on hemodialysis. Similar
trends are also observed in Poland where around 4% (4.24%
in 2021 and 4.17% in 2022) of dialyzed patients are treated
with peritoneal dialysis.!” Taking that into account, there
is an increasing need to provide objective evidence to help
clinicians and patients plan optimal dialysis catheter man-
agement to ensure the best possible transplant outcome,
including quality of life, and potentially reduce the number
of subsequent hospitalizations and costs.

Objectives

The objective of this retrospective cohort study was to deter-
mine the optimal timing of PDC removal in renal graft recipi-
ents by comparing patients with catheters removed at the time
of and after kidney transplantation, concerning the incidence
of requiring dialysis after the procedure, infectious complica-
tions and the length of hospitalization.

Materials and methods
Study design

We conducted a multicenter retrospective cardinality-
matched cohort study in peritoneal dialysis patients under-
going kidney transplantation. The reporting of this study
conforms to the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) and Strengthen-
ing the Reporting of Cohort Studies in Surgery (STROCSS)
2021 guidelines.!®1”

Ethical approval

Ethical approval and informed consent collection were
waived by the local Ethics Committee of the Medical Uni-
versity of Warsaw, Poland (decision No. AKBE/26/2021) due
to the retrospective character of this study. This study was
conducted in accordance with the principles of the Declara-
tion of Helsinki.
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Setting and participants

Retrospective data concerning adult (=18 years old) re-
nal graft recipients previously managed with peritoneal
dialysis were collected from patient’s medical records
across 5 kidney transplant centers in Poland. Patients
transplanted between 2010 and 2021 were considered eli-
gible for inclusion, ensuring at least 1 year of follow-up.
We excluded patients with PDCs removed more than 1 day
before the transplant procedure, those who underwent
multiorgan transplantation, or individuals with Bricker
ileal conduit urinary diversion. Patients with unknown
group assignment (no information on whether the PDC
was removed at the time or after kidney transplantation)
or with missing matching variables were also excluded
from the final analyses.

Both deceased donor (all after brain death) and liv-
ing donor renal transplant procedures were included
in the study. The PDC removal timing was at the discre-
tion of the transplant surgeon or other treating physician.
Some of them preferred removing the catheters at the time
of transplantation, while others postponed it. The achieve-
ment of stable graft function most commonly defined
the time of delayed removal.

Variables

Medical records from transplant wards and outpatient
clinics were searched to collect recipients’ and donors’ age,
sex, body mass index (BMI), subjects’ cumulative dialysis
vintage (in months), and number of episodes of peritonitis
before and after transplantation. Donor characteristics,
including extended criteria and living donor status, were
identified. Renal graft’s cold ischemia, vascular anasto-
mosis and operative times (all in minutes), graft storage
modality (including simple cold storage, hypothermic
machine perfusion and their combination), and PDC
placement site were extracted. Information about the use
of central line catheters during surgery, surgical drain-
age placement, as well as length of hospitalization and
surgical drainage use (both in days) were collected. Data
concerning intraoperative peritoneum breaches, ascites,
urinary leakage, urinary tract infections, catheter-related
infections, delayed graft function (defined as the need for
dialysis within 7 post-transplant days), types of dialysis
used following surgery, and peritoneal dialysis removal
time after transplantation (in days), and 1-year graft sur-
vival were evaluated.

Study endpoints

The primary endpoint was the incidence of needing dialy-
sis within 2 post-transplant months.!® Secondary objectives
included a composite endpoint defined as the incidence
of catheter-related infection, peritonitis and/or surgical site
infection, as well as the length of hospitalization.

1949

Cardinality matching

All patients were assigned to the group of recipients
whose PDCs were removed at the time of renal transplanta-
tion (the PDC-free group) or after the procedure (the PDC
group). Cardinality matching!® was used to match patients
1:2 by 5 covariates, i.e., kidney recipient’s age, sex, BMI,
living, and extended criteria donor statuses. These fac-
tors were selected based on the discussion and consensus
among the co-authors, following the evaluation of a web
of causation and literature search (to identify factors affect-
ing both the peritoneal dialysis removal and the need for
dialysis early after transplantation). Cardinality matching
uses advanced programming techniques to find the larg-
est matched sample balanced by prespecified covariates
without relying on, and thus overcoming some limitations
of, the propensity scores or coarsened covariate values.!*-2!
The matching was performed using the MatchIt package??
in R with the optimization performed by the HiGHs opti-
mization solver.”> An imbalance between the groups was
considered when absolute mean differences were greater
than 0.1.

Study size

Assumptions for sample size calculation were based
on the study by Kwong et al.>* and the recent meta-analysis
of observational studies.’ Setting a error at 0.05, B error
at 0.2, the allocation ratio 1:2 and assuming the propor-
tion for the primary endpoint at 0.19 in the PDC and 0.05
in the PDC-free group, we calculated the required sample
size of 186 (62 subjects in the PDC and 124 in the PDC-free
group). The calculations were performed using a priori
sample size calculation for Fisher’s exact test in G*Power
v. 3.1.9.7 (Heinrich Heine University, Diisseldorf, Germany,
2020).%°

Statistical analyses

Continuous variables were summarized using means
with standard deviations (SDs) or medians with interquar-
tile ranges (IQRs), depending on whether the normal dis-
tribution was determined using the QQ plot, histogram
and the Lilliefors test assessment. The Lilliefors test was
given priority over other assessments when evaluating
the distribution of continuous data. Categorical covariates
were expressed as the number of observations and per-
centages. No imputation was used to replace missing data
(missing data were deleted pairwise). Differences between
the groups for categorical variables were evaluated using
Fisher’s exact (when an expected value was less than 5)
or X2 tests of independence, as appropriate. For continuous
variables, the permuted Brunner—Munzel test was used.

In the matched cohort, the average marginal treatment
effect was evaluated with G-computation using robust
confidence intervals.?® For the primary and secondary
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composite endpoints, logistic regression models with
the matching variables as covariates, and matching weights
included, were created. The results were presented using
odds ratios (ORs) and robust 95% confidence intervals
(95% Cls). Assumptions of the logistic regression models
were verified using the Box—Tidwell test, Variance Inflation
Factor evaluation and Cook’s distance analysis. The Bon-
ferroni correction was applied to account for multiple
comparisons. A two-sided p-value less than 0.0167 (to ac-
count for the multiple tests performed) was considered
statistically significant. All calculations, statistical tests
and visualizations were performed using the MatchlIt,??
HiGHS,? cobalt,?” ggplot2,?® easyalluvial,? tableone,*® and
marginaleffects3! packages in R v. 4.3.2 (R Foundation for
Statistical Computing, Vienna, Austria).

Results
Sample characteristics

We collected data from 324 patients from 5 transplant
centers. After excluding those with missing data for
the matching or grouping variables, 324 were considered
eligible for inclusion. In the final analysis, 64 patients from
the PDC-free group were matched 1:2 with 128 patients
assigned to the PDC group (a total sample size of 192).
The flow of patients in the study is summarized in Fig. 1.

After the cardinality matching was conducted, 2 groups
balanced (absolute standardized mean difference
(SMD) <0.1) in terms of all matching variables were estab-
lished (Fig. 2,3). The studied population consisted of 47%
of females (48% in the subgroup of kidney recipients who

Covariate Balance
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[ 324 patients screened ]

39 patients excluded
due to missing
Y matching data

[285 patients with complete

matching data

A

Unmatched groups:

221 patients with PDC left in situ
64 patients with PDC removed during KTx)
Matched groups:

_ | 93 patients
“| unmached
128 patients with PDC left in situ

64 patients with PDC removed during KTx)

\

Fig. 1. Study flowchart

PDC - peritoneal dialysis catheter; KTx — kidney transplantation.

had their PDCs removed after and 45% in those with cath-
eters removed at the time of surgery). The operative time
was longer in patients with catheters removed at the time
of surgery (median [IQR]: 150 [130-181] vs 130 [105-156]
min; BM = 3.403, p = 0.002). The peritoneum was left intact
following the procedure in 66% (84/128) of subjects from
the PDC group and 64% (41/64) of those from the PDC-free
group (x% = 0.046, p = 0.830). A central venous catheter
was inserted more often in the PDC-free group (90% vs
53%; x4 = 25.991, p < 0.001). Surgical drainage was utilized

Fig. 2. Absolute standardized
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cardinality matching

BMI - body mass index.
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in 97% of subjects (98% in the PDC and 95% in the PDC-
free group; p = 0.336). The median [IQR] time to PDC
removal in the PDC group was 64 [42-97] days (the short-
est time was 6 days and the longest one 243). Key baseline
characteristics of the studied population are summarized
in Table 1, while operative and postoperative characteris-
tics are presented in Table 2.

Primary and secondary endpoints

The primary endpoint, defined as the need for dialy-
sis within 2 post-transplant months was observed in 19%
of patients from the PDC-free and 12% of patients from
the PDC group, with no statistically significant differ-
ence noted between the groups (OR = 1.94; 95% CI: 0.78
—4.81; p = 0.152, Table 3). Only 3 out of 14 subjects with
PDCs available underwent peritoneal dialysis (Table 2).
Similarly, no clinically and statistically significant differ-
ence was identified for the secondary composite endpoint
of the incidence of catheter-related infections, peritoni-
tis and/or surgical site infections. It was detected in 6.2%
of patients with PDCs removed at the time of transplant
and in 8.6% of recipients with catheters removed after
the surgery (OR = 0.74; 95% CI: 0.20 — 2.77; p = 0.656,
Table 4). These outcomes are presented graphically in Fig. 4
and Fig. 5. No significant differences were also identified

1951
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Fig. 3. Distributional balance assessment before and after matching
using density plots for recipient’s age (A) and BMI (E), and bar graphs
for recipient’s sex (B), living renal donor (C) and extended criteria donor
statuses (D)

BMI — body mass index; PDC — peritoneal dialysis catheter; KTx — kidney
transplantation.

when catheter-related infections other than peritonitis,
peritonitis and surgical site infections were evaluated sepa-
rately (Table 2).

The length of hospitalization was statistically signifi-
cantly shorter in the PDC-free group (median [IQR],
9 [7-12] vs 11 [9-15] days; BM = -3.036, p = 0.003).

Discussion

In this pragmatic cardinality-matched cohort study,
we showed that there was no statistically significant dif-
ference in the incidence of needing dialysis within the first
2 post-transplant months between patients whose PDCs
were left in situ during kidney transplantation and those
whose catheters were removed at the time of the proce-
dure. Accordingly, we could conclude that the current
decision-making based solely on the surgeon’s discretion
is not optimal and fails to predict which patients could
potentially benefit from postponing the catheters’ removal.
Therefore, we seek to determine more objective factors
to guide the medical practice on the optimal peritransplant
management of peritoneal dialysis patients.

Interestingly, in our study, more patients had
their Tenckhoff catheters left in place than removed
at the time of transplantation. A similar proportion was
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Table 1. Baseline demographic and clinical characteristics of patients before and after matching

Variable

overall
(n=285)

PDC group
(n=221)

Unmatched comparisons

PDC-free group
(n=64)

M. Zawistowski et al. Optimal timing of Tenckhoff catheter removal

overall
(n=192)

Matched comparisons

PDC-free

group
(n=64)

PDC group
(n=128)

Recipient’s age* [years] 48 [35-58] 49 [37-58] 40 [31-54] 0.384 40 [32-54] 40 [33-53] 40 [31-54] 0.051
Recipient’s sex: Female* 146/285 (51%) 117/221 (53%) 29/64 (45%) 0.153 90/192 (47%) 61/128 (48%) | 29/64 (45%) 0.047
Recipient’s BMI* [kg/m?] 24.8 (3.9) 25.1 (3.9) 239 (4.0) 0.306 24.0 (4.0) 24.1 (4.1) 239 (4.0) 0.045
Dialysis vintage [months] 19 [12-36] 21 [12-36] 16 [10-25] 0.372 17 [11-33] 18 [12-36] 16 [10-25] 0.256
Donor’s age [years] 48 [35-57] 48 [34-57] 48 [37-54] 0.075 48 [35-56] 48 [34-56] 48 [37-54] 0.010
Donor’s sex: Female 85/284 (30%) 68/221 (31%) 17/63 (27%) 0.084 55/191 (29%) 38/128 (30%) 17/63 (27%) 0.060
Donor’s BMI [kg/m?] 254[23.1-27.7] | 256[23.1-27.7] | 25.11[23.1-27.7] | 0035 | 25.1[22.9-27.5] 25.1[22.9-274] 25.1 [23.1-27.7] 0.043
Living renal donor* 10/285 (3.5%) 7/221 (3.2%) 3/64 (4.7%) 0.078 9/192 (4.7%) 6/128 (4.7%) 3/64 (4.7%) | <0.001
Extended criteria donor* 68/285 (24%) 56/221 (25%) 12/64 (19%) 0.159 38/192 (20%) 26/128 (20%) 12/64 (19%) | 0.039
Cold ischemia time' [min] 1211 (551) 1286 (533) 1005 (552) 0.520 1159 (559) 1259 (542) 1005 (552) 0.465
0 229/265 (86%) 173/202 (86%) 56/63 (89%) 158/183 (86%) | 102/120 (85%) = 56/63 (89%)
Episodes 1 26/265 (9.8%) 21/202 (10%) 5/63 (7.9%) 17/183 (9.3%) 12/120 (10%) 5/63 (7.9%)
of peritonitis 0.109 0.121
BeforakTe 2 6/265 (2.3%) 5/202 (2.5%) 1/63 (1.6%) 4/183 (2.2%) 3/120 (2.5%) 1/63 (1.6%)
3 4/265 (1.5%) 3/202 (1.5%) 1/63 (1.6%) 4/183 (2.2%) 3/120 (2.5%) 1/63 (1.6%)
PDC site: Right 68/228 (30%) 48/179 (27%) 20/49 (41%) 0299 = 50/149(34%) = 30/100 (30%) = 20/49 (41%) = 0.228

Continuous variables were summarized using means (standard deviation (SD)) or medians (interquartile range (IQR)), while the categorical ones as n (%).
PDC - peritoneal dialysis catheter; KTx — kidney transplantation; ASMD - absolute standardized mean difference (calculated using the tableone package

in R); BMI - body mass index. * Matching covariates. " Data were missing for 31 subjects from one of the transplant centers participating in the study.

presented in a study by Warren et al,.> who analyzed
data from 2 centers in the UK. Unfortunately, it is im-
possible to retrospectively evaluate why this approach
was preferred. What could give some hints is the longer
cold ischemia time in the PDC group (Table 2) which,
however, was not associated with a higher risk of need-
ing dialysis early after transplantation. Nevertheless,
feasible is the evaluation of whether attempts of peri-
toneal dialysis following transplantation were suc-
cessful. The results are not very promising. Only 3 out
of 14 patients (3 out of 27 in the unmatched cohort,
Table 2) requiring dialysis underwent peritoneal dialysis
despite having Tenckhoff catheters left intact during
their transplant procedures. Reports based on large da-
tabases prove that there is potential to use peritoneal
dialysis more frequently. In France, according to a re-
port by the Biomedicine Agency from 2013, only 5.1%
of patients with failed allografts receive peritoneal dialy-
sis®2 while in the USA this figure was at 16% (data from
the United States Renal Data System).3® Furthermore,
the patients’ preferences are also important to consider
when selecting between various dialysis modalities fol-
lowing graft failure. These are highly individualized
and usually depend on various factors, including, i.a.,
individual circumstances, medical history, lifestyle con-
siderations, experience, expectations, and perceptions.?*
Nevertheless, this is also influenced by the actual avail-
ability of both dialysis modalities and whether patients
are provided by their healthcare providers or insurers
with the option to choose between them.

Assuming that both the clinical team and the patient
would consider having a PDC left in place during the trans-
plant procedure, a question remains: How to predict the risk
of needing dialysis after the procedure? There are 2 main
different scenarios when dialysis might be needed shortly
after kidney transplantation, i.e., in case of delayed graft
function or primary non-function/early graft loss. Unfor-
tunately, the process of restarting any type of dialysis after
kidney transplant failure is not well addressed in clinical
guidelines.?® In the meta-analysis of 8 non-randomized
studies of intervention from 2022, the pooled prevalence
of needing dialysis early after transplantation for any rea-
son was 15.2% (95% CI: 11.1-20.3%) in patients with PDCs
removed at the time of transplantation and 8.6% (95% CI:
2.7-24%) in the group with Tenckhoff catheters removed
after surgery.!® A similar trend was noted in the current
study (19% vs 12%), despite cold ischemia time being longer
in the PDC group (Table 1). Over a decade ago, a good and
practical concept of using web-based calculators to pre-
dict delayed graft function was proposed by Irish et al.3
A similar tool could be developed to help predict primary
non-function. Considering the better availability of high-
volume real-world data and recent advancements in cal-
culation techniques, we recommend revisiting this idea
and creating newer validated predictive models. Bearing
in mind the high variability in population characteristics
among various continents and countries, it would be appro-
priate to include as diverse and big a population as possible.

