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Abstract
We don’t understand Alzheimer, its origin and disease mechanisms. The absence of disease-modifying treat-
ments for Alzheimer today is due to the amyloid hypothesis, a misguided hypothesis of Alzheimer’s disease 
etiology, which has dominated Alzheimer research, drug development, and clinical trials for 30 years. However, 
the hypothesis is not dead yet, as exemplified by the recent resurrection of clinical trials with aducanumab. 
Recent advances in Alzheimer research include astrocytes, synaptic function and glutamate signaling. Many 
studies indicate EAAT2 as a promising target in drug discovery and clinical development for novel therapies 
in Alzheimer’s disease, and other neurologic and psychiatric diseases.

Key words: Alzheimer’s disease, clinical trials, drug discovery, EAAT2

Introduction

Understanding and treatment of disease go hand in hand. A case in point, 
the topic of this Editorial, is Alzheimer’s disease (AD), the most devastating 
disorder of the human mind and the major cause of dementia. Despite decades 
of research efforts in academia and the drug industry, and hundreds of clinical 
trials, we have no cure, no prevention and no treatment for AD. Why is that? 
The short answer is that we do not understand AD – its origin and disease 
mechanisms.

Trials and failures

The long answer is as follows. In the early 1900s, when Alois Alzheimer and 
many others described amyloid plaques and neurofibrillary tangles in the post-
mortem brains of  senile people, they did not propose any cause or effect. 
Do the plaques and tangles cause dementia, or does dementia cause the plaques 
and tangles? Indeed, in 1911 Alzheimer wrote: “There is then no tenable reason 
to consider these cases as caused by a specific disease process.”1 The amyloid hy-
pothesis proposes Aβ peptide accumulation and amyloid formation in the brain 
cause AD. The hypothesis has almost singularly guided AD research and clinical 
trials ever since it was formulated 30 years ago.2 Yet, several facts and experi-
mental studies are against the hypothesis.3–8 All AD trials, hundreds of them 
over the years, whether with β- or γ-secretase inhibitors to reduce Aβ peptides 
production or with anti-Aβ antibodies to clear amyloid from the brain, have 
failed to stop or slow the cognitive decline or improve the daily living of AD 
patients. Similarly, in preventive trials in cognitively unimpaired people at high 

Editorials

Alzheimer’s trials: A cul-de-sac with no end in sight

Markku KurkinenD,F

NeuroActiva™, Inc., San Jose, USA

A – research concept and design; B – collection and/or assembly of data; C – data analysis and interpretation; 
D – writing the article; E – critical revision of the article; F – final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899–5276 (print), ISSN 2451–2680 (online) Adv Clin Exp Med. 2021;30(7):653–654



M. Kurkinen. Alzheimer’s trials654

risk of developing AD, due to the APOE4 gene or elevated 
PET scan-determined brain amyloid, reducing Aβ peptide 
production and amyloid did not prevent or slow cogni-
tive decline. The most definitive evidence against the hy-
pothesis, however, comes from the recent preventive trials 
in cognitively unimpaired people carrying the presenilin 
PS1 mutation E280A, which causes AD at the age of 49. 
Trials with the anti-Aβ antibodies solanezumab or gan-
terumab failed to prevent or slow the cognitive decline. 
Even worse, the preventive trials and treatment methods 
intended to help often harmed many study participants 
volunteering for the trials by causing serious health prob-
lems, including enhanced cognitive decline.

Challenges in research

If these AD trials and failures do not prove the amyloid 
hypothesis wrong, then what does? And if these trials and 
errors do not ring the bell and call for a major change in AD 
research, and question the rationales of AD research policy 
making, then what does?

It is fair to say the absence of disease-modifying treat-
ments for AD today is due to the amyloid hypothesis, a mis-
guided hypothesis of AD etiology, which has dominated 
research, drug development and clinical trials for 30 years. 
In 2014, when Jack de la Torre was writing in The New 
England Journal of Medicine: “[...] when is a dead hypoth-
esis really dead?”, he was commenting on the failed trials 
in AD patients with the anti-Aβ antibodies solanezumab 
and bapineuzumab.9 However, the hypothesis is not dead 
yet, as exemplified by the recent resurrection of clinical 
trials with aducanumab.10 On June 7, 2021, the US Food 
and Drug Administration (FDA) approved the use of adu-
canumab (Aduhelm™) to treat AD.11

In 1991, Swash et al. wrote: “Recent advances in Alz-
heimer’s disease imply a need for adequate clinical trials 
of new treatments which require careful design.”12 Today, 
recent advances in AD research have investigated astro-
cytes, synaptic function and glutamate signaling. In neu-
rotransmission, synaptic glutamate signaling is regulated 
by the glutamate transporter EAAT2 expressed on astro-
cytes (which cover the synapses). As soon as glutamate 
signaling starts, it is stopped within 1 ms by EAAT2, which 
binds and removes glutamate from the synapses. This 
prevents excessive glutamate signaling, which can lead 
to synapse loss and neuron cell death, the early signs of de-
veloping AD. In mouse models of AD, increasing EAAT2 
expression slows disease progression, whereas decreasing 

EAAT2 expression enhances disease progression. Human 
postmortem AD brains have less EAAT2. These observa-
tions, and many other studies, indicate EAAT2 as a prom-
ising target in drug discovery and clinical development 
of novel therapies in AD and other neurologic and psy-
chiatric diseases.13–15
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Abstract
Background. Syndecan-1 (Sdc1) is a heparin sulfate proteoglycan expressed in intestinal epithelium, which 
plays a crucial role in inflammation and epithelial repair. Sdc1-knockout mice have a deteriorated course 
of dextran sulfate sodium-induced colitis as compared to controls. Syndecan-1 is also shed into the serum 
during inflammation of the epithelium. We hypothesized that an increased serum level of soluble Sdc1 
is a biomarker of intestinal inflammation in ulcerative colitis (UC).

Objectives. To evaluate serum soluble Sdc1 as a biomarker of intestinal inflammation in UC.

Materials and methods. This is a proof-of-concept study. Patients were recruited by the University Hospital 
Münster and HELIOS Albert Schweitzer Klinik Northeim (Germany). Blood samples were collected from UC 
patients actively suffering from this condition and those in remission. The levels of Sdc1 were measured with 
Diaclone CD 138 ELISA kit (Diaclone Research, Besançon, France) and routine clinical data were collected 
(C-reactive protein (CRP) levels, calprotectin in stool samples). Data were analyzed using SPSS software.

Results. Soluble Sdc1 levels were significantly elevated in the active UC group as compared to the inactive 
UC group (94.5 ±68.1 ng/mL compared to 28.3 ±12.6 ng/mL, p = 0.0020). The levels of Sdc1 also signifi-
cantly correlated with the severity of UC as measured with the Mayo score (p = 0.0248). Receiver operating 
characteristic (ROC) analysis showed a good correlation of Sdc1 with an endoscopic Mayo score ≥2, with 
a value of 0.7747 (95% confidence interval (95% CI) = 0.5775–0.9718). A cutoff value of 37.1 ng/mL of Sdc1 
showed a sensitivity of 78% and a specificity of 77%. A panel of biomarkers including CRP, hemoglobin, 
hematocrit, and Sdc1 was able to precisely predict active UC with an area under the curve (AUC) = 0.9395 
(95% CI = 0.8509–1.0000).

Conclusions. Serum soluble Sdc1 correlates significantly with mucosa inflammation and Mayo score in UC. 
Clinical trials No. NCT 02333526.

Key words: inflammatory bowel disease, biomarker, CD138, syndecan-1, ulcerative colitis
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Background

Syndecan-1 (CD138, Sdc1) is a heparin sulfate proteo-
glycan that plays an important role in inflammation and 
wound healing.1,2 Physiologically, there is a high concentra-
tion of Sdc1 in the intestinal epithelium. Sdc1-knockout 
mice exhibit impaired wound healing of the skin and show 
a higher mortality rate in an experimental model of colitis 
induced with dextran sulfate sodium.3,4 Likewise, in ulcer-
ative colitis (UC) patients, a lack of Sdc1 has been observed 
in histological specimens of ulcers.5,6 In addition, a shed-
ding of Sdc1 into the bloodstream during inflammation 
has been observed.7,8 Furthermore, Sdc1 has been shown 
to play a role in autoimmune diseases like psoriasis.9

Guidelines recommend that the therapeutic aim of UC 
treatment should be both clinical and endoscopic remis-
sion.10,11 In particular, the therapeutic goal is to achieve 
mucosal healing.12 Therefore, it would be advantageous 
to identify non-invasive assessments, such as biomarkers 
or a panel of biomarkers, that indicate endoscopic remis-
sion. Presently, C-reactive protein (CRP), sedimentation rate 
and stool calprotectin are established biomarkers for intes-
tinal inflammation, but none of these markers are specific 
to inflammatory bowel disease (IBD),13 nor are any of these 
markers used as an alternative to endoscopic remission.14 
For example, stool calprotectin is most frequently used 
in studies of IBD, but the cutoff levels have been difficult 
to determine.15 Other fecal markers like lactoferrin have 
not proven to be superior to stool calprotectin.14 C-reactive 
protein is a long-standing marker for inflammation in gen-
eral, but its ability to distinguish between mucosal healing 
and moderate-to-severe colitis is controversial due to poor 
accuracy and the use of different cutoff values.15 Cytokines 
and downstream proteins have been evaluated as markers 
for UC, but they also have not been shown to be superior 
to stool calprotectin in its ability to distinguish between 
active and inactive colitis.16 A wide range of markers con-
nected to the immune response has also been evaluated.14 
However, none have proven superior if used as a single 
marker for active UC. A relatively new approach is to evalu-
ate biomarker panels for the detection of mucosal heal-
ing. For example, Hosomi et al. evaluated a combination 
of presepsin and CRP for Crohn’s disease activity, which 
showed a sensitivity of nearly 100%.17 Therefore, identify-
ing biomarkers specific to IBD is worthy of investigation.

Objectives

Based on previous research, we considered the possibility 
that soluble Sdc1 levels in blood serum may correlate with 
the presence of colonic inflammation in UC and may be 
useful as a specific biomarker. Thus, the aim of this study 
was to examine the correlation between Sdc1 levels and 
the presence of inflammation with respect to disease ac-
tivity, medication and other biomarkers of inflammation.

Materials and methods

Study design

This study was designed as proof of concept study. We hy-
pothesized that Sdc1 is a suitable indicator of intestinal 
inflammation. The main outcome parameter was serum 
soluble Sdc1 levels from blood samples collected during 
routine outpatient visits from patients diagnosed with UC.

Setting

This study was performed in accordance with the Decla-
ration of Helsinki. The trial involved human participants, 
was approved by the local ethics committee at the Univer-
sity of Göttingen, Germany (approval No. 25/8/14) and was 
registered (Clinical trials No. NCT 02333526).

The study was conducted at the Helios Albert-Schweitzer-
Hospital in Northeim, Germany and the University Hospital 
in Münster, Germany from 2015 to 2018. Routine outpa-
tient visits were used to recruit patients, and all participants 
signed informed consent for blood collection and data stor-
age. All data were collected in a Microsoft Excel table (Micro-
soft Office 2013; Microsoft Corp., Redmond, USA), immedi-
ately anonymized and processed according to the European 
Union law. A follow-up examination was not performed.

Participants

Patients older than 18 years with a history of UC and 
signed informed consent were considered eligible for 
the study. Exclusion criteria included a history of Crohn’s 
disease, infectious intestinal disease, an age under 18 years, 
pregnancy, and lack of informed consent.

Variables

Secondary parameters were age, sex, active UC, UC in re-
mission, Mayo score for UC, extent of UC, medication, 
leucocyte count, CRP, thrombocyte count, hemoglobin, 
hematocrit, and fecal calprotectin.

Data sources and management

All blood samples were collected according to good 
clinical practice. The samples were labeled with a code 
and brought to the laboratory. Samples were centrifuged 
at 3000 × g for 10 min and serum was obtained. The serum 
samples were stored at −70°C until processing. A com-
mercially available enzyme-linked immunosorbent assay 
(ELISA) kit was used to measure soluble Sdc1 (Diaclone 
Research, Besançon, France). Material that was not used 
was discarded.

To avoid bias, all patients with UC had their diagnosis 
confirmed by endoscopy and histologic examination of gut 
specimens.
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Study size

As this was a proof of concept study, the patients were 
divided into 2 groups: 13 patients with UC and a Mayo 
score <2, and 14 patients with UC and a Mayo score ≥2. 
Patient recruitment was considered complete after attaining 
a strong and significant signal for our main outcome param-
eter, and when statistical power 1-beta surpassed 0.8 (80%).