Another dilemma that might appear is whether it is safe
to proceed with peritoneal dialysis shortly after kidney
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Table 2. Operative and post-transplant characteristics of the patients

Unmatched comparisons

Matched comparisons

Variable overall PDC group Plgrco—zrse overall PDC group st;irse
(n = 285) (n=221) = (n=192) (n=128) et
simple cold storage | 183/275 (67%) | 139/215 (65%) | 44/60 (73%) 122/185 (66%) | 78/125 (62%) | 44/60 (73%)
Graft hypothermic machine | g, >75 3300 | 74/215 (34%) | 16/60 (27%) 62/185 (34%) | 46/125 (37%) | 16/60 (27%)
perfusion
storage 0.223 0.259
modality’ | simple cold storage/
hypothermic machine | 2/275 (0.7%) | 2/215(0.9%) = 0/60 (0%) 1/185(05%) = 1/125(08%) = 0/60 (0%)
perfusion
Anastomosis time [min] 35 [30-41] 35[29-41] | 33[30-40] | 000 | 33 [30-40] 35[29-40) | 33[30-40] | 0.190

Operative time [min]

Intact peritoneum after KTx
Central line used during KTx 178/276 (64%)  121/213 (57%)
Surgical drainage used after KTx 276/283 (98%) | 215/219 (98%)

Length of surgical drainage use

135[105-160] | 130 [105-155] | 150[130-181] = 0.517
189/284 (67%) | 148/220 (67%) | 41/64 (64%) 0.068
57/63 (90%) 0.827
61/64 (95%) 0.162

135[105-160] | 130 [105-156] @ 150[130-181] 0.565
125/192 (65%) | 84/128 (66%) | 41/64 (64%) | 0.033
1217184 (66%) = 64/121 (53%) = 57/63 (90%) = 0918
186/191 (97%) | 125/127 (98%) | 61/64 (95%) | 0.179

e 3[2-4] 3[2-4] 3[2-5] 0225 3[2-4] 3[2-4] 3[2-5] 0.361
Length of hospitalization* [days] 11[8-15] 12 [9-17] 9(7-12] 0408 10 [8-14] 11 [9-15] 9[7-12] 0.274
Infectious complications* 20/285(10%) | 25/221(11%) = 4/64(62%) = 0.80 | 15/192(7.8%)  11/128 (86%)  4/64(62%) = 0090
Urinary tract infection 66/273 24%) | 53/210(25%) = 13/63(21%) | 0.110 | 38/186(20%) | 25/123 (20%) | 13/63(21%) @ 0008
Surgical site infection 17/275(62%) | 14/212 (66%) = 3/63 (48%) = 0080 | 10/187 (53%) = 7/124 (56%) = 3/63(48%) & 0.040
Episodes of 0 263/272 (97%) | 201/210(96%) | 62/62(100%) | | 180/183 (98%) | 118/121 (98%) | 62/62100%) |
peritonitis after KTx 1 9/272 33%) | 9/210 (4.3%) 0/62 (0%) ‘ 3/183 (1.6%) | 3/121 (2.5%) 0/62 (0%) '
Eggt’gi';itfjgeg'xo” otherthan o7 0om) | 7/21233%) | 1/62(16%) | 0109 | 4/185(22%) | 3/123(24%) | 1/62(1.6%) | 0059
Ascites 3276 (11%) | 3/213(14%) | 0/63(0%) | 0169 | 3/187(16%) | 3/124(24%) = 0/63(0%) | 0223
Urinary leakage 13/280 (46%) | 6/218(2.8%) | 7/62(11%) | 0339 | 9/190 47%) | 2/128(1.6%) | 7/62(11%) | 0.405
Delayed graft function 36/284 (13%) | 25/220 (11%)  11/64(17%) = 0.167 | 23/192(12%) | 12/128(94%) 11/64(17%) 0232
ssii‘;‘agnf'ﬂéimfhm 2 post- 41/281 (15%) | 29/218(13%) | 12/63(19%) | 0156 | 27/192 (14%) | 15/128(12%) | 12/64(19%) | 0.197
Use of oeritoney| | TEMOCRYSES | 3639920 | 24/27 (89%) | 12/12(100%) 23/26 (88%) | 11/14(79%) | 12/12 (100%)

se O perltonea

se ol » 0.500 0.739
dialysis after KTx ggl';gzea' 3/39 (7.7%) 3/27 (11%) 0/12 (0%) 3/26 (12%) 3/14 (21%) 0/12 (0%)

Graft functioning 1 year after KTx 240/261 (92%) | 189/207 (91%) = 51/54 (94%) 0.122 | 163/174 (94%) = 112/120 (93%)

69 [42-100] - - -

51/54 (94%) = 0.046
64 [42-97] - -

PDC removal time [days] -

Continuous variables were summarized using means (standard deviation (SD)) or median (interquartile range (IQR)) while the categorical ones as n (%).
PDC - peritoneal dialysis catheter; KTx — kidney transplantation; ASMD - absolute standardized mean difference (calculated using the tableone package
in R); BMI - body mass index. * the composite secondary endpoint defined as the incidence of catheter-related infections, peritonitis, and/or surgical site

infection; ' the secondary endpoint; * the primary endpoint.

transplantation. Potentially high risk of peritoneal breaches
might be concerning to surgeons. In our study, despite
grafts being implanted extraperitoneally, the peritoneum
was assessed by surgeons to be intact in around 65%
of cases, without any notable differences between the eval-
uated groups. According to Issa and Lakhani,?” a com-
promised peritoneum is an indication to remove the PDC
during a renal transplant. Nevertheless, in the absence
of contraindications, the evidence about peritoneal dialysis
initiation shortly after transplantation is compelling and
suggests that such treatment is safe.3® Furthermore, a ran-
domized controlled trial (RCT) proved that it is feasible
and safe to use PDCs even immediately after insertion.*
In that study, no relevant differences were noted when

patients with urgent and delayed utilization groups were
compared regarding catheter-related complications and
catheter survival within 1 year following the insertion.
Another doubt might be related to the concern of poten-
tial infectious complications, including catheter-related
infections and peritonitis.**> The results of our study did
not show such trends which is consistent with other re-
ports.!> We did not identify clinically relevant increased
rates of peritonitis shortly after transplantation among
patients with catheters left in situ. However, we were not
able to evaluate long-term results.

Unfortunately, there is still insufficient evidence avail-
able to compare the 2 approaches to peritransplant PDC
management in terms of the patient’s outcomes, including
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Fig. 4. Alluvial diagram summarizing rates for the primary and secondary composite endpoints. Number of flows: 7. Maximum weight of a single flow: 55.7%
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Fig. 5. Alluvial diagram summarizing rates for the primary and secondary composite endpoints, split by the participating transplant center. Number

of flows: 22. Maximum weight of a single flow: 18.8%

overall graft survival and quality of life, as well as short
and long-term costs. We noticed that the removal of PDCs
during surgery prolongs the procedures by around 20 min.
The costs to the healthcare system can go up when
the catheters are left intact due to the need for subsequent
hospitalizations and procedures required to eventually
remove them. Costs and additional risks might be also

related to potential complications associated with such
interventions, including those related to the use of general
anesthesia that might be used in some cases. Unfortunately,
the retrospective nature of data collection and the vari-
ability in local treatment practices limited our ability
to evaluate such complications in detail. However, what was
identified in our study is that patients with catheters left
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Table 3. Logistic regression model for the primary endpoint analysis

Covariate | OR | 95% ClI | p-value
Peritoneal dialysis catheter removal
After kidney transplant - -
0.152
At the time of kidney transplant 1.94 0.78-4.81
Recipient’s age* 1.00 0.93-1.08 0.963
Recipient’s sex*
Male - -
0.768
Female 124 0.29-5.26
Recipient’s BMI* 1.09 0.88-1.35 0442
Living kidney donor*
No - -
0.539
Yes 317 0.08-126.31
Extended criteria donor*
No - -
0319
Yes 264 0.39-17.89

*Matching variables. OR — odds ratio; 95% CI - 95% confidence interval
BMI - body mass index.

in situ stayed statistically significantly longer in the hospi-
tal after their transplant procedures. The hospitalization
prolongation was about 2 days, which for patients on im-
munosuppression may be considered clinically significant
due to increased risk of hospital-acquired infections. This
outcome has an uncertain origin and, to our knowledge,
was not described before. We hypothesize that it might be
related to the desire to observe such patients more closely
for signs of potential catheter-related infections early
after transplantation. It could also be related to delayed
graft function or the need for dialysis before the initial
discharge. However, delayed graft function was more fre-
quent in the PDC-free group (17% vs 9.4%, Table 2). It is also
possible that it was due to some other unidentified factors.

With an increasing number of patients using peritoneal
dialysis worldwide, the dilemma of Tenckhoff catheter
removal in such patients might become more frequent
and put a more noticeable burden on healthcare systems
in the future. What is worth pointing out is that based
on various, often negative experiences, some authors de-
clared to switch to a routine of removing PDCs during
kidney transplantation.3-

Limitations

The present study study is limited by its retrospective
design. This issue was mitigated by the use of cardinality
matching, which yielded satisfactory results in terms of get-
ting balanced groups. Nevertheless, the risk of unmeasured
confounding persists.’ Despite including patients from
5 transplant centers and setting a broad data collection
period, the sample size was not very big. This proves that
although an RCT would be the best method to answer
the studied dilemma, it requires a large number of par-
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Table 4. Logistic regression model for the composite secondary endpoint
analysis

Covariate | OR | 95% Cl | p-value
Peritoneal dialysis catheter removal
After kidney transplant - -
0.656
At the time of kidney transplant 0.74 0.20-2.77
Recipient’s age* 0.96 0.90-1.10 0.928
Recipient’s sex*
Male - -
0217
Female 0.30 0.04-2.05
Recipient’s BMI* 1.00 0.74-1.35 0.993
Living kidney donor*
No - -
15%x10°8 <0.001
7
Yes 82x10 —44% 105
Extended criteria donor*
No = =
0.192
Yes 6.11 0.40-92.40

*Matching variables. OR — odds ratio; 95% CI - 95% confidence interval;
BMI - body mass index.

ticipating sites and countries and/or a long enrollment pe-
riod which would significantly increase its potential costs.
In contrast, no external funding was needed to complete
this matched cohort study which to some extent emulates
a true RCT.1*4° Moreover, cardinality matching is thought
to bring some advantages in the setting of a small sample
size when compared to other observational data analysis
methods.*! Our data can be used to power a prospective
study. What should be considered in future research that
could not be evaluated in ours are patient-reported out-
comes, including quality oflife and satisfaction assessments.

Conclusions

We did not identify any significant benefits from post-
poning PDC removal in patients undergoing kidney trans-
plantation. Neither clinically nor statistically significant
differences were noted for the need for dialysis within
2 post-transplant months when patients with catheters
removed at the time and after the procedure were com-
pared. Postponed catheter removal was not associated with
an increased rate of infectious complications. However,
it was associated with prolonged hospitalization. An indi-
vidual approach based on a detailed risk-benefit assessment
and patient preferences should be taken into account when
planning PDC management in renal graft recipients.

Data Availability Statement
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Abstract

Background. Optic nerve head drusen (ONHD) are benign calcified deposits that can compress local capil-
laries, disrupt blood flow and potentially lead to visual loss.

Objectives. The aim of the study was to present the correlations between optical coherence tomography
(OCT), OCT angiography (OCTA) results and fundus autofluorescence (FAF) findings in patients with ONHD,
andto highlight the importance of multimodal imaging in the diagnosis and management of this pathology.

Materials and methods. This retrospective study included 21 patients (36 eyes) with ONHD, with a mean
age of 45.75 years (range: 1971 years), who had no other ocular pathologies. All participants underwent
a full ophthalmic examination and multimodal imaging using the DRI Triton OCT (Topcon). Drusen presence
was divided into quadrants based on FAF and correlated with OCT and OCTA results.

Results. Optic nerve head drusen were unilateral in 6 patients (28.57%) and bilateral in 15 (71.43%).
Drusen were most common in the nasal and superior quadrants (NQ and SQ) but were significantly more
frequent in the inferior (IQ) and temporal (TQ) quadrants in patients with bilateral ONHD. Eyes with drusen
located in the 1Q and TQ showed a significantly decreased radial peripapillary capillary (RPCP) vessel density
(VD). Retinal nerve fibre layer (RNFL) measurements showed the strongest positive correlations with RPCP,
especially inthe IQ (r=0.78, p < 0.001). Ganglion cell layer and nerve fiber layer (GCL++) thickness showed
significant correlations with RPCP VD, particularly in the 1Q and TQ (p < 0.001 for both).

Conclusions. Fundus autofluorescence is a valuable tool for identifying superficial drusen. Optical coher-
ence tomography and OCTA are effective in assessing optic nerve fiber integrity and microvascular changes.
Microcirculation assessment using OCTA should focus not only on the radial peripapillary capillaries (RPCP),
but also on the macular region. Multimodal imaging plays a crucial role in the accurate diagnosis and com-
prehensive evaluation of patients with ONHD. Further longitudinal studies are needed to investigate how
these correlations evolve over time, particularly in the context of ONHD progression.

Key words: optical coherence tomography, multimodal imaging, fundus autofluorescence, optic nerve
head drusen, OCT angiography
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Highlights

drusen (ONHD).

microvascular changes in ONHD.

.

quadrants, indicating microvascular compromise.

-

+ The study confirms fundus autofluorescence (FAF) as a sensitive method for detecting superficial optic nerve head
+ Optical coherence tomography (OCT) and OCT angiography (OCTA) reveal significant optic nerve fiber and
Reduced RPCP vessel density (VD) correlates with thinner retinal nerve fibre layer (RNFL), particularly in inferior
+ Macular ganglion cell layer (GCL++) thinning suggest strong associations with superficial capillary plexus (SCP)

VD in susceptible superior and inferior quadrants, what should be confirmed in future studies.
Multimodal imaging is crucial in monitoring ONHD progression.

Background

Optic nerve drusen (OND), also known as optic nerve
head drusen (ONHD) or optic disc drusen (ODD), are cal-
cified, acellular deposits that accumulate within the optic
nerve head (ONH)."? These deposits are composed of cal-
cium, amino acids, nucleic acids, and mucopolysaccharides.?

They can be located superficially, where they are visible
during an ophthalmologic examination and give the optic
disc a lumpy appearance, or buried deeper in the ONH,
where they may cause the disc to appear swollen and con-
gested.>* Recent studies have confirmed that ONHD gen-
erally occupy a prelaminar location in the ONH.? Buried
ONHD creates an elevated optic nerve appearance with
anirregular, scalloped border, while superficial ONHD ap-
pear as hardened yellow deposits on the surface of the op-
tic nerve.*

Histological studies, like those by Tso, suggest that
ONHD formation may result from disrupted axoplasmic
transport, which causes mitochondria to extrude into
the extracellular space.” Over time, calcium deposits
in the mitochondria lead to the formation of drusen,
typically in front of the lamina cribrosa.* Although
the exact mechanism of ONHD formation remains
unclear, it is thought that a small optic disc and a nar-
row scleral canal may contribute to their development.
These anatomical features can restrict axoplasmic
flow, leading to impaired transport within the optic
nerve fibers and eventually causing ganglion cell axon
degeneration.®’

The ONHD affect approx. 0.3-2.4% of the general popu-
lation.>® They are often bilateral (in about 75% of cases),
with a higher preponderance in the nasal, rather than tem-
poral, optic disc quadrants.>* They are more common
in Caucasians and may have a genetic predilection.”!!

Patients with ONHD usually are asymptomatic and un-
aware of the condition. If occur, visual field defects are
the most common symptom, observed in about 51% of chil-
dren and 75% of all affected individuals, with reported
rates ranging from 11.2% to 87%.!> However, in cases

where symptoms do arise, patients reported peripheral
vision loss, reduced night vision, flickering lights, flashes,
or brief visual distortions, and increased blind spot size.!*
In rare cases, significant loss of visual acuity can occur
due to vascular complications associated with ONHD.
Such complications may include secondary conditions like
central retinal artery (CRAO) or vein (CRVO) occlusion,
anterior ischemic optic neuropathy (AION), or the forma-
tion of choroidal neovascular membranes (CNV). These
issues are often a result of mechanical pressure exerted
by the drusen on nearby blood vessels.1>1¢

Diagnosing ONHD requires a comprehensive ophthal-
mic examination and specialized imaging techniques.
Multimodal imaging allows proper diagnosis and those
used in ONHD diagnostics include, i.a., color fundus
photography, fundus autofluorescence (FAF), ultrasound
B-scans, optical coherence tomography (OCT), OCT An-
giography (OCTA), and visual field testing.'”

Fundus autofluorescence exploits the natural fluores-
cence emitted by certain components of the drusen, al-
lowing them to be visualized clearly. Autofluorescence
imaging is valuable for identifying superficial ONHD.1”18

Optical coherence tomography is a noninvasive imaging
technique that uses light waves to create cross-sectional
images of the retina. This test can provide detailed images
of the ONH and is particularly useful in assessing the loca-
tion and extent of the drusen.!”

Optical coherence tomography angiography provides
detailed images of blood flow in the retina and optic
nerve.!” As drusen accumulate within the ONH, they
can crowd this area, compressing the small capillaries
that supply blood to the optic nerve. This crowding ef-
fect, particularly when drusen are superficial or located
near major vessels, can cause disturbances in local blood
flow. Such compression can lead to minor ischemia in cer-
tain areas, potentially affecting nerve fibers and leading
to gradual visual field loss.2? OCTA can show decreased
capillary density and areas of peripapillary dropout in pa-
tients with ONHD, helping to assess the extent of vascular
compromise.’’
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Objectives

The aim of the study was to present correlations between
OCT and OCTA results and fundus autofluorescence (FAF)
findings in patients with superficial ONHD and highlight
the importance of multimodal imaging in this pathology.

Materials and methods

This retrospective study enrolled 21 patients (36 eyes) di-
agnosed with ONHD who attended the Outpatient Clinic
of the Military Institute of Aviation Medicine in Warsaw
(Poland) between January 2019 and November 2024.
The study protocol was approved by the Bioethics Com-
mittee at the Military Medical Chamber (approval No.
KB 77/2024).

The inclusion criterion was a diagnosis of superficial
drusen, determined by their presence observed in FAF. Ex-
clusion criteria included a history of any retinal or choroi-
dal pathology that could have influenced the results, such
as glaucoma, diabetic retinopathy, uveitis, or a refractive
error greater than +3.0 diopters (D).

All patients underwent a complete ophthalmic exami-
nation and multimodal imaging using swept-source DRI
OCT Triton (SS-OCT; Topcon, Tokyo, Japan), which
included color fundus photography, FAF, OCT, en face
OCT, and OCTA. The Triton SS-OCT uses a wavelength
of 1,050 nm with a scan speed of 100.000 A-scans per sec-
ond. A 7.0 x 7.0 mm 3D macula scan centered on the fovea
and a 6.0 x 6.0 mm 3D disc scan centered on the optic nerve
head (ONH) were obtained. The RNFL and GCL++ param-
eters were measured automatically using the built-in OCT
software. GCL++ refers to the combination of the ganglion
cell layer (GCL) and the nerve fiber layer (NFL) in the macu-
lar region. The OCTA was performed using 4.5 x 4.5 mm
images centered on the macula and ONH. Vessel density
was automatically calculated by the software as a percent-
age, based on the area occupied by blood vessels in the su-
perficial capillary plexus (SCP) and radial peripapillary
capillaries (RPCP). Macular outcomes were measured
in the fovea (0—1 mm) and parafoveally. The parafoveal area,
as defined by the 3-mm partial early treatment diabetic
retinopathy study (ETDRS) chart provided by the software,
corresponds to the region between the 1-mm and 3-mm
concentric rings centered on the fovea. This area was fur-
ther divided into 4 sectors for quadrant analysis: temporal
(TQ), superior (SQ), nasal (NQ), and inferior (IQ).

Eyes with low-quality scans (image quality <60), with
motion artifacts or blurred images were excluded from
the final analysis.

Statistical analyses

Numerical variables were presented as their mean and
standard deviation (SD) values. Categorical variables

1961

were described through integer numbers and percent-
ages. The Shapiro—Wilk W test was performed to verify
the normality of distribution. Levene’s test was fitted to as-
sess the homogeneity of variances. A multifactor analysis
of variance (ANOVA) without replications was carried out
for normally distributed numerical traits with homogenic
variances when estimating the significance of differences
in the investigated traits by prevalence of drusen. General-
ized linear models were applied otherwise, when dealing
with non-normally distributed variables or heterogenic
variances (normal distribution and identity link function
were chosen). The parametric models were controlled
for age. Their goodness-of-fit was assessed by calculat-
ing the Akaike information criterion (AIC) and Bayesian
information criterion (BIC), instead of R?, which cannot be
computed for the Generalized Linear Models used. A spe-
cial correction method for p-values was used when encom-
passing family hypotheses if applicable. Model testing was
based on one main independent (grouping) variable, i.e.,
the presence of drusen in the examined eyes, along with
participants’ age as a control variable. No explicit “family
of hypotheses” was established, as the analyses consistently
focused on the presence of drusen, controlled for age, and
investigated separate and independent retinal areas, which
did not naturally infer one another. To estimate linear re-
lationships between pairs of numerical traits, the Pearson’s
product-moment correlation coefficients were computed.
For discrete variables, the significance of references in fre-
quencies were tested by using Fisher’s exact test. A level
of p < 0.05 was considered statistically significant. All
the statistical procedures were performed using Statistica
v. 13.3 (TIBCO Software Inc., Palo Alto, USA)

Results

The study involved 14 female and 7 male participants.
The mean age of the subjects was 45.75 years (range: 19—
71 years; SD = 14.81). All participants were Caucasian,
in good general health, and had a best-corrected visual
acuity (BCVA) ranging from 0.8 to 1.0. Intraocular pres-
sure (IOP) was within normal limits (ranging from 12 mm
Hg to 20 mm Hg) in all patients.

Patients’ demographic and clinical characteristics were
summarized in Table 1. The ONHD occurred unilaterally

Table 1. Demographic and clinical characteristics of patients with ONHD

Patients (n = 21)
19-71 (M =45.75; SD = 14.81)

Characteristics

Age, range [years]

Sex, n (%) 14 female (66.67), 7 male (33.33)
Race, n (%) 21 Caucasian (100%)
BCVA, range 0.8-1.0

n —integer number, M — mean, SD - standard deviation; BVCA - best-
corrected visual acuity; ONHD - optic nerve head drusen.
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Fig. 1. Multimodal imaging of the left eye (LE) in patient with ONHD. A. SS-OCT B-scan showed hyporeflective core and hyperreflective halo around
deposits visible in the ONH; B,C. Decreased RNFL in SQ and 1Q and GCL++ values; D. Color fundus photography — indistinct margins and mild swelling
of the ONH; E. FAF —irregular hyperautofluorescent round structures with irregular edges were observed in ONH

SQ - superior quadrant; 1Q — inferior quadrant; NQ — nasal quadrant; TQ — temporal quadrant; ONHD — optic nerve head drusen.

Table 2. Baseline characteristics of the study cohort by number of eyes with ONHD

Analyzed trait Overall Unilateral drusen Bilateral drusen p-value*
Number of participants, n (%) 21 (100.00) 6 (28.57) 15(71.43) -
Number of eyes, n (%) 36 (100.00) 6(16.67) 30(83.33) -

Drusen in quadrants, n (%)

SQ 30(83.33) 6 (100.00) 24 (80.00) 0.561

1Q 27 (75.00) 2(3333) 25(83.33) 0.024

NQ 32(88.89) 6 (100.00) 26 (86.67) >0.999

TQ 15 (41.67) 0 (0.00) 15 (50.00) 0.030

F(1,34)=0.12

A=230

Age [years], M (SD) 4575 (14.81) 4383 (19.97) 4613 (13.97) pa’ga:‘ ?)2;32‘00

(Levene's test .F(1 ,34)=3.78

p = 0.060)

- integer number, M — mean; SD - standard deviation; SQ - superior quadrant; IQ - inferior quadrant; NQ - nasal quadrant; TQ — temporal quadrant;
ONHD - optic nerve head drusen. * Fisher's two-sided test was performed, only p-values are presenteded. Values in bold are statistically significant.

in 6 (28.57%) and bilaterally in 15 patients (71.43%). Multi- — for TQ (p = 0.030), as no eyes in the unilateral group
modal imaging findings of ONHD were presented in Fig. 1 exhibited temporal drusen, while 50% of eyes in the bilat-
and Fig. 2. eral group did;

The FAF imaging technique was used to detect the pres- — for IQ (p = 0.025), with a higher percentage of affected

ence of superficial drusen and to categorize them by their eyes in the bilateral group (83.33%) compared to the uni-
location into specific quadrants. Based on FAF findings, lateral group (33.33%) (Table 2).
ONHD most frequently occurred in the NQ and SQ. How- The RNFL thickness decreased significantly with age
ever, we observed that ONHD in the TQ and IQ were more in all quadrants except the TQ (p = 0.362). The GCL++
common in patients with bilateral drusen than in those thickness also showed a decreasing trend, but without sta-
with unilateral drusen, and the differences were statisti- tistical significance (Table 3).

cally significant:
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Fig. 2. OCTA of the ONH and macula in patient with ONHD (right eye (RE)). A. VD map of ONH region showed decreased RPCP density (dark blue color)
in SQ and NQ; B. VD map of SCP showed decreased VD (dark blue color) in SQ, NQ and TQ of the macula

OCTA - optical coherence tomography angiography; ONH - optic nerve head; VD - vessel density; ONH — optic nerve head; RPCP - radial peripapillary
capillaries; SQ - superior quadrant; NQ - nasal quadrant; TQ — temporal quadrant; SCP — superficial capillary plexus.

Age was significantly negatively correlated with RPCP
VD in the SQ, IQ, and NQ, indicating reduced capillary
density in these areas. The TQ RPCP VD showed a mod-
erate negative trend; however, it did not reach statistical
significance (p = 0.053). Significant negative correlations
were found in the IQ and TQ of SCP VD, suggesting re-
duced VD with age. However, foveal VD (FVD) increased
significantly with age (r = 0.38, p = 0.044) (Table 4).

A comparison was made between OCTA measurements
and other structural parameters, including RNFL and GCL++.

RPCP VD was analyzed by comparing eyes with and
without drusen detected by FAF. Eyes with ONHD
in the IQ and TQ showed significantly lower RPCP VD
compared to eyes without drusen. No significant differ-
ence was found in the SQ. While there was a trend for lower
RPCP VD in the NQ, the difference was not statistically
significant (Table 5).

Optical coherence tomography measurements and RPCP
VD were compared. RNFL thickness showed positive cor-
relations with RPCP VD, with the strongest correlation
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Table 3. Pearson’s product-moment correlation coefficients and
corresponding p-values for the investigated OCT measurements vs age
in the study participants’ eyes

Age [years]
n
RNFL [um]
SQ -0.50 36 0.002
1Q -0.51 36 0.002
NQ -0.50 36 0.002
TQ -0.16 36 0.362
Total -0.51 36 0.001
GCLA++ [um]
Superior -0.25 36 0.146
Inferior -0.21 36 0.223
Total -0.25 36 0.147

n - integer number, r — Pearson correlation coefficient; OCT - optical
coherence tomography; RNFL - retinal nerve fibre layer; SQ - superior
quadrant; 1Q - inferior quadrant; NQ - nasal quadrant; TQ — temporal
quadrant; GCL++ — ganglion cell layer and the nerve fiber layer. Values
in bold are statistically significant.

Table 4. Pearson’s product-moment correlation coefficients and
corresponding p-values for the investigated OCTA measurements vs age
in the study participants’ eyes

Age [years]
n

RPCP VD [%)]
SQ -0.52 36 0.001
1Q -0.37 36 0.024
NQ -0.57 36 <0.001
TQ -033 36 0.053

SCPVD [%]
SQ -0.34 36 0.074
IQ -0.37 36 0.049
NQ -0.29 36 0.126
TQ -0.42 36 0.024
FVD 0.38 36 0.044

n - integer number, r — Pearson correlation coefficient; OCTA - optical
coherence tomography angiography; SQ - superior quadrant; IQ — inferior
quadrant; NQ - nasal quadrant; TQ — temporal quadrant; RPCP - radial
peripapillary capillaries; SCP — superficial capillary plexus; FVD — foveal
vessel density. Values in bold are statistically significant.

Table 5. RPCP VD values [%] in individual quadrants of the ONH by drusen occurrence in FAF

Statistical parameter*

Quadrant Drusen occurrence in FAF

present 43.76 6.20
SQ

absent 4524 228

present 44.76 574
1Q

absent 4923 246

present 39.90 6.29
NQ

absent 43.80 6.97

present 43.46 3.12
TQ

absent 46.84 3.98

normality
W=10.95 Wald stat. 0.90
p=0.156 estimate 1.01 ((-1.09)-3.12)
A=148
AIC = 22285
W =096 BIC=229.19
p=0838 p=0344
(Levene’s test F(1,34) = 4.92
p=0.033)
W=10.96 Wald stat. 7.71
p=0457 estimate 2.42 (0.71-4.13)
A=4.47
AIC=218.82
W =092 BIC=225.16
p=0436 p=0.005
(Levene’s test F(1,34) = 6.96
p =0.008)
W=0.93 Wald stat. 0.93
p=0.053 estimate 1.31 ((-1.36)-3.98)
A =390
AlC =227.54
W =091 BIC =233.88
p=0459 p=0335
(Levene's test F(1,34) =0.14
p=0.707)
W =0.98 Wald stat. 7.18
p =0.960 estimate 1.55 (0.42-2.68)
A=3.38
AIC=197.96
W =095 BIC =204.30
p=0.285 p =0.007
(Levene's test F(1,34) =0.07
p = 0.789)

*M - mean; SD - standard deviation. **Generalized Linear Models were carried out, controlled for age. AIC — Akaike information criterion; BIC — Bayesian
information criterion; SQ - superior quadrant; |Q — inferior quadrant; NQ — nasal quadrant; TQ - temporal quadrant; FAF — fundus autofluorescence;
RPCP - radial peripapillary capillaries; VD — vessel density; ONH — optic nerve head; FAF — fundus autofluorescence. Values in bold are statistically significant.
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Table 6. Pearson’s product-moment correlation coefficients and corresponding p-values for the investigated OCT measurements vs RPCP VD in the study

participants’ eyes

RPCP VD, SQ

[%] [%]

RPCP VD, IQ

RPCP VD, NQ RPCP VD, TQ
[%] [%]

RNFL [um]
SQ 0.60 <0.001 0.57 <0.001 0.53 <0.001 0.43 0.009
1Q 0.59 <0.001 0.78 <0.001 0.53 <0.001 0.57 <0.001
NQ 0.42 0.010 0.39 0.017 0.64 <0.001 0.09 0.606
TQ 0.38 0.021 0.51 0.001 0.34 0.043 0.61 <0.001
Total 0.63 <0.001 0.70 <0.001 0.60 <0.001 0.53 <0.001
GCL++ [um]
Superior 0.35 0.036 0.50 0.002 0.38 0.023 0.54 <0.001
Inferior 0.44 0.007 0.57 <0.001 0.36 0.033 0.57 <0.001
Total 0.43 0.010 0.57 <0.001 0.39 0.018 0.59 <0.001

Number of correlated pairs of variables was always n = 36. n — integer number, r — Pearson’s correlation coefficient; OCT — optical coherence tomography;
RNFL - retinal nerve fibre layer; SQ - superior quadrant; IQ — inferior quadrant; NQ — nasal quadrant; TQ — temporal quadrant; GCL++ — ganglion cell layer
and the nerve fiber layer; RPCP - radial peripapillary capillaries; VD — vessel density. Values in bold are statistically significant.

Table 7. Pearson’s product-moment correlation coefficients and corresponding p-values for the VD SCP vs RPCP in the study participants’ eyes

RPCP VD, SQ (%)

RPCP VD, 1Q (%)

RPCP VD, NQ (%)

RPCP VD, TQ (%)

SQ 0.43 0.018 0.37
1Q 0.39 0.037 0.44
NQ 0.27 0.149 0.31

TQ 0.42 0.021 0.28
Fovea -0.31 0.096 -0.33

0.048 0.34 0.068 0.49 0.006
0.017 0.29 0.132 0.57 0.001
0.099 0.38 0.041 0.44 0.018
0.143 0.35 0.060 0.38 0.043
0.078 -0.37 0.049 -0.21 0.285

Number of correlated pairs of variables was always n = 36. n — integer number, r — Pearson’s correlation coefficient; SQ — superior quadrant; IQ — inferior
quadrant; NQ - nasal quadrant; TQ — temporal quadrant; RPCP - radial peripapillary capillaries; SCP - superficial capillary plexus; VD — vessel density.