Quantitative variables

We chose the endoscopic Mayo score for the discrimi-
nation of active and inactive UC as this methodology has 
been well established in literature. Patients with a Mayo 
score <2 (inactive or mild disease) were considered as in-
active, while patients with a Mayo score ≥2 (moderate-to-
severe) were considered as active. A Mayo score of 2 was 
chosen due to the significant signal of Sdc1 detected using 
an unpaired t-test.

Statistical analyses

Statistical analyses were performed using IBM SPSS Statis-
tics for Windows, v. 27 (IBM Corp., Armonk, USA). Values are 
displayed as mean and standard deviation (SD), or n. To test 
for significance, unpaired t-tests (to compare means) or Pear-
son’s χ2 tests (to compare n in contingency tables) were used, 
and an alpha level of a p < 0.05 was considered significant. 
To examine the correlation between the complete Mayo score 
and Sdc1, the Kruskal–Wallis test was used, and a p < 0.05 
was considered statistically significant. To examine the cor-
relations of CRP and stool calprotectin with Sdc1, bivariate 
correlation (Pearson’s r) was used. A receiver operator char-
acteristic (ROC) curve analysis was performed to check for 
the discrimination threshold of Sdc1 (discrimination of colo-
noscopic Mayo score <2 compared to ≥2). Points on the ROC 
curve nearest the upper left corner were chosen for cutoff 
values as this resulted in optimal sensitivity and specificity. 
Logistic regression analysis was performed to determinate 
the regression coefficients of CRP, hemoglobin, hematocrit, 
and Sdc1 since these parameters were proven to be significant 
in t-test analyses. Based on these data, a model (see results) 
was created to improve the prediction of active UC. This 
model was again analyzed using ROC curve analysis.

Results

Twenty-seven patients with UC were eligible for this 
study and provided informed consent. All of the recruited 
patients were included. Among these, 13 were consid-
ered inactive and 14 were considered active, as indicated 
by the Mayo score. For those with active UC, the distribu-
tion of colonic inflammation was as follows: 50% pancolitis, 
31.5% left-sided UC, 12.5% ulcerative proctitis, and 6% 
right-sided UC.

Blood was drawn and samples underwent Sdc1 analy-
sis. As outlined above, 2 groups were differentiated based 
on a Mayo score <2 and ≥2. In these 2 groups, no significant 
differences in age, duration of disease, gender, mesalazine 
usage, comorbidities, tumor necrosis factor (TNF) blocker 
usage, and azathioprine usage were observed. It was found 
that drugs like vedolizumab, steroids or other immuno-
modulatory drugs were used more often in the active UC 
group than in the inactive UC group. Significant differ-
ences were also found between the active and inactive UC 
groups in the level of CRP, leucocyte count, hemoglobin, 
hematocrit level, and fecal calprotectin.

The Sdc1 was also significantly elevated in the active 
UC group as compared to the inactive UC group (94.5243 
±68.0518 ng/mL compared to 28.3423 ±12.5921 ng/mL,  
p = 0.0020; Table 1). The Kruskal–Wallis test showed a sig-
nificant correlation between Sdc1 values and the extent 
of UC as measured with the complete Mayo score (degrees 
of freedom (df) = 8, p = 0.0248; Fig. 1). In addition, ROC 
analysis showed an area under curve (AUC) of 0.7747 (95% 
confidence interval (95% CI) = 0.5775–0.9718; Fig. 1), in-
dicating a pretty good correlation of Sdc1 with the activity 
of UC (according to the endoscopic Mayo score). As a result 
of the ROC analysis, it was determined that a cutoff value 
of 37.1 ng/mL of Sdc1 was associated with a sensitivity 
of 78% and a specificity of 77%.

Based on  these data, we  were able to  model a  panel 
of biomarkers for improved prediction of active UC. First, 
we performed a  logistic regression analysis identifying 
CRP, hemoglobin, hematocrit, and soluble Sdc1 as param-
eters for the prediction of active colitis as defined with 
an endoscopic Mayo score of 2 or above. Next, we calcu-
lated the x-value where

x = 4.078 * [CRP [mg/dL]] − 1.961 * [hemoglobin [g/dL]] + 
+ 0.466 * [hematocrit [%]] + 0.040 * [Sdc1 [ng/mL]] + 2.900.

The probability (P) that the patients suffers from active 
UC was estimated using x in this mathematical term (1):

 
1p = 1 + ex  (1)

ROC analysis of this predictive model revealed an AUC 
of 0.9395 (95% CI = 0.8509–1.0000; Fig. 1).

Finally, a significant correlation between Sdc1 and CRP 
was observed (r = 0.6061, p = 0.0008). The correlation be-
tween Sdc1 and fecal calprotectin was positive but non-
significant (r = 0.3381, p = 0.2001).

Discussion

Our data suggest that soluble Sdc1 is a marker of activity 
for UC, indicating the possibility of a strong biomarker sig-
nal that should be validated in a larger multicenter study. 
It is known that level of Sdc1 can be influenced by other 
non-inflammatory states. For example, acute exercise 
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is  able to  raise Sdc1.18 The  Sdc1 is  also elevated after 
trauma, especially after polytrauma, where it is a quanti-
tative marker of endotheliopathy.19 In arterial hyperten-
sion, elevated Sdc1 levels are also observed.20 Furthermore, 
Sdc1 is a biomarker for sepsis and sepsis survival after 
abdominal surgery.21 Previous studies have also associated 
Sdc1 with breast cancer. For example, Sdc1 levels correlate 
with the tumor size of breast cancers.22 Aside from the dif-
ferent roles of Sdc1 in human biology, the role of Sdc1 
in IBD is apparent. In UC, the amelioration of intestinal 
inflammation and neutrophil migration is well described.23 
Soluble Sdc1 is elevated in IBD,24 which is also confirmed 
by our results. In contrast to the abovementioned publica-
tion, we found a higher level of Sdc1 in active UC. Other 
forms of IBD, such as Crohn’s disease25 and acute colonic 
diverticulitis,26 are also associated with elevated soluble 
Sdc1 levels. Additionally, Sdc1 levels are elevated in acute 
neuromyelitis optica27 and in children with celiac disease.28

All of these conditions suggest that Sdc1 alone is likely 
insufficient as  a  biomarker for colon inflammation.29 
Therefore, we established a biomarker panel to include 
CRP, hemoglobin, hematocrit, and Sdc1, all of which can be 
easily obtained from patient blood samples. Our calcula-
tions revealed that active UC, as defined by an endoscopic 
Mayo score ≥2, can be identified using this panel. The ac-
curacy of this panel (93%) exceeds that of stool calpro-
tectin (89%),30 which is the best-established marker for 
UC activity to date. Stool calprotectin serves as a good 
marker to discriminate severe UC from mild-to-moderate 
UC,31 but its ability to detect mucosal healing is less sen-
sitive (sensitivity is only 79%).32 Stidham et al. described 
a neuronal network evaluation of UC videos that was able 
to predict the endoscopic Mayo score with an accuracy 
of 96%, as compared to human review which had an accu-
racy of 89%.33 Therefore, our panel has the potential to be 
as good as the human eye to predict active UC.

Fig. 1. A. Ulcerative colitis infestation pattern; B. Kruskal–Wallis diagram: positive correlation of Sdc1 with the complete Mayo score (p = 0.0248); C. Sdc1 
is elevated in active UC, p = 0.002; D. Stool calprotectin is elevated in UC (p = 0.0179); E. CRP is higher in active UC (p = 0.0080); F. Hemoglobin and hematocrit 
are significantly altered as compared to inactive UC (for p-values see Table 1); G. Receiver operation characteristic for Sdc1 only. X-axis is 1-specificity, Y-axis 
is sensitivity. AUC is 0.7747 (95% CI = 0.5775–0.9718). Best discriminative cutoff value is 37.1 ng/mL Sdc1 (sensitivity of 78% and a specificity of 77%); H. Receiver 
operation characteristic for a biomarker panel including Sdc1, CRP, hematocrit, and hemoglobin. X-axis is 1-specificity, Y-axis is sensitivity. This panel enables 
sharp discrimination of inactive and active UC beyond a Mayo score of 2; AUC is 0.9395 (95% CI = 0.8509–1.0000); I. Leucocyte and thrombocyte count. 
Leucocyte count is significantly higher in active UC (p = 0.0429). A nonsignificant elevation of the thrombocyte count in active UC was observed
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Our results prove to be very important as they demon-
strate a non-invasive way to identify a treat to target strat-
egy (especially mucosal healing) in UC that is coupled with 
a better disease management outcome. Therefore, non-
invasive detection of active UC using blood sample would 
be of value.34 The Sdc1, as part of a biomarker panel, has 
the potential to be a simple non-invasive way for disease 
management. Treatment could then be modified or indi-
vidually dosed without repeated endoscopy.

Limitations

Our study has some important limitations. There were 
nonsignificant differences between both groups regard-
ing comorbidities, duration of disease and age, which 
might have contributed to our results. We also cannot 
exclude that use of a TNF blocker like infliximab influ-
enced the results, as these agents likely downregulate Sdc1 
in UC.35 In addition, only 2 centers contributed to this 
study. Our post hoc power analysis showed an effect size 
of d = 1.37 and a 1-beta error of 0.88, which means that 
the power of this study was sufficient to draw conclu-
sions. Nevertheless, due to the low numbers of patients 
included and study centers, we fear that the data available 
here cannot be generalized. However, we do think that 
we accomplished a proof of principle. It is possible that 
disruptive factors may also have influenced our results 
(e.g., inflammation of other origins, undetected cancer 
or trauma before blood collection). Additionally, we were 

not able to correlate our data to histology patterns as de-
scribed using the Riley score.

Conclusions

Finally, we would like to suggest validating the presented 
panel of biomarkers in a larger cohort of patients. As previ-
ously described, the traditional panel with the inclusion 
of Sdc1 might be useful for treat-to-target strategies in UC.
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Abstract
Background. Gallbladder cancer (GBC) is one of the common malignant tumors of the biliary tract. There 
is no report that miR-197 is involved in GBC.

Objectives. The relationship between miR-197 expression and survival time of GBC patients was analyzed. 
Furthermore, the role and mechanism of miR-197 in GBC was explored.

Materials and methods. A total of 39 GBC patients (21 males, 18 females; average age 56.1 ±8.5 years) 
were included from December 2013 to November 2014. All patients were admitted to our hospital for surgical 
treatment (excluding patients with preoperative chemotherapy). The expression of miR-197 in GBC tissues 
was examined, and the relationship between miR-197 and patient survival time was analyzed. Cell Counting 
Kit-8 (CCK-8) and colony formation assays were used to detect cell proliferation. Flow cytometry and TUNEL 
staining were used to detect apoptosis. Expressions of proteins related with proliferation and apoptosis were 
detected. The target of miR-197 was predicted through bioinformatics website and verified using the dual 
luciferase reporter gene assay. The target gene was interfered to so that the effect of miR-197 on the regulation 
of GBC cell proliferation and apoptosis could be observed.

Results. MiR-197 was highly expressed in GBC tissues, and the expression was closely related to the poor 
prognosis of GBC. Downregulation of miR-197 inhibited the proliferation and promoted the apoptosis of GBC 
cells; it also decreased the expressions of proliferation-related proteins p-ERK1/2 and p-AKT, and increased 
that of apoptosis pathway-related proteins Bax/Bcl-2 and c-caspase-3. The upregulation of miR-197 induced 
an opposite trend. MiR-197 directly regulated IGFBP3.

Conclusions. Our study proved that the expression of miR-197 is closely related to the poor prognosis of GBC. 
The miR-197–IGFBP3 axis regulates the proliferation and apoptosis of GBC cells. Downregulation of miR-197 
inhibited the proliferation and promoted the apoptosis of GBC cells, indicating potential therapeutic effects.

Key words: apoptosis, proliferation, gallbladder carcinoma, IGFBP3, miR-197
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Background

Gallbladder cancer (GBC) is the most common malig-
nant tumor of the biliary tract, and ranked 6th among all 
digestive system cancers by incidence.1 It  is highly ma-
lignant and prone to both recur and metastasize, with 
a five-year survival rate between 5% and 15%.2,3 Therefore, 
it is crucial to clarify the pathogenesis of GBC. It is de-
rived from the gallbladder mucosa, and studies have shown 
that the occurrence and development of GBC are closely 
related to the activation of the proliferation and inhibi-
tion of apoptosis pathways.4 At present, surgical resection 
remains an effective method to treat GBC; however, due 
to the poor prognosis of GBC most patients do not have 
the opportunity to undergo radical resection.5 Therefore, 
further research focusing on the molecular mechanism 
is urgently needed to develop more effective therapeutic 
approaches for GBC treatment.