Values in bold are statistically significant.

observed between the IQ RNFL and RPCP VD (r = 0.78,
p < 0.001). GCL++ measurements also showed moderate
positive correlations with RPCP VD, particularly in the IQ
and TQ (Table 6). The dependencies of VD in the SCP and
RPCP across various quadrants were analyzed. Significant
correlations were primarily observed in the SQ and IQ,
particularly within their corresponding RPCP regions.
The fovea showed weak or negative correlations with
RPCP, with 1 significant negative correlation in the NQ
(Table 7).

The OCT parameters and VD in SCP in different quad-
rants and the fovea were examined. The strongest positive
correlations were found between total GCL++ and SCP VD
in the SQ and IQ (r = 0.60-0.62, p < 0.001). The weakest
and mostly nonsignificant correlations were found be-
tween RNFL, GCL++ and SCP VD in NQ (Table 8).

Discussion

The prevalence of ONHD is estimated at 0.2—2% in adults
and 0.37-1% in children.>#2! The patients in our study were
between 19 and 71 years old, and age did not appear to have

a significant impact on the distinction between unilateral
and bilateral drusen cases. The exact pathogenesis of dru-
sen is still uncertain, but they are believed to harm retinal
nerve fibers directly through axonal compression and in-
directly by inducing ischemia in the RNFL due to vascular
compression.?? Therefore, diagnostic tests are crucial for
enhancing the management of patients with ONHD. Previ-
ous attempts to investigate the relationship between ONHD
severity and optic nerve damage relied on subjective grad-
ing systems based on ONH photography, parameters such
as ONHD diameter, or imaging techniques like Spectral-
Domain OCT (SD-OCT) to assess disease severity.'23
The FAF is a noninvasive diagnostic technique that de-
tects drusen by utilizing the natural fluorescence emit-
ted by their components, making them easily identifiable.
In very young children, ONHD are typically located deeper
within the tissue.?* A major limitation of FAF is its reduced
ability to detect deeper, buried drusen.?® Nonetheless, dru-
sen often becomes superficial by late childhood.?* Given
its capability to detect and map the distribution of drusen,
FAF proves to be a valuable tool for diagnosing and man-
aging superficial ONHD,18 and therefore we chose this
method to identify superficial drusen in our group.
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Table 8. Pearson’s product-moment correlation coefficients and corresponding p-values for the investigated OCT measurements vs SCP VD in the study
participants’ eyes

SCP VD, SQ [%] SCP VD, 1Q [%] SCP VD, NQ [%] SCP VD, TQ [%] SCP VD, Fovea [%]
RNFL [um]
SQ 0.43 0.021 0.33 0.082 0.26 0171 0.36 0.054 -0.10 0.609
1Q 0.38 0.041 0.44 0.016 0.18 0.351 0.34 0.067 -0.18 0.350
NQ 0.13 0498 0.11 0.559 0.08 0676 0.11 0.558 -0.17 0.363
TQ 0.38 0.040 0.45 0.015 032 0.093 0.34 0.074 0.13 0487
Total 0.42 0.022 0.42 0.024 0.26 0.176 0.37 0.048 -0.11 0577
GCL++ [um]

Superior 0.54 0.002 0.50 0.006 0.36 0.054 0.28 0.144 0.25 0.190
Inferior 0.56 0.001 0.65 <0.001 0.46 0.012 0.48 0.009 0.14 0473
Total 0.60 <0.001 0.62 <0.001 0.45 0.014 0.41 0.029 0.22 0.255

Number of correlated pairs of variables was always n = 36. n — integer number, r — Pearson’s correlation coefficient; OCT — optical coherence tomography;
RNFL - retinal nerve fibre layer; SQ — superior quadrant; IQ — inferior quadrant; NQ — nasal quadrant; TQ - temporal quadrant; GCL++ — ganglion cell layer
and the nerve fiber layer; SCP - superficial capillary plexus; VD - vessel density. Values in bold are statistically significant.

Consistent with the available literature, which states
that ONHD is often bilateral (in approx. 75% of cases),?*
we found bilateral drusen in 71.43% of our patients.
The authors reported that ONHD has a higher prevalence
in the NQ compared to the TQ of the optic disc,>* which
was confirmed by our findings. Interestingly, in our study,
drusen were significantly more common in TQ and IQ
in bilateral than unilateral cases. This suggests that fluo-
rescence in the TQ and IQ, as confirmed by FAF, may serve
as an important biomarker for the presence of bilateral
drusen and warrants further investigation.

Our research focused on the correlations between FAF,
OCT and OCTA. To the best of our knowledge, this is the first
study to examine the relationship between those diagnostic
methods based on presence of superficial drusen in FAF.

The OCT allows for detailed analysis of both the RNFL
and GCC by providing high-resolution images. It allows for
the assessment of structural changes in these layers, which
are crucial for the diagnosis and monitoring of diseases.!”
Optical coherence tomography-based studies report that
both the RNFL and GCC undergo thinning with age.?®
These age-related changes were also confirmed in our
study group (Table 3).

The OCTA provides detailed images of retinal and optic
nerve blood flow, highlighting reduced capillary density
and peripapillary dropout in ONHD patients.!” Addition-
ally, retinal VD declines with age. Previous studies sug-
gest that age-related narrowing of retinal arteries leads
to decreased perfusion pressure and lower blood flow,
particularly in the peripapillary and parafoveal regions,
contributing to reduced vascular function.?” This trend
was also observed in our study group (Table 4).

The introduction of OCTA has improved the assess-
ment of the RPCP, overcoming limitations of previous
dye-based methods. The RPCP is thought to supply blood
to the RNFL in the peripapillary region. Mase et al. found

that RPCP perfusion density is highest in the peripapillary
area and decreases toward the macula, with a significant
positive correlation to RNFL thickness in healthy eyes.?8
Cennamo et al. found that patients with ONHD exhibited
a lower flow index and reduced VD in ONH in OCTA
compared to the control group.?? In our study, we observed
asignificant reduction in RPCP VD in all quadrants where
drusen were present. We focused on RPCP perfusion
within a 700 pum elliptical ring around the optic disc,? re-
vealing significant VD differences in the TQ and IQ, which
can be explained by the fact that the majority of cases were
bilateral. Our results were consistent with the available
literature, in which RPCP VD in the TQ in ONHD group
was found to be lower.*

In the current literature, there are only a few publications
addressing vascular changes in the macula in patients with
ONHD.!63031 Turker et al. found no statistically significant
differences in the superficial capillary plexus (SCP) and
deep capillary plexus (DCP) VD values of the parafoveal
and foveal regions between patients with superficial drusen
and healthy controls. Therefore, we focused on the SCP
VD of the macula to simplify our analysis.?’ Yan et al.
identified a negative correlation between the presence
of drusen and macular flow measurements, suggesting
that reduced macular perfusion may serve as a potential
early biomarker, based on the analysis of 29 eyes compared
to eyes without abnormalities.!

Based on current studies,®! our research revealed a re-
duction in VD in both SCP and RPCP. Notable correlations
were identified in the SQ and IQ of SCP VD, particularly
in quadrants overlapping with RPCP regions. This suggests
that regions of diminished VD detected via OCTA may
be considered predictors for the development of future
central scotoma,® confirming the findings of Yan et al.
that reduced macular VD serves as an early and valuable
biomarker of ischemia.!® These findings are consistent
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with the theory that enlarged ONHD could lead to acute
or chronic ischemia by exerting pressure on adjacent nerve
fibers or blood vessels. For now, our study represents
the largest group of eyes in which vascular abnormalities
in the macula have been confirmed among patients with
ONHD. Furthermore, it is the first research comparing
SCP VD of the macula with RNFL, suggesting strong cor-
relations of these parameters, particularly in the SQ and IQ.

The origin of RNFL damage in ONHD — whether due
to direct axonal compression by drusen or indirectly
through vascular compromise — remains uncertain. Noval
et al. reported that eyes with superficial ONHD exhib-
ited thinner RNFL compared to controls, whereas those
with buried ONHD did not show this correlation.?? Simi-
larly, Sato et al. found a significant negative correlation
between ONHD diameter and RNFL thickness.* In our
study, RNFL thickness demonstrated strong positive cor-
relations with RPCP VD across all quadrants, particularly
in the IQ, where the correlation was the highest (r = 0.78,
p <0.001). In our ONHD cohort, a reduction in RPCP VD
was associated with thinner RNFL. These findings align
with previous research, suggesting the association between
thinner RNFL and decreased peripapillary microvascular
circulation, as indicated by lower RPCP VD.3¢

Notably, total RNFL thickness showed a stronger cor-
relation with RPCP VD than GCC, suggesting that RNFL
measurements may serve as a more reliable indicator
of microvascular integrity in the ONH. This is particularly
relevant in conditions like ONHD, where microvascular
changes might precede overt nerve fiber damage.

Advanced OCT technology enables precise macular GCC
assessment through automated segmentation. The gan-
glion cell complex (GCC) encompasses 3 retinal layers:
the macular retinal nerve fiber layer (nRNFL), the GCL
and the inner plexiform layer (IPL). It is primarily used
in assessing the health of the macular region, particularly
for early optic nerve damage detection as in glaucoma,
monitoring disease progression and advanced-stage eval-
uation of abnormalities.>® Notably, asymmetry between
macular hemifields in the ganglion cell-inner plexiform
layer (GCIPL) can indicate early stages of optic nerve dam-
age, such as in preperimetric glaucoma.?* GCL++ refers
to the combination of the GCL and the NFL, focusing
on fewer layers than the GCC, and is often used to simplify
assessments, particularly for the early detection of neural
damage.* Based on this, we selected the GCL++ parameter
to simplify our analysis and to evaluate early abnormalities
in patients with ONHD. To the best of our knowledge, this
is the first study to analyze the GCL++ parameter in pa-
tients with ONHD.

Our results demonstrated moderate positive correla-
tions between GCL++ measurements and RPCP VD,
particularly in the IQ and TQ (Table 6). The relationship
between GCL++ and RPCP in these regions aligns with
previous research indicating that ganglion cell loss can
influence the vascular supply to the retina, particularly
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in areas prone to damage like the IQ and TQ. Studies, in-
cluding those on the “macular vulnerability zone” (MVZ),
have shown that GCC thinning in the IQ and TQ regions
of the macula corresponds to structural fragility in these
areas, particularly involving the lamina cribrosa.3* The ini-
tial IQ loss of GCC and RNFL, compared to the SQ, is due
to the increased fragility of the inferior lamina cribrosa
and the higher fiber density in the inferior segment. This
fragility is linked to the weak connective tissue and large
pores, which are secondary to the high fiber density
in the inferotemporal sector of the ONH.>-37 The thin-
ning of the GCC affects vascular supply, suggesting that its
loss significantly impacts RPCP VD in susceptible zones.
Additionally, as visual field deficits and GCC thinning
progress, a more pronounced decline in RPCP VD values
may serve as a late-stage biomarker in ONHD cases.'®
This study is the first to compare SCP VD with GCL++.
We found a positive correlation between total GCL++ and
SCP VD in both the SQ and IQ (r = 0.60-0.62, p < 0.001),
with the SQ being more affected, possibly due to the higher
frequency of ONH drusen in this area. Furthermore,
GCL++ suggested a stronger association with SCP VD
than RNFL. Additional longitudinal research is required
to investigate how these correlations develop over the time.

Limitations

The limitations of this study include the small patient
cohort and its retrospective design.

Conclusions

This study confirmed that FAF is a useful, sensitive tool
for identifying superficial drusen. The OCT and OCTA
are valuable methods for assessing the impact of ONHD
on optic nerve fibers and microvascular alterations. The as-
sessment of microcirculation using OCTA should include
not only the RPCP but also the macula, as we observed
attenuation of macular flow, which should be confirmed
in a larger study group.

Multimodal imaging plays a crucial role in accurately di-
agnosing and thoroughly evaluating patients with ONHD.
Further longitudinal studies are needed to explore how
these correlations evolve over time, particularly in the con-
text of ONHD progression.
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Abstract

Background. Heart failure (HF) is a chronic condition affecting tens of millions of people worldwide. Despite
advances in treatment, its impact on mental health, cognitive function and self-care behaviors remains
underexplored, particularly across ejection fraction phenotypes, underscoring the need for comprehensive
investigations into these interconnected domains.

Objectives. This prospective cohort study investigated changes in affective symptoms, cognitive functioning
and self-care behaviors in patients with HF stratified with ejection fraction (EF) phenotypes over 6 months.

Materials and methods. The study included 162 patients aged over 60 years with a diagnosis of HF. Participants
were examined at enrollment and after 6 months. The Mini-Mental State Examination (MMSE), the Hospital Anxiety
and Depression Scale (HADS) and Patient Health Questionnaire-9 (PHQ-9) and the European Heart Failure Self-care
Behaviour Scale (EHFS¢B-9) were used to assess cognitive function, affective symptoms and self-care behaviors.

Results. Cognitive impairment indicated with the MMSE was less severe in patients with mildly-reduced HF
(HFmIEF) compared to preserved EF (HFpEF) (MMSE median scores: 28 [interquartile range (IQR): 2/—29] vs 27
[I0R: 25-28]; p = 0.008). The HADS showed that severity of depression worsened over 6 months, particularly
in the HFpEF group (median scores increased from 1 [IQR: 0—4] to 3 [IQR: 0—6]; p = 0.006). Self-care ability
declined in all groups as indicated in the increased EHFSc-9 (poorer self-care) median scores, which changed
from 28 [I0R: 21-33] at baseline to 29 [IQR: 23—34] at 6 months (p = 0.035). Additionally, NT-proBNP param-
eters were higher in the HFTEF group (34377 pg/mL [IQR: 1336.33—6226.43) compared to both HFmrEF and
HFpEF (2171.2 pg/mL [1QR: 806.65—4033.15] and 977.1 pg/mL [1QR: 576.9—3708.95, respectively, p = 0.001).

Conclusions. Patients with HF showed significant cognitive decline, increased depressive symptoms and
reduced self-care over 6 months, with HFpEF patients exhibiting the most pronounced impairments. Differ-
ences in outcomes across HF phenotypes highlight the need for tailored diagnostic and therapeutic strategies
to address cognitive and emotional challenges in this population.

Key words: anxiety, depression, self-care, heart failure, cognitive dysfunction
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Highlights

with heart failure (HF) over 6 months.

phenotypes.

care to optimize patient outcomes.

« This study investigates changes in cognitive function, depressive symptoms and self-care behaviors among patients
+ Cognitive impairment was more pronounced in HF with preserved ejection fraction (HFpEF) compared to other
« Depressive symptoms increased significantly over 6 months, with the most severe progression observed in HFpEF patients.

+ Self-care abilities declined across all HF phenotypes, highlighting the need for tailored interventions.
+ The findings underscore the importance of integrating cognitive and psychological assessments into routine HF

Background

Heart failure (HF) is a chronic condition that repre-
sents a growing global health burden, affecting millions
of patients worldwide. With an aging population and ad-
vances in medical interventions that improve survival after
acute cardiovascular events, the prevalence of HF is ris-
ing, especially among older adults.! Heart failure, defined
by the heart’s inability to pump blood efficiently, causes
significant physical, cognitive and emotional impairments
reducing patients’ quality of life (QoL) and increasing
the burden on healthcare systems.?

Older adults with HF face an elevated risk for physical
deconditioning, poor self-care and cognitive impairment
(CI), irrespective of the ejection fraction (EF) subtype.
Heart failure is categorized into 3 phenotypes of the EF:
HF with reduced EF (HFrEF), mildly reduced EF (HFmrEF)
and preserved EF (HFpEF).? Cognitive impairment in HF
has emerged as a major concern, as HF patients commonly
exhibit deficits in memory, executive function, attention,
and processing speed compared to those without HF symp-
toms.* The underlying causes of CI in HF are multifacto-
rial, involving reduced cerebral perfusion, vascular damage
and the neurohormonal changes typical of chronic HE.®

Cognitive dysfunction appears to vary across HF pheno-
types. For instance, HFpEF phenotype, which is more preva-
lent in older women, may be associated with milder CI com-
pared to HFrEF.® In contrast, HFmrEF patients experience
distinct cognitive challenges, with some studies indicating
a higher risk for hospitalization due to cognitive deficits and
difficulty in self-care.” These findings emphasize the need
for clinicians to routinely assess cognitive function in HF
patients, as unaddressed CI contributes to poorer self-care,
increased hospital readmissions and higher mortality rates.?®

Mental disorders, particularly depression and anxiety,
are prevalent among patients with HF, and often exac-
erbate cognitive decline, contributing to poorer clinical
outcomes. Depression in HF impairs cognition in terms
of attention and executive function, which are critical for
managing complex treatment regimens and self-care.’
Symptoms of anxiety can further complicate the clinical
picture. Some studies suggest that mild anxiety may have

a protective effect on cognitive function, whereas severe
anxiety is associated with worsening cognitive outcomes.!°

Effective self-care behaviors such as medication adher-
ence, symptom monitoring and lifestyle adjustments are
essential for managing HF and improving patients’ QoL.!!
However, cognitive and emotional challenges often hin-
der self-care in HF patients. However, cognitive deficits
in memory and executive functioning make it difficult
for patients to follow complex medical regimens, while
depression and anxiety reduce motivation and confidence
in self-care abilities.!> This vicious cycle leads to worse
health outcomes, including higher rates of hospitalization
and mortality.!3

Objectives

The aim of this study was to assess changes in affective
symptoms, cognitive impairment and self-care behaviors
in older adults with HF, categorized by HF phenotype, over
a 6-month period.

Methods
Participants

This study was conducted 6 months after the 1%
stage, participants were again re-examined. A total
of 250 patients were enrolled in the 1% stage of the study.
Of these, 77 did not participate in the 2"¢ stage due to in-
ability to be contacted or other unspecified reasons.
The 2" stage included 162 participants, while 11 individu-
als died before the follow-up. To be eligible for inclusion
in the 1t stage, participants had to meet the following cri-
teria: age 260 years, a diagnosis of HF in accordance with
the European Society of Cardiology (ESC) guidelines,!*
a duration of HF of at least 6 months, hospitalization for
acute HF, New York Heart Association (NYHA) functional
class II-IV, and intact cognitive function, as assessed
by the Mini-Mental State Examination (MMSE) with
a score >24 points. The exclusion criteria in the 1 stage
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included NYHA class I, MMSE score <24 points, diag-
nosed and treated depressive disorder, and lack of consent
to participate in the study.

Data collection

Patients were recruited from the Institute of Heart Dis-
eases (Department of Cardiology) at University Hospital
in Wroctaw, Poland, between September 2022 and June
2023 for the 1% stage of the study. The 2" stage of the study
began 6 months after the 1% stage — starting in March 2023
and ending in December 2023. Patients were classified into
3 groups based on EF values: HFrEF: EF <40%, HFmrEF:
EF 41-49% and HFpEF: EF 250%. The data were gath-
ered during the hospitalization period after the successful
treatment of acute decompensated HF, with clinical stabil-
ity attained before discharge. Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE)
guidelines were followed.

Research instruments

Cognitive function was assessed using the MMSE, a tool
developed by Folstein et al. in 1975.1° This test aimed to create
a simple and rapid cognitive assessment tool that clinicians
could easily use to identify disorders such as dementia or Al-
zheimer’s disease. The MMSE has become one of the most
widely used screening tests worldwide for diagnosing cogni-
tive problems. The test consists of simple questions and tasks
assessing various aspects of cognitive functioning, including
orientation in time and space, short-term memory, language
abilities, attention, and mathematical skills. The maximum
score on the MMSE is 30, and scores below 24 may indicate
potential dementia.!® In this study, the Polish adaptation
of MMSE developed by Stariczak was utilized.”

Depression and anxiety were measured using 2 instru-
ments: The Hospital Anxiety and Depression Scale (HADS)
and the Patient Health Questionnaire-9 (PHQ-9). The HADS
was originally developed in 1983 by Zigmond and Snaith.'®
It allows to quickly and easily assess levels of anxiety and
depression in hospitalized patients, especially those with
somatic illnesses, in whom physical symptoms could mask
emotional disturbances. Many researchers have studied
HADS data to determine cut-off points for anxiety and de-
pression. Bjelland et al. identified a cut-off point of 8/21 for
anxiety and depression through a review of numerous stud-
ies.’ This tool is extensively utilized in clinical and research
settings to identify emotional disturbances. The HADS com-
prises 14 items, with 7 assessing anxiety and 7 assessing
depression, each rated on a 4-point scale ranging from 0
to 3. The total score for each subscale ranges from 0 to 21,
with higher scores indicating higher levels of anxiety or de-
pression.?’ The present study used the Polish adaptation
of the HADS, validated by Mihalca and Pilecka.?!

The PHQ-9 is a highly regarded self-report tool for
assessing depressive symptoms. Developed by Kroenke

1971

and Spitzer, it has consistently demonstrated reliability
and accuracy in measuring depression severity in a wide
range of settings, from primary care to specialist medi-
cal practices.?? It includes 9 core questions and a supple-
mentary question, providing a comprehensive assessment
of depression. The respondent specifies the annoyance
of the listed problems from “not annoyed at all” to “an-
noyed almost daily” in the past 2 weeks. Each question can
be scored from 0 to 3 points, with a max of 27 points. Se-
vere depression is indicated by a score greater than or equal
to 20 points, moderate depression 15-19 points, moderate
depression 10-14 points, and mild depression 5-9 points.?
The study used the Polish adaptation of the PHQ-9, which
was validated by Kokoszka et al.*

The European Heart Failure Self-Care Behaviour Scale
(EHFScB) was developed by Jaarsma et al. in 2003.1!
The scale was created as part of research on self-care among
patients with HF and is widely used in Europe and other
regions. Its purpose is to support patients in better manag-
ing their health by assessing and monitoring their self-care
behaviors. Subsequently, in 2009, the team led by Jaarsma
revised the scale from a 12-item version to a 9-item scale,
EHFScB-9, which can be used as an internally consistent and
valid tool for measuring self-care behaviors related to HF.?®
The 9-point scale consists of statements focusing on self-
care skills in HF management. Five of these refer to specific
self-care aspects, such as monitoring body weight, restrict-
ing fluids, adhering to a low-salt diet, taking prescribed
medications, and engaging in physical activity. The remain-
ing 4 assess symptoms (such as shortness of breath, extreme
fatigue, lower limb edema, and significant weight gain over
a week) that may indicate disease progression and warrant
medical assistance. Responses are rated on a 5-point scale
from 1 (“strongly agree”) to 5 (“strongly disagree”). The total
score is calculated by summing the responses to all 9 state-
ments, ranging from 9 to 45, where higher scores indicate
lower self-care ability. A Polish adaptation of EHFSc-9 vali-
dated by Uchmanowicz et al. was used in the study.?

Ethical consideration

This study adhered to the principles of the Declaration
of Helsinki and received approval from the Bioethics Com-
mittee of Wroclaw Medical University (approval No. KB-
651/2022). Written informed consent was obtained from
all participants before their inclusion in the study, and all
patient data were anonymized to maintain confidentiality.

Statistical analyses

First, descriptive statistics were calculated for the quan-
titative variables, including mean, standard deviation (SD),
median, quartiles, and minimum and maximum values.
The analysis of qualitative variables was carried out by cal-
culating the absolute frequencies and percentages of all
values that these variables could assume. The comparison
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of qualitative variables between groups was conducted using
the x? test of independence. If the assumptions of the x? test
were not met, Yates’s correction was applied for 2 x 2 tables,
while Fisher’s exact test was used for larger contingency ta-
bles. Quantitative variables across the 3 groups were com-
pared using the Kruskal-Wallis test, followed by Dunn’s
post hoc test if significant differences were identified. Cor-
relations between quantitative variables were analyzed using
Spearman’s correlation coefficient. Scatter plots were exam-
ined to verify the assumption of a monotonic relationship,
and representative examples are provided in the shared data.
The Wilcoxon signed-rank test was employed to assess dif-
ferences between 2 repeated measurements. A significance
level of 0.05 was adopted for the analysis. Each examined
relationship was assessed independently rather than as part
of a broader statistical inference encompassing all tests.
Therefore, multiple comparison corrections were not applied,

M. Jedrzejczyk et al. Changes in mental health and self-care in HF

as each analysis was treated as an independent result. In this
analysis, HF phenotype was considered a key confounding
factor influencing the relationships between affective symp-
toms, cognitive impairment and self-care behaviors. While
we recognize the presence of other potential confounding
factors, they were not included in the scope of this study.
This approach aligns with the primary aim of our research,
which focuses on the role of HF phenotype in these associa-
tions. The analysis was performed with R software v. 4.4.1
(R Foundation for Statistical Computing, Vienna, Austria).

Results

The demographic characteristics of the sample (n = 162)
are summarized in Table 1. There were 76 patients with
HFrEF, 55 patients with HFpEF and 31 patients with

Table 1. Demographic and clinical characteristics of patients by heart failure phenotype

Parameter
mean (SD) 70.63 (6.09)
Age [years]
median (quartiles) 70.5 (65.75-74.25)
Education period mean (SD) 1232 (3.32)
[years] median (quartiles) 11.5(10-14)
woman 12 (15.79%)
Sex
man 64 (84.21%)
single 25 (32.89%)
Marital status
in a relationship 51(67.11%)
Current place city 52 (6842%)
of residence village 24 (31.58%)
professionally active 13(17.11%)
Professional status
pensioner 63 (82.89%)
mean (SD) 28.35 (4.76)
BMI [kg/m?] (stage I)
median (quartiles) 27.92 (25.15-31.27)
weight normal 18 (23.68%)
Initial BMI (stage 1) overweight 34 (44.74%)
obesity 24 (31.58%)
BMI after 6 months mean (SD) 28.1(4.84)

tkg/m?] (stage I1) 27.77 (24.75-30.77)
21 (27.63%)
30 (39.47%)

25 (32.89%)

median (quartiles)

weight normal
BMI after 6 months )
overweight
(stage Il)
obesity

no (waist circumference
<94 cm for men or <80 cm
for women)

13 (17.11%)

Central obesity o
yes (waist circumference

>94 cm for men or >80 cm
for women)

Il 32 (42.11%)
NYHA class Il 27 (35.53%)
vV 17 (22.37%)

63 (82.89%)

HFmrEF HFpEF
(n=31)-B (n=55)-C
7187 (7.56) 7285 (6.07) 7162 (642) .
73 (65.5-77.5) 73 (69-75.5) 72 (67-75)
12.71 (444) 62-91 60-91
0.996
11(10-14) 55 162
8(25.81%) 12.49 (3.99) 1245 3.77)
23 (74.19%) 12(10-14) 12 (10-14) <0001
9 (29.03%) 7-27 7-27
0667
22 (70.97%) 55 162
27 (87.10%) 29 (52.73%) 49 (30.25%) 0026+
4(12.90%) 26 (47.27%) 113 (69.75%)
6 (19.35%) 21 (38.18%) 55 (33.95%) 0065
25 (80.65%) 34 (61.82%) 107 (66.05%)
2924 (7.34) 47 (85.45%) 126 (77.78%) 006
2773 (23.94-3587) 8 (14.55%) 36 (22.22%)
12 (38.71%) 3 (5.45%) 22 (13.58%)
7 (22.58%) 52 (94.55%) 140 (86.42%) 0018*
12 (38.71%) 3096 (5.76) 2941 (5.75)
2878 (6.87) 2973 (2663-3501) | 2852 (2535-33.41) 007
274 (23.66-36.17) 19.16-44.96 17.91-44.96
13 (41.94%) 55 162
6 (19.35%) 6 (10.91%) 36 (22.22%) 0.046*
12 (38.71%) 23 (41.82%) 64 (39.51%)
9 (29.03%) 26 (47.27%) 62 (38.27%)
0.03*
22 (70.97%) 3044 (5.54) 2902 (5.58)
16 (51.61%) 21 (38.18%) 69 (42.59%)
13 (41.94%) 26 (47.27%) 66 (40.74%) 0239
2 (6.45%) 8 (14.55%) 27 (16.67%)
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Table 1. Demographic and clinical characteristics of patients by heart failure phenotype - cont.

Parameter

mean (SD) 4752.78 (4901.47)
NT-proBNP [pg/mL] ) ) 3437.7
IE (GjUiies) (133633-6226.43)
no hospitalizations 2 (2.63%)
1 hospitalization 8 (23.68%)
ﬁ;‘gi’f;‘;?s 2 hospitalizations 20 (26.32%)
(stage ) 3 hospitalizations 3(17.11%)

more than

0,
3 hospitalizations 23 (30.26%)

no hospitalizations 9 (11.84%)
1 hospitalization 13 (17.11%)
m;pe'tg'?;é‘:r‘s 2 hospitalizations 21 27.63%)
(stage Il) 3 hospitalizations 2 (15.79%)
3 hc:rs\girtiltirzjgons ANeaER)
ACEI/ARB 76 (100.00%)
calcium antagonists 7 (22.37%)
alpha blockers 7 (9.21%)
beta-blockers 75 (98.68%)
Medications taken** WIS 66 (86.84%)
diuretics 74 (97.37%)
statins 65 (85.53%)
anticoagulants 51(67.11%)
antiplatelet drugs 34 (44.74%)
flosins 52 (68.42%)

HFmrEF HFpEF Total
(n=31)-B (n=55)-C (n=162)
257883 219051) | 325415(594657) | 3827.98(497621) |
21712 977.1 217845 ASBC
(806.65-4033.15) = (576.9-3708.95) (793.1-4988.75)
1(3.23%) 2 (3.64%) 5 (3.09%)
7 (22.58%) 19 (34.55%) 44.(27.16%)
0y 0 0
1(35.48%) 13 (23.64%) 44.(27.16%) 082
5(16.13%) 9 (16.36%) 27 (16.67%)
7 (22.58%) 11 (20.00%) 41(2531%)
5(16.13%) 5(9.09%) 19.(11.73%)
2 (6:45%) 12 (21.82%) 27 (16.67%)
v 0 0y
11 (35.48%) 7 (30.91%) 49 (30.25%) 047
6 (1935%) 3 (23.64%) 31(19.14%)
7 (22.58%) 8 (14.55%) 36 (22.22%)
30 (96.77%) 53 (96.36%) 159 (98.15%) 0.198
8 (25.81%) 20 (36.36%) 45 (27.78%) 0.203
4(12.90%) 5 (9.09%) 6 (9.88%) 0.833
31 (100.00%) 55 (100.00%) 161(99.38%) 1
2 (70.97%) 34 (61.82%) 122 (75.31%) 0.004*
3 (74.19%) 50 (90.91%) 147 (90.74%) 0.001*
0(96.77%) 45 (81.82%) 140 (86.42%) 0.146
9(61.29%) 37 (67.27%) 107 (66.05%) 0.824
7 (54.84%) 23 (41.82%) 74 (45.68%) 0.495
9(61.29%) 31 (56.36%) 102 (62.96%) 0361

ACEIl - angiotensin converting enzyme inhibitors; ARB — angiotensin receptor antagonists; BMI —

body mass index; HFrEF — heart failure with

reduced ejection fraction; HFmrEF — heart failure with mildly reduced ejection fraction; HFpEF — heart failure with preserved ejection fraction;

MKS — mineralocorticosteroids; NT-proBNP — N-terminal prohormone of brain natriuretic peptide; NYHA — New York Heart Association; SD — standard
deviation; p-value — qualitative variables: x* test of independence or Fisher’s exact test; quantitative variables: Kruskal-Wallis test + post hoc analysis (Dunn’s
test); *statistically significant difference (p < 0.05); ** multiple choice question — percentages do not add up to 100.

Table 2. Results of questionnaires of people who died after stage |

Parameter
EHFSc-9 11 27.73 852
HADS: Anxiety 11 7.64 6.2
HADS: Depression 11 6.64 5.97
PHQ-9 11 1291 842
MMSE 11 2745 2.38

Median
28 13 40 22.5 34
7 0 20 3 M
7 0 16 15 10.5
12 0 27 7 19.5
28 24 30 255 29.5

EHFSc-9 — European Heart Failure Self-Care Behviour Scale; HADS — Hospital Anxiety and Depression Scale; PHQ-9 — Patient Health Questionnaire-9;

MMSE - Mini-Mental State Examination; SD — standard deviation; Q1

HFmrEF. The percentage of women was highest in the HEF-
pEF group and lowest in the HFrEF group. The percent-
age of individuals from cities was highest in the HFmrEF
group and lowest in the HFrEF group. At the beginning
of the study, the percentage of individuals with normal
weight was highest in the HFmrEF group and lowest
in the HFpEF group, while the percentage of overweight
individuals was highest in the HFrEF group and lowest
in the HFmrEF group. The percentage of individuals

- lower quartile; Q3 - upper quartile.

with obesity was highest in the HFpEF group and lowest
in the HFrEF group. Additionally, the percentage of in-
dividuals with central obesity was highest in the HFpEF
group and lowest in the HFmrEF group. NT-proBNP levels
were higher in the HFrEF group than in both the HFmrEF
and HFpEF groups.