Recent studies have shown that microRNAs (miRs) are 
integrally involved in the onset and development of tu-
mors. The miRs function as critical regulators of cancer 
occurrence, proliferation and apoptosis and certain miRs; 
namely, miR-20a, miR-182 and miR-155 have been de-
scribed as potential GBC biomarkers.6 Furthermore, recent 
literature has revealed that miR-197 has various patterns 
of expression and effects in different tumors. For example, 
miR-197 is downregulated in osteosarcoma, colorectal can-
cer and breast cancer, while being upregulated in lung, 
ovarian and pancreatic cancer, and hepatocellular carci-
noma.7 Through bioinformatics analysis, we found that 
miR-197 was significantly upregulated in GBC tissues,8 
but the mechanism remains unclear. 

Objectives

This study intends to explore the underlying mechanism 
of miR-197 in regulating GBC.

Materials and methods

Clinical samples

A total of 39 GBC patients from The Second Affiliated 
Hospital of Anhui Medical University, Hefei, China, were 
included from December 2013 to November 2014, with 
an average age of 56.1 ±8.5 years (21 males and 18 females). 
All patients were admitted to our hospital for surgical 
treatment (patients with preoperative chemotherapy were 
excluded). The overall survival (OS) time of patients was 
followed for up to 5 years. Tumor samples and adjacent 
normal tissue biopsies were taken during the operation. 
This study was approved by the institutional Ethics Com-
mittee and all patients gave informed consent prior to un-
dergoing any procedure.

This study was approved by  Ethics Committee 
of The Second Affiliated Hospital of Anhui Medical Uni-
versity. All patients provided written informed consent.

Differential expression analysis 
of microarray data in GBC

The GBC expression microarray, GSE104165, which con-
tains 40 GBC and 8 normal gallbladder tissue samples, was 
extracted from the Gene Expression Omnibus (GEO) da-
tabase (https://www.ncbi.nlm.nih.gov/geo/).8 Differential 
expression analyses were performed using the R language 
“limma” package (https://www.r-project.org), with log fold 
change (FC) >2 and p-value <0.05 regarded as the threshold 
of differentially expressed genes.

Cell culture

Human gallbladder epithelial cells (HGBEC) and 5 gall-
bladder cancer cell lines (GBC-SD, EH-GB1, NOZ, SGC-996, 
and MZ-CHA-1; purchased from the Cell Bank of Shanghai 
Institute of Biochemistry and Cell Biology, Chinese Acad-
emy of Sciences, Shanghai, China) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco, Carlsbad, 
USA) with 10% fetal bovine serum (FBS), 1% penicillin (100 
U/L) and streptomycin (100 mg/L) in a 5% CO2 incubator 
at 37°C. Sub-culture was performed every 2–3 days.

Cell transfection

The synthetic miR-197 mimic (miR-197) and miR-197 in-
hibitor (in-miR-197), together with corresponding mimic and 
inhibitor controls, were purchased from GenePharma Inc. 
(Shanghai, China). The cells were seeded in six-well plates 
and transfected with miR-197, in-miR-197 or their negative 
controls using Lipofectamine® 2000 transfection reagent 
(Invitrogen, Thermo Fisher Scientific, Inc., Waltham, USA), 
based on the manufacturer’s guidelines. Briefly, 100 pmol 
of mimic or inhibitor was added to the mixture of 250 µL 
of Opti-MEM (Gibco, Thermo Fisher Scientific, Inc.) and 
5 µL of Lipofectamine® 2000. The mixture was then added 
into cells ensuring the final concentration of miR-197, in-
miR-197 or corresponding controls is 50 nM, and the culture 
medium was changed 6 h after transfection. After a 48-hour 
period, the cells were collected for subsequent experiments.

Insulin-like growth factor binding protein 3 (IGFBP3) 
siRNA (siIGFBP3) and its corresponding negative control 
were constructed using GENECHEM and siIGFBP3 trans-
fection was performed. In brief, the medium was removed 
from the six-well plate, and 2 mL of serum-containing me-
dium was added without antibiotics into each well. Then, 
100 µL of Opti-MEM® (Gibco, Thermo Fisher Scientific, 
Inc.) + 2000 ng of siIGFBP3 plasmid + 10 µL of transfec-
tion reagent was added (Invitrogen, Thermo Fisher Scien-
tific, Inc.) to each well of the plate, the plate was vortexed 
and incubated at  room temperature for 10 min. Next, 
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the transfection mixture was added to a six-well plate and 
continued to incubate in a 5% CO2 incubator. The mixture 
was added to the cells, and the medium changed after 6 h. 
After 48 h, the cells were collected for further experiments.

Dual luciferase reporter gene assay

We  applied the  biological database (http://www.tar-
getscan.org/vert_71/) to confirm the relationship between 
miR-197 and its putative binding sequence of the IGFBP3 
gene. The outcome indicates that the IGFBP3 gene is one 
of the target genes of miR-197. Fragments from IGFBP3 
and flanking sequences on each side were synthesized with 
a short extension containing cleavage sites for XhoI (5’-end) 
and NotI (3’-end), while the second fragment, containing 
mutated binding site sequences, was also synthesized. The 2 
constructs were termed as WT (wild-type gene) and MT 
(mutant genes). The fragments were cloned into the psi-
CHECK™-2 vector (Promega, Madison, USA). Then, 293 
T-cells (purchased from Cell Bank of the Shanghai Institute 
of Biochemistry & Cell Biology) were seeded in a six-well 
plate (Corning Inc., Corning, USA) at a density of 1 × 105 
cells per well, and the wild-type IGFBP3 UTR or mutant 
IGFBP3 UTR plasmids (Hanyin, Shanghai, China) with 
miR-197 mimic using Invitrogen™ Lipofectamine 2000 
(Invitrogen) were transfected according to the manufac-
turer’s instructions. After 24 h of incubation, the luciferase 
activity of the WT and mutated IGFBP3 UTR was detected 
using the dual-luciferase reporter assay system (Promega).

Quantitative real-time PCR

Total RNA was extracted from GBC tissues and cells us-
ing an RNA extraction kit (Invitrogen); PrimeScript reverse 
transcription (RT) kit was applied to reverse-transcribe 
RNA into cDNA. Fluorescent quantitative polymerase 
chain reaction (qPCR) was performed with SYBR® Premix 
Ex TaqTM II solution kit using the ABI PRISM® 7300 sys-
tem (Applied Biosystems, Foster City, USA). The primers 
for real-time PCR (RT-PCR) are shown in Table 1. U6 was 
used as the internal reference for miR-197, and GAPDH 
was applied as the endogenous control for mRNA. The data 
was analyzed using the 2−ΔΔCt method.9

Western blotting analysis

SGC-996 and MZ-CHA-1 cells were washed twice 
with ice-cold PBS, then incubated in  lysis buffer 
(150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 2 mg/mL 
of aprotinin, and 1 mM phenylmethylsulfonyl fluoride 
(PMSF)) for 30 min. The supernatants were centrifuged 
at 12,000 × g for 15 min at 4°C, and retained for protein 
extraction. The protein (30 μg) was subjected to sodium 
dodecyl sulfate salt – polyacrylamide gel electrophore-
sis (SDS-PAGE 10% (w/v) acrylamide gel) and blotted 
onto polyvinylidene dif luoride (PVDF) membranes, 
which were washed for 1 h with a blocking solution. 
The membranes were incubated overnight at 4°C with 
anti-IFGBP3 (1:1000; ab220429; Abcam Inc., Cam-
bridge, USA), anti-ERK1/2 (1:1000; 9102; Cell Signal-
ing Technology (CST), Beverly, USA), anti-p-ERK1/2 
(1:1000; 4370; CST), anti-AKT (1:1000; 4691; CST), 
anti-p-AKT (1:1000; 4060; CST), and anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (1:2000; 
ATA29666; Zhongshan Golden Bridge Biotechnology, 
Beijing, China) antibodies. The next day, membranes 
were incubated with a  secondary anti-rabbit or anti-
mouse horseradish peroxidase (HRP)-conjugated anti-
body (1:1000; Zhongshan Golden Bridge Biotechnology). 
Finally, the relative expression levels of protein bands 
were analyzed using ImageJ software (National Insti-
tutes of Health, Bethesda, USA).

TdT-mediated dUTP nick-end labeling 
(TUNEL) staining

Based on  the  instructions of  the  Biyuntian TUNEL 
Apoptosis Detection Kit, genomic DNA was cut, and 
on the exposed 3’-OH end, a dUTP-GFP base was fixed that 
could be directly viewed under a microscope. The specific 
steps were as follows: cells were fixed with 4% paraformal-
dehyde and then permeabilized with 0.1% Triton X-100 for 
2 min. The TUNEL reaction mixture was added to react for 
60 min, and then with Converter-POD for 30 min. After 
washing, the cells were stained in 100 μL of DAPI nuclear 
staining reagent (Sigma-Aldrich, St. Louis, USA) for 10 min. 
The stained cells were observed under the Olympus BX-53 
fluorescence microscope and the images were captured 
using a  digital camera (Olympus Corp., Tokyo, Japan) 
with a ×10 magnification. Nine fields per slide were then 
randomly selected. The number of TUNEL-positive cells 
was counted and averaged on each field of view. The re-
sults were expressed as mean ± standard error of the mean 
(SEM).

Colony formation assay

The colony formation assay is conducted in a six-well 
plate in which cells were seeded at a density of 8 × 102 cells/
well and cultured for 2 weeks, and then the colonies were 

Table 1. Primers (mRNA) for real-time PCR

Name Sequences

miR-197
5’-TTCACCACCTTCTCCACCCAGC-3’ (forward)

5’-TGCACTGGTCCAAGCTCTAACC-3’ (reverse)

U6
5’-CTCGCTTCGGCAGCACA-3’’ (forward)

5’-AACGCTTCACGAATTTG CGT-3’ (reverse)

IGFBP3
5’-GAGGGCGACACTGCTTTTTC-3’ (forward)

5’-CCAGCT CCAGGAAATGCTAG-3’ (reverse)

GAPDH
5’-GAAGGTGAAGGTCGGAGTC-3’ (forward)

5’-AAGATGGTGATGGGATTTC-3’ (reverse)
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fixed with 4% paraformaldehyde and stained with 0.1% 
crystal violet (Sigma-Aldrich) The number of colonies was 
counted, and the experiment was independently repeated 
3 times to ensure accuracy.

Flow cytometry

The cells of each group were suspended, collected and 
washed twice with saline. After that, the cells were fixed 
with 70% ethanol. Then, 100 µL of cell suspension was 
added to  a  5-mL culture tube, and subsequently 5  µL 
of FITC-labeled Annexin-V (1:20, C1062S; Biotechnology, 
Shanghai, China) and 5 µL of propidium iodide (PI) (1:20, 
C1062S) were added, mixed and incubated in the dark 
at room temperature for 15 min. After incubation, 400 µL 
of 1X binding buffer was added, ensuring precise and ac-
curate movements the whole procedure. Next, cell apop-
tosis was detected using flow cytometry (BD FacsCanto II; 
Becton Dickinson, Franklin Lakes, USA).

Cell Counting Kit-8 assay

The transfected cells were seeded into 96-well plates 
(1 × 103 cells/well) with added Cell Counting Kit-8 (CCK-8; 
Invitrogen) according to the manufacturer’s protocol. Cell 
proliferation was detected through the optical density 
(OD) value (570 nm).

Statistical analyses

The IBM SPSS v. 21.0 software (IBM Corp. Armonk, 
USA) was utilized for data processing. The Kolmogorov–
Smirnov test was used to check whether data was dis-
tributed normally. Data are presented as mean ± stan-
dard deviation (SD). Comparisons between 2 groups were 
analyzed using a Student’s t-test and comparisons among 

multiple groups were analyzed using one-way or two-way 
analysis of variance (ANOVA), followed by the Tukey’s 
multiple comparisons test. Kaplan–Meier method was 
used for survival analysis. The p-value was calculated us-
ing a two-tailed test and p < 0.05 indicated a statistically 
significant difference.

Results

MiR-197 was highly expressed  
in GBC tissues

To date, there is no study that focuses on whether miR-197 
regulates the  occurrence and development of  GBC. 
Through a bioinformatics analysis (http://www.ncbi.nlm.
nih. gov/geo/), we found that miR-197 was highly expressed 
in GBC tissues (Fig. 1A). Furthermore, there is a signifi-
cant upregulation of miR-197 in tumor tissues (p < 0.05) 
when compared to healthy gallbladder tissue (Fig. 1B). 
Then, according to the median expression of miR-197, 
the 39 patients examined in this study were categorized 
into a high (≥median miR-197 expression; n = 19) or low 
expression group (<median miR-197 expression; n = 20), 
and the baseline characteristics of different groups were 
compared (Table 2). The results showed that the expression 
of miR-197 was significantly correlated with T classifica-
tion, also known as the depth of tumor invasion (p < 0.05). 
Kaplan–Meier analysis showed that the expression of miR-
197 was closely related to the poor prognosis of the GBC 
patients (Fig. 1C). Additionally, compared with normal 
gallbladder cells (HGBEC), GBC cell lines (EH-GB1, NOZ, 
SGC-996, and MZ-CHA-1) had higher expression of miR-
197 (p < 0.05), and of these cell lines, the upregulated ex-
pression of miR-197 in SGC-996 and MZ-CHA-1 cells was 
statistically significant (Fig. 1D).

Table 2. Correlation between clinicopathological characteristics and miR-197 expression in 39 patients with GBC

Characteristics
miR-197 expression (median expression 8.374)

p-value
low high

Age
<56 11 (28.2%) 9 (23.1%)

0.634
>56 9 (23.1%) 10 (25.6%)

Gender
male 12 (30.8%) 9 (23.1%)

0.429
female 8 (20.5%) 10 (25.6%)

T classification
1–2 14 (35.9%) 6 (15.4%)

0.016
3–4 6 (15.4%) 13 (33.3%)

N classification
0 11 (28.2%) 11 (28.2%)

0.855
1–2 9 (23.1%) 8 (20.5%)

Distant metastasis
no 10 (25.6%) 9 (23.1%)

0.870
yes 10 (25.6%) 10 (25.6%)

Pathologic stage
1–2 9 (23.1%) 10 (25.6%)

0.634
3–4 11 (28.2%) 9 (23.1%)
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Downregulation of miR-197 impeded cell 
proliferation and promoted apoptosis 
of GBC cells

To study the role of miR-197 in GBC cells, the miR-197 
inhibitor in-miR-197 was applied to GBC cells, while a ran-
dom sequence was used as a negative control (in-NC), and 
transiently transfected into SGC-996 and MZ-CHA-1 cell 
lines. After 48 h, miR-197 expression was significantly 
reduced in SGC-996 and MZ-CHA-1 cells (both p < 0.01; 
Fig. 2A). Then, CCK-8 and plate cloning experiments were 
used to test the effect of miR-197 on cell proliferation. 
These results demonstrated that in-miR-197 significantly 
inhibited cell proliferation compared with cells in the in-
NC group (Fig. 2B), with a concomitant significant re-
duction in the number of clones (both p < 0.01; Fig. 2C). 
We  then observed reduced miR-197 in  SGC-996 and 
MZ-CHA-1 cells resulted in a significant increase in both 
the apoptosis rate (both p < 0.01; Fig. 2D), and the number 
of TUNEL-positive cells (both p < 0.01; Fig. 2E). The above 
results showed that downregulation of miR-197 inhibited 
GBC cell proliferation and promoted apoptosis.

MiR-197 regulated the expressions 
of proliferation pathway and apoptosis 
pathway-related proteins

As mentioned above, downregulation of miR-197 inhib-
ited the proliferation of GBC cells and promoted apop-
tosis. This prompted us to explore the regulatory role 
of miR-197 in proliferation/apoptosis signaling pathways. 
It was demonstrated that miR-197 was significantly el-
evated in MZ-CHA-1 cells after transfection with miR-197 
(Supplementary Fig. 6A), causing a subsequent upregula-
tion of p-ERK1/2, p-AKT and Bcl-2, and downregulated 
the expression of c-caspase-3 and Bax (Fig. 3A–C). Inhi-
bition of miR-197 with in-miR-197 significantly down-
regulated the expression of p-ERK1/2, p-AKT and Bcl-2, 
and upregulated the expression of c-caspase-3 and Bax 
(Fig. 3A,B,D). From the data above, it is reasonable to con-
clude that upregulation of miR-197 stimulated ERK and 
AKT pathways, and inhibited the Bax/Bcl-2 and caspase-3 
pathways, while downregulation of  miR-197 showed 
the opposite effect.

Fig. 1. MiR-197 is highly expressed in GBC tissues and cells. A. Bioinformatics analysis (http://www.ncbi.nlm.nih.gov/geo/) of the expression of miR-197 
in GBC. **compared with the adjacent group, p < 0.01; B. The expression of miR-197 in GBC tissues and adjacent normal tissues was detected using qRT-PCR. 
U6 was used as endogenous control. **compared with the adjacent group, p < 0.01; C. Kaplan–Meier analysis observed the correlation between expression 
of miR-197 and survival; D. The expression of miR-197 in HGBEC, GBC-SD, EH-GB1, NOZ, SGC-996, and MZ-CHA-1 cell lines was detected using qRT-PCR, and 
U6 was used as endogenous control. *compared with HGBEC group, p < 0.05. Data represent the mean ±SD (n = 3)
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Fig. 2. Downregulation of miR-197 impedes cell proliferation and promotes apoptosis in GBC cells. SGC-996 and MZ-CHA-1 cells were transfected with 
in-miR-197. A. MiR-197 expression was detected using qRT-PCR; B. OD value (at 570 nm) was detected on day 1–5; C. Cloning number was counted; 
D. Apoptosis rate was observed with flow cytometry; E. Apoptosis-positive cells were observed using TUNEL experiment. Data represent the mean ±SD 
(n = 3)

*compared with in-NC, p < 0.05, **compared with in-NC, p < 0.01.
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MiR-197 inhibited the expression of IGFBP3

MiRNA regulates cell proliferation and apoptosis by reg-
ulating its downstream target genes. Therefore, we pre-
dicted which mRNA may be targeted by miR-197 using 
an online database (http://www.targetscan.org/vert_71/) 
to further explore the mechanism of miR-197 regulation 
of GBC cell proliferation and apoptosis. The predicted re-
sults revealed that the IGFBP3 gene, which is closely related 
to tumor proliferation, is one of the target genes of miR-
197. The binding sites of IGFBP3 mRNA and miR-197 are 
shown in Fig. 4A. We used a dual luciferase reporter gene 
assay to verify this relationship. When co-transfected with 
the IGFBP3 WT reporter plasmid, miR-197 significantly 
reduced luciferase activity compared with the NC group, 

and the mutated reporter plasmid eliminated miR-197-me-
diated inhibitory effect on the luciferase activity (both 
p < 0.05) (Fig. 4B). These results demonstrated that miR-
197 and IGFBP3 mRNA closely interact.

In order to show whether miR-197 can affect the ex-
pression of IGFBP3 in GBC, the SGC-996 cell line was 
transfected with miR-197, in-miR-197 and their NCs; then, 
the expression of IGFBP3 at the mRNA and protein levels 
was examined. After transfection with miR-197, the mRNA 
level of IGFBP3 in SGC-996 cells was significantly reduced, 
while transfection with in-miR-197 caused a significant in-
crease in the mRNA level of IGFBP3 (all p < 0.05; Fig. 4C). 
Upregulation of miR-197 caused a decrease in IGFBP3 pro-
tein expression, while downregulation of miR-197 exerted 
the reverse effect (all p < 0.05; Fig. 4D). Compared with 

Fig. 3. MiR-197 regulates the expression of proliferation pathway proteins p-ERK1/2 and p-AKT and apoptosis pathway proteins Bax/Bcl-2 and c-caspase-3. 
A and B. MZ-CHA-1 cells were transfected with miR-197/in-miR-197, and western blotting analysis was used to detect the expression of p-ERK1/2 (42KD), 
p-AKT (60KD), Bax (21KD), Bcl-2 (26KD), and c-caspase-3 (17KD); C and D. Statistical analysis. Data represent the mean ±SD (n = 3)

*compared with NC/in-NC, p < 0.05.
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the adjacent tissues, the IGFBP3 expression in tumor tis-
sues was significantly reduced (Supplementary Fig. 6B). 
These results indicated that IGFBP3 was one of the target 
genes of miR-197 in GBC cells.

The siIGFBP3 could partially reverse 
the effect caused by miR-197 
downregulation

The above results indicated that IGFBP3 may partici-
pate in the miR-197-regulated proliferation and apoptosis 
of GBC cells, which prompted us to further explore its role. 
Firstly, we were able to effectively silence siIGFBP3 in MZ-
CHA-1 cells (Fig. 5A,B). Then, transfection of the cells 

with miR-197 inhibitor combined with siIGFBP3 (in-miR-
197+siIGFBP3) increased the number of cell clones (Fig. 5C) 
when analyzed by the OD value (570 nm) (Fig. 5D). This 
group (in-miR-197+siIGFBP3) also had a lower apoptosis 
rate compared with the in-miR-197 group (Fig. 5E), sug-
gesting that siIGFBP3 can partially inhibit the elevated 
apoptosis induced by miR-197 downregulation.

Discussion

Investigation on the pathophysiology of GBC is critical 
due to its high recurrence rate and poor prognosis. To date, 
there is no report on the role of miR-197 during the disease 

Fig. 4. MiR-197 inhibits the expression of IGFBP3. A. The miR-197 target sequence predicted in the 3’UTR of IGFBP3; B. SGC-996 and MZ-CHA-1 cells were 
co-transfected with miR-197 and IGFBP3 WT or MT, and the luciferase activity was determined; C and D. SGC-996 and MZ-CHA-1 cells were transfected with 
miR-197/in-miR-197, and the expression of IGFBP3 (32KD) was detected using qRT-PCR and western blotting analysis. Data represent the mean ±SD (n = 3)

*compared with NC, p < 0.05; **compared with NC, p < 0.01.
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process. In this study, we found that miR-197 was highly 
expressed in GBC tissues, and the expression of miR-197 
was closely related to the poor prognosis of GBC. MiR-
197 was highly expressed in GBC cells, and downregula-
tion of miR-197 inhibited GBC cell proliferation and pro-
moted apoptosis. It acts through decreasing the expression 
of proliferation-related proteins p-ERK1/2 and p-AKT, 
while increasing expression of apoptosis pathway-related 
proteins Bax/Bcl-2 and c-caspase-3. Upregulation of miR-
197, on the other hand, induced an opposite trend. MiR-197 
directly regulated IGFBP3, as shown by silencing the gene 
using siIGFBP3, which partially inhibited the decrease 
of  proliferation and the  increase of  apoptosis induced 
by downregulation of miR-197.

The  function of miR-197 in oncogenesis and devel-
opment is very complicated. Fiori et al. reported that 
miR-197 promotes tumor progression by  inhibiting 
the apoptosis of p53 WT cells in non-small cell lung can-
cer (NSCLC).10 However, it also exerts a tumor suppres-
sor function in multiple myeloma.11 Moreover, miR-197 
inhibits the proliferation of glioma cells,12 but promotes 
the progression of stomach,13 pancreas,14 colorectal tu-
mors,15 and hepatocellular carcinoma.16 Clinical studies 
have shown that miR-197 is of great clinical significance, 
and it might serve as a promising prognostic biomarker 
to be used to monitor several types of malignant tu-
mors. For example, miR-197 relates to the poor outcome 
and distant metastases in patients with NSCLC while 
its expression is also relevant to the size of the tumor 
and histopathological classification.17 A meta-analysis 
confirmed that compared with a single miRNA, a group 
of multiple miRNAs may bear greater predictive ability.18 
Recent studies demonstrated that compared with the nor-
mal population, serum miR-197 expression in NSCLC 
patients is  significantly higher, and the  expression 
of miR-145 is remarkably reduced. These changes are re-
lated to the clinical stages and pathological classifications 
of NSCLC patients, and the combination of miR-197 and 
miR-145 has a high sensitivity for diagnosing NSCLC.19 
To date, there is no prior research of the function of miR-
197 in GBC. In  this study, the expression of miR-197 
in the tumor tissues of GBC patients was found to be 
significantly higher in GBC tissues, which was consistent 
with the results of bioinformatics analysis.8 Subsequently, 
in 2 different GBC cell lines, downregulation of miR-197 
inhibited the proliferation of GBC cells and promoted 
apoptosis, while upregulation induced the opposite ef-
fect. Therefore, it is possible to elucidate the biological 
activity of miR-197 in GBC and its regulatory mechanism 
for the first time.