Table 2 shows the results of the questionnaires that
were completed by people who died after the 1% stage
of the study.
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Table 3. Differences in European Heart Failure Self-Care Behaviour Scale, Hospital Anxiety and Depression Scale, Patient Health Questionnaire, and Mini-
Mental State Examination results in patients with heart failure after 6 months

Parameter HF phenotype | el

HFrEF 76 343 417

HADS:A after HFmrEF 31 3.16 298
6 months

HFpEF 55 3.55 3.35

HFrEF 76 362 464

HADS: Depression

after 6 months HFmrEr °! 2 “

HFOEF 55 327 329

HFrEF 76 6.05 576

PHQ-9 after HFmrEF 31 513 3.83
6 months

HFpEF 55 6.24 447

HFrEF 76 2697 171

MMSE after Y[EifEE 31 27.55 1.59
6 months

HFOEF 55 2642 175

HFrEF - A 76 2739 797

EHFSc-9 after HFmrEF - B 31 28.23 824
6 months

HFpEF - C 55 28.05 7.37

| Median |

2 0 18 0 5

3 0 9 0 55 0.602
3 0 15 1 5

2 0 20 0 6

2 0 8 0 4 0.54
3 0 13 0 6

5 0 23 2 7

4 0 14 2 75 0.536
6 0 18 3 8

27 23 29 26 2825

28 23 29 27 29 Oéogi
27 23 29 25 28

28 11 42 23 33.25

29 9 40 23 35 0.742
30 11 39 235 34

EHFSc-9 — European Heart Failure Self-Care Behaviour Scale; HADS — Hospital Anxiety and Depression Scale; PHQ-9 — Patient Health Questionnaire-9;

MMSE - Mini-Mental State Examination; HF — heart failure; HFrEF — heart failure with reduced ejection fraction; HFmrEF — heart failure with mildly reduced
ejection fraction; HFpEF — heart failure with preserved ejection fraction; SD — standard deviation; Q1 — lower quartile; Q3 — upper quartile; p-value — Kruskal—
Wallis test + post hoc analysis (Dunn's test); *statistically significant relationship (p < 0.05); A, B and C - 3 phenotypes of heart failure.

25
p=0602 p=054

20
15
10
5 -
0 -

HADS: anxiety HADS: depression PHQ-9 after
after 6 months after 6 months 6 months
3(5) - p=0742
| _[_

D e i B

20 T
15 - p=0.008*

10 —
5 —J
MMSE after EHFSc-9
6 months after 6 months
0O HFEF O HFmEF & HFpEF

B Median O Quartiles I Range

Fig. 1. Differences in European Heart Failure Self-Care Behaviour Scale,
Hospital Anxiety and Depression Scale, Patient Health Questionnaire, and
Mini-Mental State Examination in patients with heart failure after 6 months

EHFSc-9 - European Heart Failure Self-Care Behaviour Scale;

HADS - Hospital Anxiety and Depression Scale; PHQ-9 — Patient Health
Questionnaire-9; MMSE — Mini-Mental State Examination; HFrEF — heart
failure with reduced ejection fraction; HFmrEF — heart failure with

mildly reduced ejection fraction; HFpEF — heart failure with preserved
ejection fraction; p — Kruskal-Wallis test + post hoc analysis (Dunn’s test);
*statistically significant relationship (p < 0.05).

Statistical analysis showed that CI according to
the MMSE after 6 months was significantly less severe
in the HFmrEF group than in the HFpEF group (Table 3,

25
20
15 p=0171
10 p=0928 p=0.004*
5
0
HADS: HADS: PHQ-9
anxiety depression
45

i
e - -
25

20
15 p<0.001* p=0.035*

10

5
MMSE EHFSc-9

O Stage]l O Stagell

B Median O Quartiles I Range

Fig. 2. Comparison of questionnaires results in stages | and I

EHFSc-9 - European Heart Failure Self-Care Behaviour Scale;

HADS - Hospital Anxiety and Depression Scale; PHQ-9 — Patient Health
Questionnaire-9; MMSE — Mini-Mental State Examination; p — Wilcoxon
test for related pairs; *statistically significant relationship (p < 0.05).

Fig. 1). The correlation between self-care behaviors and
cognitive function and affective symptoms was examined
within each HF phenotype group (Table 4).

Statistical analysis was performed, which compared
the results of the questionnaires between the 1% and 2"
stages. The study showed that the level of self-care ac-
cording to EHFSc-9 was significantly lower in stage II
than in stage I. Depression, as measured with HADS, was
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Table 4. Influence of cognitive function and affective symptoms on the level of self-care in patients by heart failure phenotype

EHFSc-9 after 6 months
Spearman’s correlation coefficient

HF phenotype Parameter

HADS: Anxiety after 6 months
HADS: Depression after 6 months
PHQ-9 after 6 months
MMSE after 6 months
HADS: Anxiety after 6 months

HFrEF

HADS: Depression after 6 months
PHQ-9 after 6 months
MMSE after 6 months

HFmMrEF

HADS: Anxiety after 6 months
HADS: Depression after 6 months
PHQ-9 after 6 months
MMSE after 6 months

HFpEF

r=0.075p=0519
r=0.078;p=0.503
r=-0.045;p=0.702
r=0.099; p=039%
r=0.15p=0421
r=0.126; p =0498
r=0.115;p=0537
r=0.146; p = 0432
r=-0.154; p = 0.261
r=-0.004;p=098
r=-0204;,p=0.136
r=-0012,p=0933

EHFSc-9 — European Heart Failure Self-Care Behaviour Scale; HADS — Hospital Anxiety and Depression Scale; PHQ-9 — Patient Health Questionnaire-9;
MMSE - Mini-Mental State Examination; HF — heart failure; HFrEF — heart failure with reduced ejection fraction; HFmrEF — heart failure with mildly reduced

ejection fraction; HFpEF — heart failure with preserved ejection fraction.

Table 5. Comparison of questionnaires results in stages | and Il

Parameter Measurement | N | \EED | SD | Median | Min | Max | Q1 | Q3 | p-value

stage | 162 344 333 3 0 15 1 5

HADS: Anxiety 0.928
stage |l 162 342 3.68 2 0 18 0.25 5
stage | 162 2.70 3.50 1 0 16 0 4

HADS: Depression 0.004*
stage |l 162 3.25 3.88 2 0 20 0 5
stage | 162 5.73 4.94 5 0 21 2 8

PHQ-9 0.171
stage Il 162 594 5.01 5 0 23 2 8
stage | 162 27.90 1.74 28 24 30 27 29

MMSE <0.001*
stage |l 162 26.90 1.74 27 23 29 26 28
stage | 162 26.96 7.82 28 9 42 21 33

EHFSc-9 0.035*
stage |l 162 27.78 7.79 29 9 42 23 34

EHFSc-9 — European Heart Failure Self-Care Behaviour Scale; HADS — Hospital Anxiety and Depression Scale; PHQ-9 - Patient Health Questionnaire-9;
MMSE — Mini-Mental State Examination; SD — standard deviation; Q1 — lower quartile; Q3 — upper quartile; p-value — Wilcoxon signed-rank test; *statistically

significant relationship (p < 0.05).

significantly higher in stage II compared to stage I. Cogni-
tive impairment according to the MMSE was significantly
less severe in stage I than in stage II (Table 5, Fig. 2).

Statistical analysis for patients with HFrEF and HFpEF
showed that the level of depression according to HADS
was significantly higher in stage II than in stage L. Statisti-
cal analysis for patients with HfmrEF, HfrEF and HFpEF
CI according to the MMSE was significantly less severe
in stage I than in stage II (Table 6, Fig. 3).

Discussion

The study presents a detailed analysis of HF subtypes
(HFrEF, HFmrEF, HFpEF) in a diverse patient population,
revealing significant differences in demographic, clini-
cal and biomarker profiles. The predominance of women

in the HFpEF group and the higher urban residency
in HFmrEF suggest potential sociodemographic influences
on disease presentation. Body mass index and central obe-
sity differences across groups underscore the metabolic
effects of HF phenotypes. Notably, the higher NT-proBNP
in patients with HFrEF phenotype as compared to HFmrEF
and HFpEF suggest the need of more aggressive manage-
ment strategies in these patients.

These findings are in line with other major studies, such
as the Framingham Heart Study (FHS) and the Multi-
Ethnic Study of Atherosclerosis (MESA).2® Both studies
reported that the lifetime risk of HFpEF was higher than
that of HFrEF, particularly among women. The FHS cohort
reported a rise in lifetime risk across both sexes, with nota-
ble variations by race and ethnicity in MESA and the Car-
diovascular Health Study (CHS). The higher prevalence
of HFpEF and its associated risk factors in the above study



1976

M. Jedrzejczyk et al. Changes in mental health and self-care in HF

Table 6. Comparison of questionnaire results at stages | and Il in patients by heart failure phenotype

Parameter Measurement | | Mean | SD | Median | Min | Max | Q1
HFrEF

stage | 76 3.74 3.70 3 0 15 1 6

HADS: Anxiety 0316
stage Il 76 343 417 2 0 18 0 5
stage | 76 3.01 4.08 1 0 16 0 5

HADS: Depression 0.022*
stage |l 76 3.62 4.64 2 0 20 0 6
stage | 76 572 531 5 0 21 1 8.25

PHQ-9 0.29
stage Il 76 6.05 5.76 5 0 23 2 7
stage | 76 27.97 1.71 28 24 30 27 29.25

MMSE <0.001*
stage Il 76 26.97 1.71 27 23 29 26 28.25
stage | 76 26.95 835 27 9 42 21 33.25

EHFSc-9 0.351
stage Il 76 27.39 797 28 11 42 23 33.25

HFmrEF

stage | 31 329 349 2 0 13 1 5

HADS: Anxiety 0.975
stage Il 31 3.16 298 3 0 9 0 55
stage | 31 2.84 3.00 3 0 12 0 4.5

HADS: Depression 0.38
stage Il 31 2.29 247 2 0 8 0 4
stage | 31 597 522 5 0 21 1.5 8.5

PHQ-9 0.459
stage Il 31 513 383 4 0 14 2 7.5
stage | 31 28.55 1.59 29 24 30 28 30

MMSE <0.001*
stage Il 31 27.55 1.59 28 23 29 27 29
stage | 31 27.10 744 28 11 41 23 32

EHFSc-9 0.248
stage Il 31 28.23 8.24 29 9 40 23 35

HFpEF

stage | 55 313 265 3 0 11 1 4

HADS: Anxiety 0.225
stage Il 55 355 3.35 3 0 15 1 5
stage | 55 2.20 2.83 1 0 10 0 4

HADS: Depression 0.006*
stage Il 55 327 3.29 3 0 13 0 6
stage | 55 5.60 4.31 5 0 18 3 75

PHQ-9 0.063
stage |l 55 6.24 4.47 6 0 18 3 8
stage | 55 2742 1.75 28 24 30 26 29

MMSE <0.001*
stage Il 55 2642 1.75 27 23 29 25 28
stage | 55 2691 7.38 29 M 39 21 325

EHFSc-9 0.123
stage Il 55 28.05 737 30 11 39 235 34

EHFSc-9 — European Heart Failure Self-Care Behaviour Scale; HADS — Hospital Anxiety and Depression Scale; PHQ-9 — Patient Health Questionnaire-9;
MMSE — Mini-Mental State Examination; HFrEF — heart failure with reduced ejection fraction; HFmrEF — heart failure with mildly reduced ejection fraction;
HFpEF — heart failure with preserved ejection fraction; p-value — Wilcoxon signed-rank test; *statistically significant relationship (p < 0.05).

emphasizes the need for targeted interventions across dif-
ferent demographic groups.®?’

This study’s findings align with existing research, con-
firming that CI is a significant issue in patients with HF.
The observed cognitive decline mirrors findings from
broader studies that indicate a high prevalence of Cl among
HF patients, with rates ranging from 10% to 79%. This
cognitive decline is linked to poorer self-care, increased
hospitalization and higher mortality rates. Studies such
as the one by Kuipers et al. further highlight the impor-
tance of proactive CI screening and management in HF
patients to enhance overall outcomes.® The implications

of these findings are substantial. Given the demonstrated
association between HF and CI, especially in HFpEF,
it is crucial to incorporate regular cognitive assessments
into standard care for HF patients. This approach would
enable more personalized treatment strategies addressing
both cardiovascular and cognitive needs. Additionally,
as highlighted in the broader literature, the varied risks
associated with different HF subtypes underscore the need
for tailored interventions to mitigate risks and improve
long-term outcomes.

Medication patterns, particularly the higher use of di-
uretics and mineralocorticoid receptor antagonists (MRA)
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HFrEF
25
20
15 p=029
1 p=0316 p=0022%
5
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25 p=0459
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15 p=0975 p=038
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35 p<0001*
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45 p=0248
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35 p<0.001*
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Fig. 3. Comparison of questionnaire results at stages | and Il in patients by heart failure phenotype

EHFSc-9 — European Heart Failure Self-Care Behaviour Scale, HADS — Hospital Anxiety and Depression Scale, PHQ-9 - Patient Health Questionnaire-9,
MMSE — Mini-Mental State Examination, HFrEF — heart failure with reduced ejection fraction, HFmrEF — heart failure with mildly reduced ejection fraction,
HFpEF — heart failure with preserved ejection fraction, p — Wilcoxon test for related pairs; *statistically significant relationship (p < 0.05)

in HFrEF, reflect the necessity for tailored treatment ap-
proaches for each HF subtype. These findings are consistent
with established guidelines that emphasize the critical role
of these medications in managing HFrEF. While diuretics
are essential for alleviating congestion and reducing hospi-
talizations, their use must be carefully balanced with other
guideline-directed medical therapies (GDMT) to avoid
complications such as hypotension and renal dysfunction.
This tailored approach highlights that, while diuretics are
not disease-modifying, they play a crucial role in symptom
management and achieving euvolemia.?®-3 It emphasizes
the importance of personalized care in HFrEF, where se-
verity of symptoms and comorbidities demand a careful
pharmacotherapy balance. Our findings highlight the need
for vigilance in managing these complex cases, ensuring
that life-saving treatments are maximized while minimiz-
ing adverse effects, in line with current clinical guidelines
and evidence-based practices.

Cognitive impairment was more pronounced in HFpEF,
which can affect how these patient manage their condition
and present self-care behaviors. This finding emphasizes
the importance of cognitive assessments as part of regular

care for HF patients. Research by Uchmanowicz et al. sup-
ports this highlighting connection between frailty syn-
drome and cognitive decline in patients with HF condition.
The combined presence of frailty and cognitive impairment
significantly increases the risk of adverse outcomes, such
as higher mortality, increased hospital readmissions and
poorer QoL. These insights point to the need for compre-
hensive care strategies that address both the cognitive and
physical challenges faced by older and frail HF patients.!?

Finally, the mortality analysis revealed that patients
who passed away after the initial stage had poorer scores
in cognitive and depression assessments. This find-
ing highlight potential for using risk stratification and
management strategies, focusing on improving mental
health and cognitive function as part of comprehensive
HF care. Our study’s findings that diminished cognitive
functioning and more severe depression scores are associ-
ated with increased mortality in HF patients align closely
with the broader literature. For example, Gathright et al.
conducted a meta-analysis demonstrating that depression
is a significant predictor of all-cause mortality in HF pa-
tients, particularly among older adults and during shorter
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follow-up periods.’ Similarly, Rutledge et al. found a strong
link between depression and increased mortality in HE.!?
Moreover, studies emphasize the growing burden of HF,
where mental health plays a crucial role in managing this
chronic condition.?3%2

Given the evidence from these studies, it is essential to in-
tegrate comprehensive mental health care into the routine
HF management to earlier identify and treat at-risk individ-
uals, improving survival rates and QoL. Consistent evidence
from various studies and meta-analyses further highlights
the need for a multidisciplinary approach that addresses
both the physical and psychological dimensions of HF.