In the present study, a target of miR-197 was shown to be 
IGFBP3, which plays an important role in tumor progres-
sion through different molecular pathways. On the one 
hand, IGFBP3 attenuates the signal transduction down-
stream of  IGFR1 induced by  IGF1 by  interfering with 
the binding between IGF1 and IGF1R.20 The IGF1/IGF1R 

axis can stimulate epithelial to  mesenchymal transi-
tion and promote the metastasis of various tumors.21,22 
On the other hand, IGFBP3 can also inhibit tumor progres-
sion in an independent manner. For example, IGFBP3 in-
hibits head and neck squamous cell carcinoma by blocking 
the c-jun and c-fos pathways.23 It also inhibits the progres-
sion of prostate cancer by degrading the NF-κB signaling.24 
However, the function of IGFBP3 is still controversial. 
Chan et  al. indicated that high expression of  IGFBP3 
is associated with an  increased incidence of colorectal 
cancer in elderly males, which is independent of IGF1.25 
It is suggested that IGFBP3 may have differential actions 
in different tumors. To date, however, no studies have 
reported whether IGFBP3 is involved in the progression 
of GBC. Our results indicated that upregulation of miR-197 
caused IGFBP3 inhibition, that miR-197 downregulation 
led to IGFBP3 overexpression, and finally silencing IGFBP3 
could partly reverse the effect induced by miR-197 sup-
pression. Hence, it can be concluded that IGFBP3 plays 
a role in inhibiting GBC progression. In the current study, 
miR-197 upregulation caused a decrease in the expression 
of IGFBP3, which promoted the upregulation of p-ERK1/2, 
p-AKT and Bcl-2 in GBC cells, and downregulation of Bax 
and caspase-3, all of which could be reversed after down-
regulation of miR-197.

Previous studies have found that IGFBP3 plays an im-
portant role in regulating tumor cell proliferation and 
apoptosis. Chen et al. found that IGFBP3 is an indicator 
of poor prognosis in patients with glioma, and reducing 
its expression can inhibit tumor growth by inducing apop-
tosis of glioma cells.26 Day et al. found that using IGFBP3 
siRNA to treat NSCLC cells with TNFAIP8 knockdown 
can upregulate pAKT levels and promote cell prolifera-
tion.27 By blocking the IGF1 signal cascade, it was pos-
sible to confirm to a certain degree that overexpression 
of IGFBP3 can induce apoptosis in NSCLC cells in vitro 
and enhance cellular response to cisplatin.28 In lung adeno-
carcinoma and hepatocellular carcinoma, testis-specific 
protein Y-linked 1 (TSPY1) can directly bind to the pro-
moter of IGFBP3 to inhibit its expression. Downregulation 
of IGFBP3 activates the PI3K/AKT and RAS/RAF/MEK/
ERK signaling pathway, thereby promoting tumor cell pro-
liferation.29 Overall, the mechanisms of IGFBP3 on tumor 
cell regulation varies significantly, and that this difference 
is likely tumor-specific.

Clinical implications

The results of the five-year survival analysis of patients 
recruited to the present study suggest that miR-197 expres-
sion is associated with poor prognosis in GBC. This implies 
that increased expression of miR-197 can be used clinically 
as a prognostic marker. Since the downregulation of miR-
197 inhibited proliferation and promoted apoptosis of GBC 
cells, it is tempting to speculate that the miR-197–IGFBP 
axis might serve as a therapeutic target in patients with GBC.
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Limitations

In this study, patients with miR-197 overexpression in tu-
mor tissues had short OS, but OS was not consistent with 
clinicopathological characteristics. The reason could be at-
tributed to the past surgical history of the patients. There-
fore, there was a lack of diversity of clinical stages amongst 
that recruited patients in the 2 groups of high or low miR-
197 expression. In addition, the sample size of this study 
is relatively small, which also diminishes the quality of this 
study. The best way to determine the impact of miR-197 
on GBC cell lines would be to determine the IGFBP3 func-
tion in cell proliferation. Therefore, further research could 
focus on identifying the effect of IGFBP3 on cell prolifera-
tion. Moreover, detection of miR-197 levels in patients’ pe-
ripheral blood can also be performed, which would further 
support miR-197 as a promising clinical marker.

Conclusions

Our study demonstrated that the miR-197/IGFBP3 axis 
regulates the proliferation and apoptosis of GBC cells. 
Downregulation of miR-197 inhibits the proliferation and 
promotes the apoptosis of GBC cells, indicating its poten-
tial use as a molecular target in the treatment of GBC.
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Abstract
Background. Allergic rhinitis (AR) is a type I allergic reaction mediated by serum immunoglobulin E (IgE).

Objectives. This study aimed to investigate the basophil activation rate and serum expression of inflam-
matory factors in AR patients and rats. The involvement of the IgE–FcεRI–nuclear factor kappa B (NF-κB) 
signaling pathway in the pathogenesis of AR was also explored.

Materials and methods. Thirty patients with pediatric AR (or asthma; untreated) were enrolled in our 
hospital as the observation group. Fifteen healthy children were selected as the control group. The basophil 
activation and serum levels of interleukin (IL)-4, IL-5, IL-13, IgE, and prostaglandin D2 (PGD2) in 2 groups 
of children were detected. Forty-eight male Sprague Dawley rats were randomly divided into group A 
(AR model group), group B (AR model + IgE inhibitor), group C (AR model + omalizumab), and group D 
(control). The animal model was established by intraperitoneal injection of ovalbumin and nasal mucosa 
stimulation. The basophil activation rate, serum levels of IL-4, IL-5, IL-13, IgE, and PGD2 were analyzed.

Results. In children with AR, the blood samples contained mainly activated basophils, whereas the healthy 
group showed mainly non-activated basophils. The levels of IL-4, IL-5, IL-13, IgE and PGD2 in the serum 
of the AR group were higher than those in healthy subjects (p < 0.05). In animal studies, the blood samples 
collected from group A were mainly activated basophils, while the samples of the other groups were mainly 
non-activated basophils. The serum contents of IL-4, IL-5, IL-13, IgE, and PGD2 in group A were significantly 
higher than those in groups B and C (p < 0.05).

Conclusions. Patients with AR showed increased activation of basophils and elevated expression of IL-4, 
IL-5, IL-13, IgE, and PGD2. The upregulation of FcεRI and NF-κB was involved in the pathogenesis of AR.

Key words: allergic rhinitis, basophil, IgE-FcεRI-NF-κB
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Background

Allergic rhinitis (AR) is caused by the release of hista-
mine, mediated by serum immunoglobulin E (IgE), after 
exposure to allergens. A variety of immune cells and cy-
tokines participate in  the  reaction.1 The main clinical 
manifestations are sneezing, nasal itching and nasal mu-
cosal swelling.2 The pathogenesis of AR is complex, and 
is mainly associated with T lymphocyte and B lympho-
cyte disorders, such as Th2, which plays an important role 
in the occurrence and development of AR.3 In recent years, 
the incidence of AR has increased year by year. Compared 
with adults, children have a higher prevalence, and AR 
accounts for the majority of outpatient visits in children 
globally.4 According to statistics, the prevalence of AR 
in China is as high as 11.25%, and that of children under 
3 years of age is as high as 20%. The clinical strategy of AR 
mainly involves anti-allergic treatment, but the clinical 
efficacy is not good.5

Toll-like receptors (TLRs) are widely involved in the oc-
currence and development of AR. Among them, activating 
the MyD88 dependent or independent pathways of TLRs 
to induce an inflammatory response is the main mecha-
nism for the pathogenesis of AR. Both pathways activate 
nuclear factor kappa B (NF-κB).6–8 It is a transcription factor 
located in the downstream signaling pathway hub of TLR. 
It plays a pivotal role in inflammation and the immune 
response by regulating a cascade amplification cascade 
effect between immune and inflammatory related factors 
and inflammatory transmitters. The main form of NF-κB 
is the heterodimer, composed of P50 and p65. Normally, 
NF-κB binds with its inhibitor protein (I-κB) to form an in-
active trimer, which is mainly confined to the cytoplasm 
to prevent nuclear uptake of NF-κB.9 However, in stress and 
inflammatory reaction, cytokines and other factors can 
phosphorylate, ubiquitinate and degrade I-kappa B through 
one or more signaling pathways, release NF-κB, then trans-
fer free NF-κB to the nucleus, and activate a series of tran-
scriptional procedures of immune-related genes to increase 
their expression, thus promoting large-scale inflammatory 
cell infiltration and degradation. They aggregate in inflam-
matory sites, causing or further aggravating inflammatory 
reactions.10–12 FcεRI is a high-affinity receptor of IgE and 
plays an  important role in  IgE-mediated allergic reac-
tion. It  is composed of gamma chains of a homologous 
dimer structure connected by alpha chains, beta chains 
and disulfide bonds. It exists in the form of a trimer (αγ2) 
and tetramer (αβγ2) in the human body. It has been found 
that many kinds of cells in vivo, such as eosinophils, mast 
cells, basophils, and dendritic cells, all express FcεRI. It has 
been confirmed that FcεRI, expressed by mast cells and 
basophils, plays an important role in regulating rapid and 
delayed allergic reactions in AR patients.13 This study ex-
plored the expression of IgE, FcεRI and NF-κB in AR, and 
provides new ideas and an experimental basis for the pre-
vention and treatment of AR.

Objectives

This study aimed to  investigate the basophil activa-
tion rate and serum expression of inflammatory factors 
in AR patients and rats. The involvement of the IgE-FcεRI-
NF-κB signaling pathway in the pathogenesis of AR was 
also explored.

Materials and methods

Patients

This observational study included 30 children with AR 
or asthma (untreated) in Shanghai Children’s Medical 
Center who were collected as observation group, and 
15 healthy children who were selected as control group. 
The diagnosis of AR and asthma followed the “Guide-
lines for diagnosis, prevention and treatment of bronchial 
asthma in children”14 and the “Guidelines for the diag-
nosis and treatment of AR”15 by the Chinese Medical 
Association, respectively. Patients with other types 
of rhinitis, immune system diseases, infection within 
3 months prior to the start of the study, or with long-term 
use of hormones and drugs were excluded; all the chil-
dren from the study group met the diagnostic criteria 
of rhinitis. There was no significant difference in age 
and sex between the 2 groups (p > 0.05). The present 
study was approved by the ethics committee of the Na-
tional Children’s Medical Center, Shanghai Children’s 
Medical Center, Shanghai Jiao Tong University School 
of Medicine, China.

Animal study

Forty-eight SPF male Sprague Dawley D  rats (age: 
3  months, weight: 180–220  g) were purchased from 
the SJA Laboratory Animal Company (Hunan, China). 
The animals were randomly divided into 4 groups with 
12 rats in each group. In group A, a rat model of AR 
was established by intraperitoneal injection of ovalbu-
min and sensitization by  nasal mucosal stimulation. 
No treatment was given after the model was success-
fully established. In group B, the IgE inhibitor E2_79 
(Sigma-Aldrich, St. Louis, USA), which prevents bind-
ing of free IgE to FcεRI was given on the basis of model 
group. In group C, Omalizumab (Sigma-Aldrich), a re-
combinant DNA-derived humanized IgG1k monoclonal 
antibody that specifically binds to free human IgE, was 
injected into the tail vein on the basis of model group. 
In group D, a nasal drip was applied with an equivalent 
amount of saline as  the  treatment. The animal study 
was approved by the laboratory animal approval center 
of  the National Children’s Medical Center, Shanghai 
Children’s Medical Center, Shanghai Jiao Tong Univer-
sity School of Medicine.
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Whole body sensitization

In  addition to  group  D, which received saline only, 
the other 3 groups were treated with 0.3 mg of ovalbumin 
as an antigen, 30 mg of as an adjuvant and 1 mL of saline 
as a suspension, and then given intraperitoneal injection, 
once every other day, 7 injections in total (the whole treat-
ment lasted 14 days).

Local stimulation and intensified 
sensitization

After the immune phase of intraperitoneal injection was 
complete, from the 15th day, the bilateral nasal cavity was 
stimulated locally with a 10 UL nasal drip of normal saline 
solution containing 5% ovalbumin, once a day for 7 days. 
In the control group (D), this replaced by the same dose 
of normal saline.