Overall, this study underscores the heterogeneity within
HF populations and the importance of personalized treat-
ment approaches to account for demographic, clinical
and psychosocial factors to achieve the best outcomes for
patients.

Limitations

Despite its strengths, this study has several limitations.
First, its observational design makes it difficult to estab-
lish causal relationships between the identified factors
and HF outcomes. Additionally, the sample size may have
been insufficient to capture the full spectrum of variabil-
ity within each HF subtype, particularly when examining
less common comorbidities or demographic subgroups.
Furthermore, the reliance on self-reported data for certain
variables, such as cognitive function and depression, could
introduce bias or inaccuracies, particularly if patients un-
derreported or overreported their symptoms. Additionally,
while the study considered a range of demographic and
clinical variables, other potentially relevant factors, such
as socioeconomic status, access to care and lifestyle factors,
were not comprehensively analyzed. Finally, the follow-up
period, although adequate for short-term outcomes, may
not capture long-term trends and outcomes, particularly
regarding the progression of cognitive impairment and its
impact on mortality. Future studies with extended follow-
up periods and larger, more diverse populations would help
mitigate these limitations and offer a more comprehensive
understanding of HF subtypes.

Practical implications

The findings of this study carry several practical implica-
tions for the management of patients with HF. The diver-
sity in clinical profiles across HF subtypes suggests that
a personalized approach to treatment is essential. Clini-
cians should consider demographic factors, such as gender
and residence, alongside clinical indicators like BMI and
NT-proBNP levels, to tailor treatment strategies effectively.
Moreover, the significant cognitive impairment observed,
particularly in HFpEF patients, underscores the neces-
sity of incorporating cognitive and psychological assess-
ments into routine care. This approach could enhance

M. Jedrzejczyk et al. Changes in mental health and self-care in HF

patient adherence to treatment and improve overall health
outcomes. Finally, the higher mortality rates associated
with worse cognitive and depression scores underline
the importance of addressing mental health in HF man-
agement. Overall, these implications underscore the neces-
sity of a holistic and individualized approach to treating
HF, which may enhance patient outcomes and optimize
the utilization of healthcare resources.

Conclusions

This study highlights significant differences among
HF phenotypes in cognitive function, depression and
self-care behaviors. Patients with HFpEF exhibited
the most severe cognitive impairment and progressive
depressive symptoms, while NT-proBNP levels were high-
est in HFrEF, highlighting the need for more intensive
management. The findings underscore the importance
of integrating routine cognitive and psychological assess-
ments into HF care and developing phenotype-specific
therapeutic strategies to optimize patient outcomes. Tai-
lored interventions that address the specific challenges
of each HF subtype, particularly cognitive deficits and
depression, are essential for enhancing long-term health
outcomes and QoL.
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Abstract

Heart failure with preserved ejection fraction (HFpEF) poses a significant clinical challenge due to its increasing
incidence, diagnostic complexities and pathophysiological heterogeneity. This study offers valuable insights
into the role of urinary biomarkers in patients with HFpEF. Our research focused on profiling alterations
in urinary biomarkers, encompassing albumin, indicators of tubular injury, oxidative stress markers, and
proteomic changes in individuals with this condition. These findings may provide a potential tool for ad-
dressing the diagnostic challenges associated with HFpEF, particularly given the absence of specific cutoff
points in the diagnosis of this disease. Furthermore, we explored the potential pathophysiological relation-
ships of these biomarkers, which, in a broader context, facilitate a deeper understanding of this complex
disease and may identify potential pharmacotherapeutic targets. We also examined the prognostic value
of the identified biomarkers, which could serve as useful instruments for predicting disease risk and forecasting
clinical outcomes. Additionally, we emphasized the existing knowledge surrounding potential biomarkers,
suggesting that a better understanding of these markers may contribute to the development of clinically
relevant tools and enhance our comprehension of HFpEF. The findings from this study align with the current
literature, which underscores the complexity of HFpEF and the need for innovative diagnostic, prognostic
and therapeutic strategies.

Key words: diastolic dysfunction, albuminuria, HFpEF, heart failure with preserved ejection fraction, urinary
biomarker
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Highlights

+ Heart failure with preserved ejection fraction (HFpEF) is often misdiagnosed or inadequately diagnosed, as many
diagnostic parameters lack clear cutoffs. Additionally, its pathophysiology remains incompletely understood.

« Studies have demonstrated a strong correlation between albuminuria and HFpEF, identifying it as a prognostic
factor for HFpEF development. Albuminuria is associated with poor outcomes and echocardiographic parameters
related to diastolic dysfunction.

+ Urinary biomarkers N-acetyl-d-glucosaminidase (NAG), neutrophil gelatinase-associated lipocalin (NGAL) and
kidney injury molecule-1 (KIM-1) are correlated with HFpEF. Patients with HFpEF exhibit higher levels of tubular
kidney injury biomarkers in their urinary profile compared to those with HFrEF.

« Urinary oxidative stress markers, such as F2-isoprostanes, 8-hydroxy-2’-deoxyguanosine (8-OHdG) and biopyrrins,
are potential biomarkers for HFpEF; however, further research is needed.

 In HFpEF, urinary proteome analysis has shown correlations with collagen metabolism proteins and pathways

A.A. Nasiadka et al. Urinary biomarkers in HFpEF

involved in immune system regulation.

Introduction

Heart failure with preserved ejection fraction (HFpEF)
is a heterogeneous condition posing significant medical and
societal challenges. Its prevalence is estimated to be approx.
1-2% in adults, rising to about 5% in those over 60 years."?
These figures may be underestimated due to insufficient
recognition of the condition.® The incidence of HFpEF
is projected to rise with aging populations and the growing
prevalence of lifestyle-related diseases, such as hypertension,
diabetes and hyperlipidemia, which contribute to the patho-
genesis of HFpEF. Research in HFpEF is becoming crucial for
improving patients’ quality of life and treatment outcomes.

Diagnosing HFpEF is challenging in clinical practice due
to the absence of a definitive biochemical or echocardio-
graphic marker. The mere presence of diastolic dysfunction
is insufficient for establishing a diagnosis of HFpEF. Many
diagnostic parameters lack clear cutoffs, and symptoms
appear only during physical exertion, requiring exercise
testing for accurate diagnosis. Although invasive hemo-
dynamic testing is regarded as the reference standard, its
use is limited by its benefit-risk ratio and the substantial
number of suspected cases.* The lack of a universally ac-
cepted diagnostic guideline leads to many HFpEF patients
being misdiagnosed or inadequately diagnosed in the early
stages, often until the disease has progressed significantly.

The classification of HFpEF highlights its distinct patho-
physiology compared to heart failure with reduced ejection
fraction (HFrEF). Key components of HFpEF pathophysiol-
ogy include systemic inflammation, increased oxidative
stress and endothelial dysfunction, leading to structural
cardiac remodeling and its subsequent effects.> Despite
extensive research, these processes remain incompletely
understood. This review summarizes current knowledge
on urinary biomarkers in patients with HFpEF, evaluating
their diagnostic and prognostic value while contributing
to a better understanding of the pathophysiology of this
complex clinical entity (see Fig. 1 and Table 1).

Objectives

This review consolidates current knowledge on urinary
biomarkers in HFpEF patients, focusing on those specific
to HFpEF rather than general heart failure (HF). Our study
identifies both well-known biomarkers and highlights po-
tential biomarkers that require further investigation. Under-
standing these biomarkers may shed light on the pathophys-
iological processes in patients diagnosed with HFpEF. Since
these biomarkers are accessible through noninvasive urine
collection, they provide valuable insights into the underlying
pathology. This knowledge could facilitate the identification
of new therapeutic targets and optimize the patient care.
Urinary biomarkers may also serve as diagnostic tools, iden-
tifying individuals at risk of developing HFpEF or aiding its
diagnosis. Additionally, this review examines the evidence
for their predictive value in patients with HFpEF.

We conducted a comprehensive PubMed search from
July 2023 to June 2024, using specific key words and rel-
evant subheadings. The key words included: “heart failure
with preserved ejection fraction urinary biomarker”, “heart
failure with preserved ejection fraction albuminuria”, “HF-
pEF urinary biomarker”, “diastolic dysfunction urinary
biomarker”, “diastolic dysfunction albuminuria”, “heart
failure with preserved ejection fraction NGAL”, and “heart
failure with preserved ejection fraction KIM-1". Results
were combined, duplicates removed, and articles assessed
for relevance based on titles, abstracts or full texts. Only
English-language articles directly related to the topic were
included, regardless of publication date. Studies involving
animals were excluded.

Albuminuria

In physiological states, the glomerular barrier prevents
filtration of large proteins, such as albumin, through size-
and charge-selective membrane. The negatively charged
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Table 1. Observed correlation between changes in echocardiographic parameters and increasing albuminuria, NGAL, KIM-1, and 8-OHdG

Biomarker Albuminuria

Left ventricular parameters

Left ventricular (LV) dimensions 1, eccentric hypertrophy il i ND

Left ventricular mass (LVM) il ND ND ND
Left ventricular systolic function parameters

Ejection fraction % i} ND ND l

Tissue Doppler s'velocity ! ND ND ND

Preload recruitable stroke work (PRSW) 1 ND ND ND

Global longitudinal strain (GLS) 1 ND ND ND
Left ventricular diastolic function parameters

e'tissue velocity 1 l ND l

E/e'ratio 1 1 ND 1

Right ventricular parameters

RV dimensions i ND ND ND

The right ventricular end-systolic area index (RVESRI) 1 ND ND ND

Right ventricular fractional area change (RVFAC) ! ND ND ND

Pressures in the right heart (PASP and RAP) i ND ND ND

ND - no data; e’ tissue velocity — early diastolic mitral annular tissue velocity; E/e’ ratio - ratio of early diastolic transmitral flow velocity (E) to early diastolic
mitral annular tissue velocity (e'); RV - right ventricle; PASP — pulmonary artery systolic pressure; RAP — right atrial pressure; NGAL — neutrophil gelatinase-
associated lipocalin; KIM-1 - kidney injury molecule-1; 8-OHdG - 8-hydroxy-2"-deoxyguanosine.

Kidney injury biomarker
Albuminuria KIM-1

NGAL
"‘-. ",J" NAG
UBCR

Osteopontin

Oxidative stress biomarker Heart failure with preserved ejection fraction Urinary proteome
8-OHdG Collagen metabolism
biopyrrins Immune response
F2-isoPs
Fig. 1. Urinary biomarkers identified in the literature in patients with heart failure with preserved ejection fraction (HFpEF)
endothelial membrane with its fenestrations restricts demonstrated a direct relationship between albuminuria
the filtration of negatively charged albumin in the re- and microvascular endothelial dysfunction.” A significant
nal glomerulus.® This results in albumin concentrations correlation was observed between 24-h albuminuria and
in the ultrafiltrate within Bowman’s space being 1000— 2 established measures of microvascular endothelial func-
10,000 times lower than in plasma. Most albumin mol- tion: retinal arteriolar dilation in response to flicker light
ecules that pass through are absorbed by proximal tubule stimulation and skin hyperemia induced by local heating.
cells, where proteases break them down into fragments that The presence of albuminuria also carries broader implica-
can re-enter the urine. Elevated levels of albumin in urine tions for systemic health. Transient albuminuria can occur
are a recognized symptom of glomerular endothelial dam- in response to high-altitude hypoxia, myocardial hypoxia

age. Moreover, the population-based Maastricht Study and physical exertion, whereas its persistent presence
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is commonly associated with metabolic syndrome, type 2
diabetes and cardiovascular diseases.®

Albuminuria is a major risk factor for cardiovascular and
overall mortality, independent of other cardiovascular risk
factors, even in individuals with normal renal function.?
An elevated urinary albumin-to-creatinine ratio (UACR)
is common among patients with HF, and this association
remains significant even in individuals without diabetes.'
Moreover, it has been shown that low-grade albuminuria
precedes the occurrence of both HFpEF and HFrEF.!! Ac-
cording to these findings, elevated albuminuria indicates
systemic vascular endothelial dysfunction and is patho-
physiologically linked to HF, including HFpEF.!> The as-
sociation between albuminuria and HFpEF was demon-
strated in the prospective multicenter PROMIS-HFpEF
study.!® It identified a link between albuminuria and
coronary microvascular dysfunction, as well as systemic
endothelial dysfunction, evidenced by elevated UACR and
reduced coronary flow reserve. These dysfunctions cor-
related with markers of systemic endothelial dysfunction,
including UACR. Therefore, albuminuria serves as an in-
dicator of widespread microvascular and endothelial dam-
age and may act as a surrogate marker for such patho-
logical changes in multiple organs, including the heart.
However, the precise pathomechanisms and causal link
between albuminuria and HF remain unclear, although
inflammation-induced endothelial dysfunction is con-
sidered a potential contributing factor.!®* In the RELAX
study, 75% of patients with HFpEF exhibited elevated levels
of C-reactive protein (CRP).1* Correlations were observed
between inflammatory markers, such as von Willebrand
factor, in patients with both albuminuria and HF, with this
factor further associated with increased levels of interleu-
kin 6 (IL-6) and CRP.!> Another marker supporting the link
between inflammation and the pathophysiology of HFpEF
is pentraxin 3 (PTX-3), a novel inflammatory biomarker.
Its levels have been shown to correlate with the presence
of left ventricular diastolic dysfunction in patients with
preserved ejection fraction.!® Moreover, elevated levels
of PTX-3) have also been associated with diastolic remod-
eling in patients experiencing ST-elevation myocardial
infarction (STEMI)."”

Furthermore, hypervolemia is another potential mech-
anism linking albuminuria to HFpEF. Studies have con-
firmed associations between albuminuria and reduced
renal artery blood flow, as well as physical signs of volume
overload and elevated levels of NT-proBNP.!® Additionally,
according to this hypothesis, a reduction in albuminuria has
been associated with an improvement in congestion-related
symptoms, as well as a decrease in NT-proBNP levels.?

Albuminuria is also associated with echocardiographic
parameters reflecting biventricular dysfunction and
myocardial remodeling.?’ This relationship persisted
even after excluding comorbid conditions such as diabe-
tes and chronic kidney disease (CKD), and correlations
with changes in echocardiographic parameters have been
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observed even at low levels of albuminuria in asymptom-
atic patients. Studies have shown that albuminuria is asso-
ciated with increased left ventricular (LV) mass (LVM) and
wall thickness in both hypertensive and non-hypertensive
individuals.?=2® In hypertensive patients, it correlates neg-
atively with ejection fraction and left LV chamber size.?!
Renal impairment also affects left heart geometry; how-
ever, the specific alterations in cardiac structure and func-
tion vary depending on whether albuminuria or a reduced
estimated glomerular filtration rate (eGFR) is present.?
In patients with albuminuria but normal creatinine levels,
eccentric hypertrophy is more common, while isolated
reductions in eGFR are linked to concentric hypertrophy,
increased LV mass and abnormal LV geometry alongside
lower mid-wall fractional shortening (MWES). Patients
with both albuminuria and reduced eGFR exhibit mixed
structural changes, including eccentric and concentric
hypertrophy, as well as concentric remodeling.2* The above
observations suggest that albuminuria and eGFR are asso-
ciated with different pathomechanisms leading to HFpEF.
This also indicates the potential to identify subgroups
of patients with diastolic dysfunction in future studies.
Higher UACR levels are linked to worse LV systolic
function parameters, such as longitudinal systolic func-
tion (measured by tissue Doppler’s velocity) and preload
recruitable stroke work (PRSW, a load-independent indi-
cator of contractility), despite the presence of preserved
ejection fraction.?®?> Global longitudinal strain (GLS),
a sensitive echocardiographic parameter, is crucial for as-
sessing subtle changes in LV systolic function in patients
with HFpEF.? Studies indicate that HFpEF patients often
exhibit abnormalities in GLS, suggesting underlying sys-
tolic dysfunction, which may be an inherent part of the HF-
pEF syndrome.?¢-28 Notably, UACR exhibits an inverse
relationship with GLS, and this association remains sig-
nificant even after adjustment for multiple confounding
variables. Another parameter indicative of LV diastolic re-
laxation is the e’ tissue velocity, which reflects the diastolic
motion of the myocardium during the rapid filling phase
of the ventricle.?” While some studies have reported an as-
sociation between albuminuria and reduced e’ velocity,
the strength and significance of this relationship have var-
ied across different analyses.?>3° Nonetheless, albuminuria,
even at low concentrations, consistently correlates with
an elevated E/e’ ratio.?’ The E/e’ ratio is regarded as one
of the most reliable noninvasive measures for assessing
LV filling pressure in individuals with preserved diastolic
function. Importantly, this relationship persists after ac-
counting for diabetes and LV hypertrophy, indicating a sub-
clinical connection between albuminuria and deteriorating
function. Additionally, an analysis of B-type natriuretic
peptide (BNP) levels and UACR in patients with preserved
ejection fraction and normal LV volume revealed a strong
positive correlation.?> This suggests that elevated albumin-
uria may serve as a biomarker for heightened myocardial
wall stress, a key contributor to HFpEF pathophysiology.
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In patients with HFpEEF, right ventricular dysfunction
is common and associated with worse clinical outcomes
in this population. Furthermore, research findings indi-
cate that longitudinal subendocardial dysfunction, both
diastolic and systolic, of the right ventricle is related
to the symptomatology of patients.?’ Albuminuria is sig-
nificantly associated with right ventricular (RV) remodel-
ing. Structural changes such as increased RV wall thickness
and chamber enlargement are frequently observed in pa-
tients with HFpEF.?° The urinary albumin-to-creatinine
ratio is significantly elevated in individuals with RV hy-
pertrophy, and higher levels are correlated with increased
RV wall thickness and a larger RV end-systolic area index.
Furthermore, albuminuria is associated with RV systolic
dysfunction, as indicated by reduced right ventricular
fractional area change (RVFAC). These associations per-
sist even after excluding patients with macroalbuminuria,
and they remain significant after adjusting for increased
pressures in the right heart, such as pulmonary artery
systolic pressure (PASP) and right atrial pressure (RAP),
as well as left ventricular diastolic pressure measured via
catheterization. This suggests that albuminuria-related RV
remodeling may result from mechanisms beyond preload
or afterload increases, possibly involving inflammation
and endothelial dysfunction.