Blood samples

Venous blood (2 mL) was extracted from the fasting 
children with a  serum separating tube in  the  morn-
ing. The blood of each group of rats was collected from 
the eyeball and tail vein 14 days after treatment. The se-
rum samples were separated using centrifugation. Baso-
phils were separated with Percoll gradient centrifugation 
to reflect the activation rate of basophils. The contents 
of interleukin (IL)-4, IL-5, IL-13, IgE, and prostaglandin 
D2 (PGD2) in the serum of the children were detected 
with enzyme-linked immunosorbent assay (ELISA) us-
ing commercial kits (IL-4 cat. No. ab100770, IL-5 cat. 
No. ab267811, IL-13 cat. No. ab269547, IgE cat. No. 
ab157736; all from Abcam, Cambridge, USA; and PGD2 
from Abbexa cat. No. abx150372; Abbexa, Cologne, 
Germany). Pearson correlation analysis was performed 

to determine the correlation between basophil activation 
and the serum level of  IgE. Basophils in mouse blood 
samples and the serum expressions of FcεRI and nuclear 
protein NF-κB were analyzed using western blot.

Western blotting

For western blotting, the  extracted proteins were 
loaded on SDS-PAGE and transferred to polyvinylidene 
fluoride (PVDF) membranes. The membranes were then 
incubated with the  primary antibodies of  anti-NF-κB 
(ab209795; Abcam) and anti-FcεRI (ab229889; Abcam) 
followed by a conjugated secondary antibody. The films 
were scanned following with the EasySee Western Blot Kit 
(Beijing TransGen Biotech, Beijing, China).

Statistical analyses

The SPSS v. 18.0 statistical software (SPSS Inc., Chi-
cago, USA) was used to process and analyze the data, and 
the measurement data were described as mean ± standard 
deviation (SD). Univariate analysis of variance (ANOVA) 
was used for multi-group comparison; we also conducted 
correlation analysis. Comparison between 2 groups was 
performed using Student’s t-test and χ2 tests were con-
ducted for rates. A value of p < 0.05 was considered sta-
tistically significant.

Results

Activation rate of basophils  
in different groups

Figure 1A shows the activation rate of basophils in pa-
tients with AR, and Fig.  1B shows the  activation rate 

Fig. 1. Activation rate of basophils in different groups. A. Activated and inactivated basophils in AR patients; B. Activated and inactivated basophils 
in the control group
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of basophils in normal subjects. The cells in the upper 
left corner represent the inactivated basophils, while those 
in the upper right corner represent the activated baso-
phils. In AR patients, the rate of cell activation (91.10%) 
was significantly higher than that in the control group 
(6.10%) (p < 0.05; Table 1). No significant difference was 
found for age and sex. In the animal study, the rate of acti-
vated basophils in group A (91.10%) was also significantly 
higher than in treatment groups B (3.60%) and C (8.40%) 
and in the control group D (7.10%) (p < 0.05; Fig. 2A and 
Table 2).

Comparison of the contents of IL-4, IL-5,  
IL-13, IgE, and PGD2 in different groups

Compared with the control group, the levels of serum 
inflammatory factors IL-4, IL-5 and IL-13 in the observa-
tion group were significantly higher (p < 0.05; Table 3). 
Compared with the control group, the levels of serum in-
flammatory factors IgE and PGD2 in the observation group 
were also significantly higher (p < 0.05; Table 4).

The  contents of  IL-4, IL-5 and IL-13 in  the  serum 
of rats in each group were compared as shown in Table 5. 
The results of a one-way ANOVA showed that the contents 

of IL-4, IL-5 and IL-13 were significantly different among 
different groups (p < 0.01). Levels of IL-4, IL-5 and IL-13 
were significantly higher in the AR model group A than 

Fig. 2. Activation rate of basophils in blood samples of rats in each group. Activated and inactivated basophils in animals of the AR model group (A), the IgE 
inhibitor E2_79 group (B), the Omalizumab group (C), and the control group (D)

Table 1. Comparison of activated basophils between the observation and 
control groups (X ±S)

Variables Control group 
(n = 15)

Observation group 
(n = 30)

Age [years] 10.00 ±2.59 9.76 ±3.34

Sex (male:female) 9:6 17:13

CD294+ [%] 93.20 8.70*

CD203c+CD294+ [%] 6.10 91.10*

Compared with the control group; * p < 0.05. Rates are compared using 
χ2 test between the 2 groups.

Table 2. Comparison of activated basophils in rats (X ±S)

Groups n CD294+ [%] CD203c+CD294+ [%]

A 12 8.90 91.10

B 12 95.70* 3.60*

C 12 91.10* 8.40*

D 12 93.20* 7.10*

*p < 0.05, compared with group A. Rates are compared using χ2 test 
between the 2 groups.
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in  treatment groups B and C and the control group D 
(p < 0.01, Table 5). No significant difference was found 
between groups B and C (p > 0.05).

Comparison of the levels of inflammatory 
factors IgE and PGD2 in blood samples 
of rats in each group

The comparative results of serum IgE and PGD2 levels 
among groups are shown in Table 6. The results of a one-
way ANOVA of IgE and PGD2 showed that there were sig-
nificant differences in the contents of IgE and PGD2 among 
different groups (p < 0.01). The results of LSD showed that 
the levels of IgE and PGD2 in group A were significantly 
higher than those in group B, C and D (p < 0.01), and there 
was no significant difference between group B and group C 
(p > 0.05).

Expression of basophil surface receptor 
FcεRI and nuclear protein NF-κB in blood 
samples of rats in each group

As shown in Fig. 3, the basophil surface receptor FcεRI 
and nucleoprotein NF-κB in group A were remarkably 
higher than in  the  control group  D, and both treat-
ments (group B and C) markedly decreased protein levels 
(p < 0.05).

Discussion

The AR is a type I allergic reaction mediated by IgE 
antibody and infiltrated by  eosinophils. An  imbal-
ance of T helper type 1 or type 2 (Th1/Th2) cytokines 
is  involved in  the  pathogenesis of  AR, which leads 

Table 4. Comparison of IgE and PGD2 in blood between 2 groups (X ±S)

Groups n IgE [ug/mL] PGD2 [ng/L]

Control group 15 185.37 ±36.07 87.07 ±10.62

Observation group 30 337.60 ±73.91* 137.95 ±31.81*

Compared with the control group; * p < 0.05. Comparison between 2 groups was performed using Student’s t-test; IgE – immunoglobulin E; PGD2 
– prostaglandin D2.

Table 5. Comparison of rat blood inflammatory factors IL-4, IL-5 and IL-13 (X ±S)

Group n IL-4 [pg/mL] IL-5 [ng/L] IL-13 [ng/L]

Group A 12 147.30 ±20.77 14.02 ±2.21 20.37 ±2.27

Group B 12 52.78 ±23.87 6.49 ±2.02 6.69 ±2.71

Group C 12 44.28 ±24.85 4.98 ±2.36 8.87 ±3.49

Group D 12 6.12 ±3.71 7.73 ±2.45 3.12 ±1.15

F-value – 105.80 36.88 102.70

p-value – <0.001 <0.001 <0.001

The p-values and F-values were obtained by comparison among 3 or more groups using one-way analysis of variance (ANOVA); IL – interleukin.

Table 6. Comparison of inflammatory factors IgE and PGD2 in blood samples of rats in each group (X ±S)

Group n IgE [µg/mL] PGD2 [ng/L]

Group A 12 177.80 ±24.69 223.72 ±16.56

Group B 12 68.40 ±35.66 69.24 ±15.04

Group C 12 65.98 ±32.43 75.36 ±16.32

Group D 12 13.21 ±3.44 18.56 ±2.17

F – 77.97 486.3

p-value – <0.001 <0.001

IgE – immunoglobulin E; PGD2 – prostaglandin D2.

Table 3. Comparison of blood inflammatory factors between 2 groups (X ±S)

Groups n IL-4 [pg/mL] IL-5 [ng/L] IL-13 [ng/L]

Control group 15 79.81 ±23.66 6.69 ±1.37 19.85 ±4.84

Observation group 30 167.27 ±37.10* 14.05 ±4.31* 32.02 ±5.60*

Compared with the control group; * p < 0.05. Comparison between 2 groups was performed using Student’s t-test; IL – interleukin.
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to the overproduction and release of histamine. A large 
number of  inflammatory factors and immunoreactive 
cytokines participate in the regulation of chronic inflam-
matory responses in nasal mucosa.16 The Th1 cells mainly 
secrete interferon gamma (IFN-γ) and IL-2.  Interferon 
gamma is a multifunctional protein that can effectively 
antagonize the synthesis and secretion of IgE, mediated 
by IL-4, and serves as a protective factor of AR. Interleukin 
4 is the main cytokine secreted by Th2 cells, which can 
stimulate B cells to secrete and release IgE into the blood, 
thus promoting the combination of allergens and the cor-
responding receptors on mast cells, resulting in degranula-
tion and the increase of inflammatory transmission. Some 
studies have shown that the immune activity of Th2 cells 
is excessively increased during the course of AR. The Th2 
cells infiltrated nasal mucosa, and the serum levels of IL-4, 
IL-5 and IL-13 were significantly increased. In this study, 
we showed that the expression levels of IL-4, IL-5, IL-13, 
IgE, and PGD2 inflammatory factors in  the  serum 
of the observation group were significantly higher than 
those in the control group (p < 0.05).

Studies have shown that NF-κB plays an important role 
in the pathogenesis of AR by stimulating the cAMP-PKA 
signaling pathway, promoting ICAM-1 transcription17 and 
inducing the release of inflammatory factors such as mast 
cells.18 Activation of NF-κB can regulate the release of Th 
cytokines, interfere with the balance of Th1/Th2 cyto-
kines and participate in the physiological and pathological 
processes of immunity, inflammation and development. 
The increase of serum IgE level in AR patients was related 
to the increased number of eosinophils.19 As a high affin-
ity receptor of IgE, the expression level of FcεRI may be 
closely related to the development of AR disease. It has 
been reported that the expression of FcεRI in eosinophils 
is associated with allergic eosinophilic gastroenteritis.20 
These results suggest that eosinophils expressing FcεRI 
may be involved in the pathogenesis of allergic diseases. 
However, follow-up studies also found that FcεRI was 
highly expressed in the eosinophils of patients with allergic 
esophagitis and reflux esophagitis21 compared with healthy 
people. A high expression of FcεRI in dendritic cells was 
also observed in  both chronic obstructive pulmonary 

disease (COPD) and asthma patients.22 These data sug-
gest that the increase of FcεRI in some cells may be related 
to a variety of inflammatory diseases.

Our results show that AR patients had increased amount 
of activated basophils, elevated expressions of IL-4, IL-5, 
IL-13, IgE, and PGD2, and upregulated levels of FcεRI 
and nuclear protein NF-κB. Also, the levels of IL-4, IL-5, 
IL-13, IgE, and PGD2 in AR rats were significantly higher 
than those in the IgE inhibitors and omalizumab groups. 
There was no significant difference in the levels of IL-4, 
IL-5, IL-13, IgE, and PGD2 between the IgE inhibitors and 
omalizumab groups. In addition, the IgE inhibitors and 
omalizumab groups showed decreased expression of FcεRI 
and nucleoprotein NF-κB on the basophilic granulocyte 
surface, reduced levels of serum IgE, and downregulated 
serum levels of  IL-4, IL-5, IL-13 and PGD2. It  is  sug-
gested that IgE, FcεRI and NF-κB play an important role 
in the pathogenesis of AR.

Limitations

The  present study has some limitations. The  blood 
sample size of AR patients is  limited, and we have yet 
to establish the underlying molecular mechanisms, such 
as  the  downstream and upstream genes and proteins 
for IgE-FcεRI-NF-κB signaling during the AR process. 
All of these elements need more research to confirm.

Conclusions

This study found that activated basophils were predomi-
nant in the blood samples of AR patients and animal mod-
els when compared to controls. Moreover, the serum levels 
of IL-4, IL-5, IL-13, IgE, and PGD2 in children with AR 
and AR rat model were significantly higher than those 
in the healthy group. The upregulation of FcεRI and NF-κB 
might be involved in the pathogenesis of AR.
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Abstract
Background. A shallow vestibule, insufficient keratinized tissue width and pulling of marginal gingiva 
may be associated with gingival recession, plaque accumulation and gingivitis. Conventional techniques for 
treatment of gingival recession use autogenous or allogenic grafts. However, these methods result in soreness 
at the donor site and pose an economic burden, which may cause patients to withdraw from treatment. 
Alternative therapy is currently not available to treat such patients.

Objectives. The aim of this study was to evaluate changes in periodontal tissue at the mandibular incisors 
after vestibuloplasty, focusing on functional improvement of the existing soft tissue with no grafting.

Materials and methods. Thirty patients with a shallow vestibule, minimal keratinized tissue width 
(KTW; ≤1 mm), gingival recession (REC) and pulling of gingiva underwent modified Kazanjian vestibulo-
plasty were included into the test group, whereas 27 patients did not undergo any surgery (control group). 
The probing pocket depth (PPD), clinical attachment level (CAL), gingival recession depth (GRD), and KTW 
were assessed at baseline and 12 months post-surgery.

Results. The mean KTW, GRD and CAL values improved in the test group. A significant increase in mean 
KTW value (1.17 ±1.22 mm, p = 0.0406) was detected in the test group, while the control group showed 
a further reduction in mean KTW value (0.13 ±0.45 mm). The mean GRD value decreased from 2.09 ±1.78 mm 
to 1.22 ±1.46 mm (p = 0.0087) in the test group, whereas in controls the mean GRD value increased from 
1.95 ±1.29 mm to 2.34 ±1.44 mm (p = 0.0164). The mean KTW value at 3, 6 and 12 months compared 
to baseline showed an increase in the test group, and the mean GRD and CAL values exhibited the potential 
to improve.

Conclusions. Sites treated with vestibuloplasty showed increased KTW, improvement in the gingival 
margin and CAL gain, whereas untreated sites showed continuous deterioration of the evaluated parameters. 
Vestibuloplasty may be recommended for patients avoiding major surgery for which functional improvement 
in tissue alone would provide a sufficient therapeutic outcome.

Key words: gingival recession, keratinized tissue, vestibuloplasty
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Background

A shallow vestibule in the anterior region of the lower 
dental arch may impede proper oral hygiene due to insuf-
ficient space for the toothbrush, leading to plaque accumu-
lation and traumatizing brushing technique. It can result 
in marginal gingivitis and the potential for the occurrence 
or exacerbation of gingival recessions. Moreover, a shallow 
vestibule often coexists with a narrow zone of keratinized 
gingiva and attached gingiva or frena attachment with 
pulling of the gingival margin. Measurement of vestibule 
depth is not commonly performed in a  standard peri-
odontal examination. There are no established methods 
to measure the depth of the vestibule or reference values 
to classify its type, which is commonly categorized as shal-
low or deep.1–3 According to Ward, the depth of the ves-
tibular fornix in the lower anterior region, measured from 
the gingiva to the mucobuccal fold, varies from 2.5 mm 
to 11.5 mm.4 In patients with excellent dental plaque con-
trol, periodontal health can be preserved in spite of lack 
of keratinized tissue. Conversely, in cases with suboptimal 
plaque removal, a thin periodontal phenotype requiring 
restorative, orthodontic or prosthetic treatment and de-
ficiency of keratinized tissue may be associated with gin-
gival recession and inflammation. As a result, coexisting 
esthetic impairment, dentin hypersensitivity, discomfort 
during tooth brushing, root caries, and non-carious cer-
vical lesions may be a cause for concern in both patients 
and clinicians. Especially in the mandibular incisor region, 
other factors such as the presence of frena attachment, 
muscle pull and a shallow fornix may predispose a patient 
to future soft tissue loss in case of inadequate plaque con-
trol and lack of keratinized tissue.5 A long-standing debate 
in the scientific community relates to the optimal amount 
of keratinized tissue. It is agreed that ≥2 mm of keratinized 
tissue and ≥1 mm of attached gingiva is beneficial around 
teeth to maintain periodontal health.6

Various techniques for deepening the vestibule have been 
described; however, most of them are not used due to post-
surgical complications that result from exposing a varying 
area of the crestal bone.1,7–10 Surgical methods of deepening 
the oral vestibule, besides vestibuloplasty procedures, in-
clude autogenic soft tissue grafting.5,6,11 Deepening the oral 
vestibule can enable maintenance of proper oral hygiene, 
remove improper attachment of the lower lip frenulum 
and eliminate pulling of the gingival margin. If soft tissue 
grafting is used to deepen the vestibule, an additional effect 
is obtained, namely widening the keratinized gingival zone 
and covering or decreasing the existing recessions. How-
ever, insufficient thickness of palatal tissue at the donor site, 
or patient refusal of grafting, effectively prevents palatal 
tissue graft surgery in a considerable number of patients.

Kazanjian described a less invasive technique in which 
a split-thickness flap is prepared.12 Kazanjian vestibuloplasty 
was originally performed before prosthetic treatment to re-
position the mucosa and muscle insertions and to increase 

the denture area for stability of the prosthesis. Individual 
studies have described the positive effects of vestibular deep-
ening performed without grafts on periodontal tissue pa-
rameters and oral hygiene in dentate segments.13,14 To over-
come some postoperative complications associated with 
the Kazanjian technique, several modifications have been 
suggested by other authors15–17 as well as in our work.14,18

Nevertheless, autogenous tissue grafts are still consid-
ered the gold standard for soft tissue augmentation and 
provide unparalleled outcomes in terms of clinical im-
provement.5,6,19 However, free gingival grafts (FGG) may 
be associated with patient morbidity at the donor site and 
poor color blending with neighboring tissues. Presently, 
alternative commercially available materials may partially 
compensate for the drawbacks of FGG, since they provide 
significant improvements in matching the color and texture 
of keratinized tissue. Moreover, graft substitutes do not 
require graft harvesting from a second surgical site. Autog-
enous soft tissue grafts can be harvested from the palate 
or maxillary tuberosity using different approaches, such 
as  the  trap-door technique, single incision technique, 
parallel incision technique, and de-epithelialization tech-
nique.20–22 A second surgical site and prolonged surgical 
time are correlated with greater postoperative pain and 
swelling.6 Moreover, in some cases, the thickness of the pal-
atal mucosa can constitute an additional limiting factor.

There is unprecedented interest in graft substitutes, 
which can be divided into allogenic, xenogenic, alloplastic, 
and living constructs. Unrestricted availability, avoidance 
of a secondary surgical site, reduced surgical time, and 
decreased patient morbidity are some of the major ben-
efits of these materials. Acellular dermal matrix (ADM),23 
Mucograft (Geistlich Pharma, Wolhusen, Switzerland)24,25 
and DynaMatrix (Keystone Dental, Burlington, USA)26 are 
examples of commercially available materials. Overall, 
there is evidence in the literature that graft substitutes 
are effective in augmenting keratinized tissue in an es-
thetically pleasing way. However, at present, there is not 
enough evidence to support or refute the superiority of any 
particular product. It is also important to highlight that 
FGG and bilaminar approaches lead to superior outcomes 
in terms of mean keratinized tissue width (KTW) gain.

The labial surfaces of mandibular incisors are commonly 
affected by inadequate KTW volume, the presence of frena 
attachment, muscle pull, and gingival recessions. Since 
the tooth germs of lateral incisors are situated more lin-
gually with respect to the central incisors, the former teeth 
are more often associated with periodontal problems.27 
Less traumatic procedures that involve only 1 surgical 
site, require less chair time and provide an optimal cost-
to-benefit ratio for improving periodontal condition are 
still needed. Kazanjian vestibuloplasty seems to represent 
an alternative and functional approach to more advanced 
grafting techniques, especially for patients who do not 
want or cannot have (due to palate soft tissue condition) 
conventional treatment.
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Objectives

The aim of this study was to evaluate changes in peri-
odontal tissue at lower incisors with a lack of keratinized 
tissue, muscle pull and gingival recessions 12 months af-
ter modified Kazanjian vestibuloplasty, compared to un-
treated sites.

Materials and methods

Study design and patient population

This study was planned as a prospective, non-random-
ized, parallel trial (Fig. 1). The investigator who evalu-
ated the clinical outcomes was not aware of the treatment 
protocol. Patients in the test group underwent vestibu-
loplasty in the anterior region of the mandible, whereas 
patients in the control group did not undergo any surgi-
cal treatment. The study design and all clinical proce-
dures were performed in accordance with the Helsinki 
Declaration of 1975, as revised in Tokyo in 2004, after 
approval of the study protocol by the Bioethics Commit-
tee of the Medical University of Warsaw, Poland (approval 

No. AKBE/106/15). Participants were recruited among pa-
tients referred to the Department of Periodontology and 
Oral Mucosa Diseases at the Medical University of War-
saw by their general dentists between January 2013 and 
December 2015 due to decreased vestibular depth, pulling 
of the gingival margin, narrow keratinized gingiva, single 
or multiple gingival recessions, or an aberrant frenum posi-
tion in the area of the lower anterior teeth. One examiner 
(M.N-G.) qualified patients into the study. All patients 
were informed about all plausible treatment options, in-
cluding soft tissue augmentation with either autogenous 
soft tissue graft or collagen matrix, as well as modified ves-
tibuloplasty according to the Kazanjian method. Patients 
who declined soft tissue augmentation but allowed vestibu-
loplasty, together with patients who decided not to receive 
any surgery at all, were enrolled in the study. Patients were 
thoroughly informed of the nature of the study and the po-
tential risks and benefits of their participation. All patients 
signed an informed consent form. Subsequently, patients 
were meticulously instructed on how to use the roll tech-
nique with a soft toothbrush and provided with a profes-
sional full-mouth cleaning and polishing.

Fifty-seven patients (45  women and 12  men, aged 
21–56; mean age 37.58 ±6.11 years) participated in this 

Fig. 1. Diagram showing 
the study design



B. Wyrębek et al. Periodontal changes after vestibuloplasty684

study, of which 30 patients underwent modified Kazanjian 
vestibuloplasty (test group). The control group consisted 
of 27 patients (20 women and 7 men, aged 24–54, mean 
age 39.13 ±5.62 years) who declined any surgical treatment 
but agreed to a 12-month observation.

Inclusion and exclusion criteria

The following inclusion criteria were applied: 1) a shal-
low vestibule, muscle pull, frena attachment with pull 
syndrome, and at least q lower incisor with KTW ≤ 1 mm 
in the apico-coronal dimension; 2) full mouth plaque score 
(FMPS) ≤20%; 3) full mouth bleeding on probing score 
(FMBOP) ≤20%; 4) no active gingivitis or periodontitis; 
5) over 18 years of age; 6) no systemic disease with com-
promised healing potential; 7) no intake of medications 
affecting periodontal status; 8) no smoking; 9) no pregnant 
or lactating women; and 10) no previous periodontal plastic 
surgery in the anterior mandible.

Clinical measurements

Clinical parameters were evaluated by 1 experienced 
examiner (BW). A total of 5 patients with gingival reces-
sions on the buccal surfaces of the lower incisors were re-
cruited for the calibration exercise. The examiner recorded 
the periodontal parameters in the mandible with an inter-
val of 24 h between measurements. Calibration was ac-
cepted when ≥90% of the recorded values were reproduced 
within a difference of 1.0 mm and exact data were reported 
in 75% of measurements. The following parameters were 
assessed using a graded periodontal probe (UNC probe 
15 mm; Hu-Friedy, Chicago, USA): 1) probing pocket depth 
(PPD), distance from the gingival margin to the bottom 
of the gingival sulcus at 6 points per tooth (mesio-buccal 
(MB), mid-buccal (B), disto-buccal (DB), mesio-lingual 
(MD), mid-lingual (ML), and disto-lingual (DL)); 2) clini-
cal attachment level (CAL), distance from the cemento-
enamel junction (CEJ) to the bottom of the gingival sulcus 
at 6 points per tooth (MB, B, DB, ML, L, and DL); 3) gingi-
val recession depth (GRD), distance from CEJ to the most 
apical extension of the gingival margin at the mid-buccal 
point of the tooth; 4) KTW, the distance between the most 
apical point of the gingival margin and the mucogingival 
junction (MGJ), with the MGJ demarcated by staining 
the mucogingival complex with iodine solution; 5) FMPS, 
the percentage of total surfaces (4  aspects per tooth) that 
revealed the  presence of  plaque28; and 6)  FMBOP, as-
sessed dichotomously at 6 points per tooth (MB, B, DB, 
ML, L, and DL) as the percentage of bleeding points.29 
The  GRD was classified according to  the  Miller clas-
sification (Class I – GRD does not extend to MGJ and 
there is no loss of interdental bone and soft tissue; Class II 
– GRD extends to or beyond MGJ and there is no loss 
of interdental bone and soft tissue; Class III – GRD ex-
tends to or beyond MGJ with alveolar bone and soft tissue 

loss in the interdental area; and Class IV – GRD extends 
to or beyond MGJ with severe alveolar bone and soft tis-
sue loss in the interdental area) and in line with the Cairo 
classification (RT1 – GRD with no loss of interproximal 
attachment; RT2 – the amount of interproximal attach-
ment loss is equal to or lower than the buccal attachment 
loss; and RT3 – the amount of interproximal attachment 
is greater than the buccal attachment loss).30,31 In the test 
group, clinical parameters were recorded at baseline and 
at  3, 6 and 12  months postoperatively. In  the  control 
group, clinical parameters were assessed at baseline and 
12 months after baseline examination.