In clinical terms, albuminuria emerges as a promising
biomarker for HFpEF onset, as traditional cardiovascu-
lar biomarkers exhibit a stronger correlation with HFrEF.
Low-grade albuminuria preceding HFpEF suggests its po-
tential as an early indicator of cardiovascular pathology.!!
Studies have shown that elevated UACR is associated with
a higher risk of hospitalization in HFpEF patients, an ef-
fect that is notably stronger in males.?! In individuals with
HFpEF, urinary albumin excretion has also been identi-
fied as an independent predictor of both cardiovascular
and non-cardiovascular mortality across all eGFR levels.*?
Moreover, positive findings of albuminuria on urine dip-
stick tests in HFpEF patients have also been associated
with poorer outcomes.?3* This evidence suggests that
dipstick albuminuria could serve as a simple yet effective
prognostic marker in HFpEF patients, enabling early risk
stratification and guiding clinical management.

Tubular kidney injury biomarkers

Tubular kidney injury biomarkers are emerging as valu-
able tools for the early detection and evaluation of kidney
damage. Unlike traditional markers such as serum creati-
nine, which often reflect kidney injury only after signifi-
cant delays, tubular injury biomarkers can detect damage
at earlier stages, allowing for differentiation of the site and
degree of kidney injury.?®

Kidney injury molecule-1 (KIM-1) is a type I cell mem-
brane glycoprotein that is undetectable in healthy kid-
neys. However, in response to inflammation or injury
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of the proximal tubules, it is expressed in regenerating
epithelial cells.®® This upregulated expression is particu-
larly prominent in the S3 segment of the proximal tubule,
where KIM-1 functions as a scavenger receptor, facilitating
the phagocytosis of necrotic epithelial cells.?” In patients
with chronic HF, elevated levels of KIM-1 in the urine cor-
relate with worse clinical outcomes and increased risk
of hospitalization.?® Additionally, elevated KIM-1 levels
are observed in symptomatic HF patients.?® These eleva-
tions persist even in patients with normal kidney function
and normal glomerular filtration rate (GFR). Furthermore,
elevated levels of KIM-1 in urine are correlated with an in-
creased risk of developing HF within the population.?
Comparing the urinary marker profile in patients with
HFrEF versus HEpEEF, patients with diastolic dysfunction
show greater evidence of tubular damage and/or dysfunc-
tion.** Among HFpEF patients, higher urinary KIM-1 levels
are noted, while urinary creatinine levels are significantly
lower compared to those with HFrEF.%° Additionally, pedi-
atric studies have linked elevated urinary KIM-1 concen-
trations to left ventricular hypertrophy (LVH), the most
common myocardial structural abnormality in diastolic
dysfunction.*!

Another biomarker, neutrophil gelatinase-associated li-
pocalin (NGAL), is typically present at low levels in healthy
individuals but rises markedly in response to kidney injury.
It serves roles in innate immunity and acts as an acute-
phase protein in inflammatory states and endothelial dam-
age.*? Its heightened concentration in urine stems from
increased protein expression and impaired reabsorption
in damaged proximal tubule epithelium.*? Research has
shown that NGAL levels in both serum and urine are sig-
nificantly increased in outpatients with HF, suggesting its
potential utility as a diagnostic and prognostic indicator
in this condition.**** This correlation remained significant
in patients with reduced GFR. Interestingly, while serum
NGAL levels are correlated with serum creatinine in acute
HEF,* urinary NGAL concentrations do not show this asso-
ciation. The data on the predictive value of urinary NGAL
levels in predicting mortality in patients with chronic HF
are inconclusive, with only 1 study demonstrating a weak
correlation with elevated mortality in this patient co-
hort.*34%4¢ However, similarly to KIM-1, the study shows
that patients with HFpEF exhibit higher urinary NGAL-1
levels compared to patients with reduced ejection frac-
tion, particularly when there is no kidney dysfunction.*’
Furthermore, in patients with CKD, plasma NGAL concen-
tration correlated with LVH and left ventricular diastolic
dysfunction, as assessed by the E’ parameter and the ratio
of Eto E’ (E/E").Y

Going further, N-acetyl-B-D-glucosaminidase (NAG),
a lysosomal enzyme released from proximal tubules due
to epithelial cell injury, is significantly elevated in pa-
tients with chronic HF.*® Its levels correlate with poorer
prognosis and increased risk of hospitalization.37:46:8
However, no clear relationship has been established
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between NAG levels and HF-related events in HFpEF,
defined as hospitalization or death due to HF. In con-
trast, a study showed that the urinary p2-microglobulin
to creatinine ratio (UBCR) indicated a significantly higher
risk of cardiac events in patients with HFpEF, and this
association persisted even after adjusting for other risk
factors.*” Levels of UBCR also correlate with HF severity,
as classified by the New York Heart Association (NYHA)
functional classification, in patients with HFpEF.** An-
other biomarker found in urine that shows significantly
elevated levels in patients with HFpEF is osteopontin,*°
a protein secreted by cells in the distal tubule and loop
of Henle in response to nephron injury. While its role
in diastolic dysfunction remains unclear, further inves-
tigation is warranted.

The observed relationships between HFpEF and tubular
kidney injury biomarkers highlight the need for deeper
investigation into the underlying mechanisms. These bio-
markers likely reflect the functional status of the renal
tubules, which are responsible for electrolyte and water
balance. A study conducted by Jungbauer et al. revealed
that alterations in volume status induced by diuretics
are linked to changes in markers of tubular dysfunction,
such as KIM-1 and NGAL.?8 Disruption in salt and wa-
ter excretion can result in fluid overload, and therefore
elevated cardiac output, high blood pressure, LVH, and
indirectly contribute to HFpEF development. Tubular in-
jury, reduced nephron mass and ongoing inflammation
may activate both the renin—angiotensin—aldosterone
system and the sympathetic nervous system, causing en-
dothelial dysfunction.®® Moreover, the referenced studies
observed higher concentrations of tubular injury biomark-
ers in patients with HFpEF compared to those with HFrEF,
particularly in cases with normal eGFR.*® This suggests
that renal dysfunction may be present in HFpEF patients
without diagnosed kidney disease, as eGFR primarily as-
sesses kidney filtration capacity and may not accurately
reflect existing damage in the distal nephron segments.
Proximal tubules, which are highly susceptible to injury
due to their substantial oxygen demand, play a central
role in the progression of CKD. In turn, CKD is associ-
ated with the accumulation of uremic toxins, increased
oxidative stress and microvascular dysfunction, i.e., key
contributors to the development and progression of dia-
stolic heart dysfunction.”>2 While current data strongly
suggest a connection between HFpEF and tubular injury
biomarkers, causality remains unproven. Reverse causa-
tion, where HFpEF contributes to tubular injury, must
also be considered.

Oxidative stress markers

In the literature on the HFpEF pathophysiology, oxidative
stress, along with endothelial dysfunction and inflamma-
tion, plays a significant role in the development of diastolic
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dysfunction of the heart.>> Oxidative stress arises from
an imbalance between excessive production of reactive
oxygen species (ROS) and insufficient antioxidant de-
fenses, leading to cellular damage that affects proteins,
lipids and DNA. Patients with HFpEF frequently present
with comorbidities such as obesity, diabetes, dyslipidemia,
hypertension, and renal impairment, all of which contrib-
ute to endothelial dysfunction and systemic inflammation,
thereby enhancing ROS production in cardiac endothe-
lial cells.>® Moreover, studies have shown that the pres-
ence of HFpEF correlates with elevated levels of oxidative
stress markers, such as nitrotyrosine, indicating nitrosa-
tive/oxidative stress.>* Reactive oxygen species can alter
titin phosphorylation, leading to increased passive stiffness
of cardiomyocytes, which may adversely affect cardiac
diastolic function.>® Additionally, ROS-induced secretion
of pro-fibrotic substances promotes myofibroblast differ-
entiation and collagen deposition, contributing to cardiac
fibrosis.*® Mitochondrial structural and functional disrup-
tion in cardiomyocytes, another consequence of oxida-
tive stress, is strongly implicated in the pathophysiology
of HFpEF.>’

One of the well-established biomarkers of oxidative
stress is 8-hydroxy-2'-deoxyguanosine (8-OHdG), also
known as 8-ox0-2"-deoxyguanosine (8-oxo-dG). It is gen-
erated as one of the main products of DNA oxidation
by ROS. Formed from the oxidation of deoxyguanosine
within DNA, 8-OHdG is repaired and removed by 8-ox-
oguanine DNA glycosylase-1, then transported into
the bloodstream, filtered by the kidneys and excreted
in urine.*® Elevated 8-OHdG levels in serum and urine
reflect systemic oxidative stress. In the conducted meta-
analysis of studies focusing on 8-OHdG in patients with
HE, a strong positive correlation has been demonstrated.>
Furthermore, in studies of patients with HF, it has also
not been shown that diabetes affects the concentration
of the biomarker. Urinary 8-OHdG levels have been shown
to correlate with HF symptom severity, as assessed us-
ing the NYHA functional classification, as well as with
echocardiographic parameters including left ventricu-
lar ejection fraction (LVEF), pulmonary capillary wedge
pressure, and left ventricular end-diastolic volume index
(LVEDVI).%® Laboratory markers like BNP60 also show
significant associations. Urinary 8-OHdG has emerged
as an independent prognostic marker for cardiac events
in patients with chronic HE.®! Furthermore, in asymp-
tomatic individuals with hypertension, increased urinary
8-OHdG levels correlate with subclinical diastolic dys-
function. In the cohort of individuals without diagnosed
HF but with arterial hypertension, the association between
8-OHdG levels and cardiac function has been evaluated.
The investigation revealed that parameters of diastolic
dysfunction, such as mitral annular early diastolic veloc-
ity (¢’) and the ratio of early transmitral flow velocity (E)
to €’ (E/e’), correlated with increased urinary 8-OHdG
excretion.®?
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Biopyrrins, formed through the oxidative metabolism
of bilirubin, serve as additional biomarkers of oxidative
stress and can be detected in the blood and urine. Bili-
rubin, an antioxidant, captures circulating ROS to pre-
vent lipid and low-density lipoprotein (LDL) oxidation.
However, this process is self-limiting, and biopyrrins are
subsequently excreted in urine, making them a nonin-
vasive biomarker.®® In a study conducted by Hokomaki
et al,, urinary biopyrrins concentrations are significantly
elevated in patients with HF, with the highest levels ob-
served in patients classified as NYHA III/IV.%* Even in pa-
tients with milder symptoms (NYHA I) and preserved
ejection fraction (average 54.8 +2.7%), biopyrrin levels are
significantly higher than in controls. A positive correlation
has been observed between biopyrrin and BNP levels.®*
Further research has focused on bilirubin levels, which
are associated with poorer prognosis, increased severity
in patients with HF and elevated all-cause mortality.®>-¢¢
However, in patients with HFpEF, lower blood bilirubin
levels have been observed compared to control subjects,
and this decrease correlates with the severity of diastolic
dysfunction, with the lowest levels detected in those with
grade 4 HFpEF.’ This discrepancy in study results depend-
ing on the type of HF may be explained by the role of bili-
rubin as an antioxidant,®® which may decrease in HFpEF
due to increased oxidative stress. Regarding biopyrrins,
it has been shown that their concentration in urine cor-
relates with bilirubin levels.®® Therefore, it seems reason-
able to hypothesize about the potential value of biopyrrins
as a biomarker in HFpEF. However, further studies are
required to establish their clinical utility in specific HF
subtypes.

Another potential biomarkers of oxidative stress in HF-
pEF measurable in urine are F2-isoprostanes (F2-isoPs).
These compounds are advantageous due to the non-
invasive nature of their assessment and their stability,
as their concentrations are not significantly influenced
by renal or hepatic dysfunction. Furthermore, F2-isoPs
are considered one of the most reliable and stable mark-
ers for monitoring oxidative stress intensity in patients.”
Research indicates that the concentration of F2-isoPs
in urine is significantly elevated in patients with se-
vere HF and correlates with the severity of symptoms
as indicated by the NYHA scale.”® Although promising,
additional studies are needed to determine the predic-
tive value of F2-isoPs and their specific relationship
to HFpEF.

Urinary proteome

Urinary proteome analysis is an evolving field in bio-
marker discovery, offering insights into naturally occur-
ring peptides in urine. This approach has become a valu-
able tool for understanding disease mechanisms and
identifying novel biomarkers across various conditions.
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Heart failure, including HFpEF, presents a multifactorial
etiology, making it challenging to unravel the precise mo-
lecular mechanisms involved. In all HF subtypes, including
HFpEEF, the strongest correlations have been observed with
peptides representing collagen fragments, whose concen-
trations in urine have decreased.”! The most pronounced
reductions are observed in fragments derived from col-
lagens with specialized structures that support network
formation, particularly collagen types IV and VIII. While
the exact cause of these changes is unclear, these find-
ings suggest enhanced collagen network stability in HF
and underscore the role of disrupted collagen turnover
in patients with HFpEF.”? Further alterations observed
in the urinary proteome of patients with HF includes dys-
regulation in pathways responsible for immune response.
The most prominent alterations are associated with in-
nate immune responses, notably those involving toll-like
receptors (TLRs), neutrophil degranulation and activa-
tion of the complement cascade.” Notably, these changes
are characteristic of HF and remain distinct from those
caused by CKD. Despite significant differences between
patients with HF and the control group, no significant dif-
ferences in peptide changes have been observed between
patients with reduced and preserved ejection fraction.
These findings may indicate that, irrespective of clinical
distinctions, HFpEF and other HF subtypes involve over-
lapping molecular mechanisms. An analysis of data from
the TOPCAT study was conducted to assess the prognostic
value of urinary proteins in patients with HFpEF. The find-
ings revealed that more than 40 urinary peptides were
significantly associated with adverse outcomes, defined
as an increased risk of mortality or hospital readmission.
The proteins associated with the highest risk included
angiopoietin-like protein 2 (ANGPTL2), deoxyribonucle-
ase-1 (DNASE1) and a-amylase 2A (AMY2A). A weaker
correlation was observed for proteins related to fibrosis,
metabolism and inflammation. In this context, the find-
ings align with other research indicating that urinary bio-
markers can provide valuable insights into the prognosis
of HFpEF patients.”

Conclusions

Urinary biomarkers show considerable potential
as valuable instruments for the diagnosis, prognosis and
elucidation of the pathophysiological mechanisms under-
lying HEpEF. This review consolidates current knowledge
on urinary biomarkers, highlighting their utility in ad-
vancing the understanding of HFpEF and guiding future
research. Given the substantial heterogeneity of HFpEF,
it continues to pose a major clinical challenge. Further
investigations are crucial to refine the understanding
of biomarkers in HFpEF patients, paving the way for im-
proved management and therapeutic strategies for these
patients.
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