Surgical treatment

For the test group, the surgical procedures were per-
formed by  1 experienced surgeon (P.P.) in  accordance 
with modified Kazanjian vestibuloplasty under local an-
esthesia with 4% articaine hydrochloride with adrena-
line (1:100,000) (Ubistesin Forte 1.7 mL; 3M ESPE, Saint 
Paul, USA). A single horizontal incision was made with 
a scalpel blade from the lower right canine to the lower 
left canine within the mucosa of the inner part of the lip, 
9–12 mm from the mucogingival junction. A split-thick-
ness pedicle flap was prepared with its base on the alveolar 
part of the mandible to the level of the keratinized gin-
giva. The muscle attachments beneath the free margin 
of the flap were separated and moved apically. The rem-
nants of muscle tissue were removed from the periosteum 
on the vestibular part of the anterior mandible. Limited 
flap preparation and only small correction of submuco-
sal tissue constituted modifications of the original tech-
nique. The mobilized flap was then stabilized apically 
with resorbable single sutures (PGA Resorba 6/0 11 mm, 
3/8; RESORBA Medical GmbH, Nuremburg, Germany) 
to  the underlying periosteum at  the  level of  the newly 
established vestibular depth (Fig. 2). The area on the in-
ner surface of the lower lip was left to heal by secondary 
intention.

Postoperative period

After surgery, patients received 800 mg of ibuprofen and 
were asked to take a 2nd dose 8 h later as well as additional 
tablets later on if required to control postoperative pain. 
Patients were instructed to take azithromycin (500 mg 
once daily) for 3 days. Meticulous written postoperative 
instructions to  avoid brushing, f lossing and chewing 
in the treated area for a period of 2 weeks were handed 
to all subjects after surgery. Patients were asked to apply 1% 
chlorhexidine gel topically to the operative site and to rinse 
their mouth twice daily for 1 min using 0.2% chlorhexidine 
solution. At week 2, the sutures were removed and patients 
resumed careful brushing with a soft toothbrush. Follow-
up appointments were scheduled for 1, 2, and 4 weeks after 
surgery, as well as 3, 6 and 12 months after the baseline 
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examination. Each session included reinforcement of oral 
hygiene instructions (teeth brushing with the roll tech-
nique and dental flossing twice a day) and supragingival 
plaque removal. Two clinical cases are shown in Fig. 2 and 
Fig. 3.

Statistical analyses

Statistical analyses were performed using R v.  3.2.3 
software (R Core Team 2019; R Foundation for Statistical 
Computing, Vienna, Austria). Clinical parameters were 
compared between the 2 groups. The primary outcome 
variable was an increase in the keratinized tissue width 
at 12 months, and the secondary variables were gingival 
recession height reduction and gain in clinical attachment 
level at 12 months. Descriptive statistics were carried out 
using mean values, 95% confidence intervals (95% CI), 
standard deviations (SD), frequencies, and percentages. 
The Shapiro–Wilk test was used to assess data distribu-
tion normality. As all quantitative variables in this study 
were normally distributed, Student’s t-test was applied 
for intragroup and intergroup comparisons. To evaluate 
the effectiveness of treatment, the following calculations 
were done: 1) KTWgain = KTW12 − KTW0; 2) gingival 
recession reduction  =  GRD 0 − GRD 12. To  compare 
measurements at the 4 time points (baseline, 3, 16, and 
12 months) in the test group, two-way analysis of vari-
ance (ANOVA) was used. Statistical significance was set 
at p < 0.05.

Fig. 2. A. Pre-operative view of test site; B. immediate post-operative view; 
C. 12 months post-operative view

Fig. 3. A. Baseline view of control site; B. 12 months post-operative view
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Results

The  test group included 30 patients (25 women and 
5 men, aged 21–56, mean age 36.03 ±6.61 years) who un-
derwent modified Kazanjian vestibuloplasty on the ves-
tibular surfaces of the lower incisors. Post-surgical heal-
ing was uneventful in all patients, all of whom completed 
the  12-month follow-up. Hypertrophic scar formation 
was observed in 3 patients, while scar lines were visible 
in the apical regions in 5 patients. The control group con-
sisted of 27 patients (20 women and 7 men, aged 24–54, 
mean age 39.13 ±5.62 years) who declined any surgical 
treatment but agreed to 12-month observation. The major-
ity of observed labial gingival recessions at baseline in both 
groups were class I according to Miller and recession type 1 
(RT1) according to Cairo (Table 1).

The clinical characteristics of the groups at baseline and 
12-month follow-up are depicted in Table 2. With the ex-
ception of KTW, both groups had similar clinical param-
eters at baseline. The FMPS and FMBOP values remained 
low throughout the observation period. However, in the test 
group, we observed statistically significant improvement 
in local bleeding on probing score (BOP) for the treated 
areas as compared to controls. At the end of the study, 
the  mean PPD value assessed at  6  points per incisor, 
as well as only in buccal aspects of the tooth, increased 
significantly in controls from 1.70 ±0.59 to 1.77 ±0.63 mm 
and from 1.79 ±0.59 mm to 1.88 ±0.65 mm, respectively. 
Twelve months after surgical treatment, the mean CAL, 
GRD and KTW values improved in the test group. At test 
sites the mean CAL value decreased from 2.28 ±1.91 mm 
to 1.63 ±1.66 mm (p = 0.3802), whereas at control sites 
the mean CAL value increased from mm 1.86 ±1.63 mm 
to 2.07 ±1.79 mm (p = 0.2292). The  statistical signifi-
cance of the changes in CAL measured at the mid-buccal 
point of  the teeth is presented in Table 3. At test sites 
the  mean GRD value decreased from 2.09  ±1.78  mm 
to 1.22 ±1.46 mm (p = 0.0087), whereas at control sites 
the  mean GRD value increased from 1.95  ±1.29  mm 
to 2.34 ±1.44 mm (p = 0.0164). Surgical treatment re-
sulted in a significant increase in the mean KTW value 

(1.17 ±1.22 mm, p = 0.0406) in the test group. By contrast, 
in the control group, further reduction in the mean KTW 
value to 0.13 ±0.45 mm was observed. The mean KTW 
value at 3, 6 and 12 months compared to baseline showed 
a tendency to increase in the test group (Table 3). The rela-
tive mean GRD values exhibited the potential to decrease 
over time. From baseline to 12 months, there were statisti-
cally significant increases in mean CAL and KTW, as well 
as significant GRD reduction, for the mid-buccal aspects 
of the lower incisors in the test group. No changes were 
observed in terms of the mean PPD value.

Discussion

A poor mucogingival condition is common in the lower 
incisor area. In case of inadequate KTW, decreased vestib-
ular depth and muscle pull, mucogingival surgery may be 
performed to ease plaque control, improve patient comfort 
during tooth brushing, and reduce, halt or avoid gingival 
recession formation. Different procedures provide vary-
ing degrees of success. The present study evaluated peri-
odontal condition at the lower incisors in patients who un-
derwent simple vestibuloplasty versus untreated patients 
who served as controls. Each patient had at least 1  incisor 
with KTW ≤ 1 mm, gingival recession, and the presence 
of muscle pull or high frena attachment. To the best of our 
knowledge, this is the first study to compare these 2 ap-
proaches in natural teeth. At the end of the follow-up pe-
riod, the test group showed significant gains in KTW and 
CAL (at  the mid-buccal point) and reduction in GRD, 
which improved continuously during the  observation 
period. The KTW increased by 1.17 mm. In the control 
group, the abovementioned parameters worsened over 
time, together with significant increases in PPD, as a re-
sult of impaired plaque control at the affected sites. Our 
study suggests that modified Kazanjian vestibuloplasty 
is associated with more stable periodontal tissue compared 
to untreated sites. This procedure has the benefits of sim-
plicity, less time required, no need for a second surgical 
site (which lowers morbidity), and an esthetically pleasing 
tissue match. It may be an alternative approach in case 
of patients who want to avoid major surgery and for whom 
functional improvement of periodontal soft tissues alone 
will bring a sufficient treatment outcome.

Our findings also indicate that, apart from the  ex-
pected vestibular deepening, it  is  possible to  obtain 
the additional effect of reducing existing recessions where 
the vestibule is shallow. One has to bear in mind, however, 
that the main objective of vestibuloplasty is not coverage 
of recessions but elimination of recession-inducing fac-
tors. It has been argued that FGG should be considered 
the first and the most effective choice for increasing de-
velopmentally missing or lost keratinized tissue and may 
eliminate muscle pull. Agudio et al. evaluated changes 
in the amount of keratinized tissue in 103 patients treated 

Table 1. Baseline characteristics of the test and control groups with 
respect to gingival recession

Variables Test group 
(N = 30)

Control group 
(N = 27)

Class of GRD according to Miller (n)
Class I
Class II
Class III
Class IV

57
24
10
0

63
22
7
0

Type of GRD according to Cairo (n)
RT1
RT2
RT3

76
13
2

78
11
3

N – number of patients; n – number of defects; GRD – gingival recession 
depth; RT – recession type.
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with gingival augmentation procedures with FGG, and 
observed a 4.2 mm increase in KTW and a 0.8 mm gingi-
val margin shift 10 years after surgery.32 Furthermore, 18–
35 years after treatment, 83% of augmented sites showed 

gingival recession reduction, whereas 48% of untreated 
sites showed increased recession.33 The reported keratin-
ized tissue augmentation with FGG varied from 3.1 mm 
to  5.6  mm. Limitations associated with FGG include 

Table 2. Clinical parameters (mean, 95% CI, SD) at the lower incisors at baseline and after 12 months

Variables Baseline 12 months p-value

PPD tests [mm]
PPD controls [mm]
#p-value

1.69 [1.64;1.74] ±0.69
1.70 [1.65;1.74] ±0.59

0.4324

1.70 [1.65;1.75] ±0.69
1.77 [1.72;1.82] ±0.63

0.0398*

0.5032
0.0332*

PPDb tests [mm]
PPDb controls [mm]
#p-value

1.79 [1.71;1.87] ±0.74
1.79 [1.73;1.86] ±0.59

0.7803

1.76 [1.69;1.83] ±0.68
1.88 [1.81;1.95] ±0.65

0.0065*

0.3503
0.0229*

CAL tests [mm]
CAL controls [mm]
#p-value

1.79 [1.66;1.92] ±1.77
1.37 [1.26;1.48] ±1.46

0.8932

1.38 [1.26;1.50] ±1.58
1.49 [1.37;1.61] ±1.57

0.903

0.6764
0.7018

CALb tests [mm]
CALb controls [mm]
#p-value

20.28 [1.69;1.83] ±1.91
10.86 [1.68;2.04] ±1.63

0.2765

1.63 [1.45;1.80] ±1.66
2.07 [1.87;2.27] ±1.79

0.3007

0.3802
0.2292

GRD tests [mm]
GRD controls [mm]
#p-value

2.09 [1.76;2.41] ±1.78
1.95 [1.70;2.20] ±1.29

0.6320

1.22 [0.95;1.48] ±1.46
2.34 [2.06;2.61] ±1.44

0.0421*

0.0087*
0.0164*

GRD red tests [mm]
GRD red controls [mm]
#p-value

–
–

0.85 [0.67;1.04] ±1.04
−0.38 [−0.51;−0.24] ±0.69

0.2139

–
–

KTW tests [mm]
KTW controls [mm]
#p-value

2.24 [2.05;2.43] ±1.06
1.77 [1.62;1.92] ±0.78

0.0339*

3.42 [3.18;3.66] ±1.29
1.64 [1.48;1.79] ±0.80

0.0299*

0.0406*
0.7002

KTWgain tests [mm]
KTWgain controls [mm]
#p-value

–
–

1.17 [−1.40;−0.95] ±1.22
−0.13 [0.04;0.22] ±0.45

0.04489*

–
–

FMPS tests [mm]
FMPS controls [mm]
#p-value

0.14 [0.11;0.16] ±0.23
0.20 [0.16;0.23] ±0.28

0.3412

0.13 [0.10;0.15] ±0.21
0.18 [0.15;0.21] ±0.25

0.2081

0.8721
0.7088

PS tests [mm]
PS controls [mm]
#p-value

0.19 [0.14;0.23] ±0.26
0.25 [0.20;0.31] ±0.30

0.2291

0.20 [0.15;0.25] ±0.26
0.29 [0.24;0.35] ±0.26

0.3010

0.9301
0.9118

FMBOP tests [mm]
FMBOP controls [mm]
#p-value

0.16 [0.14;0.18] ±0.21
0.19 [0.16;0.22] ±0.23

0.4328

0.06 [0.04;0.07] ±0.11
0.16 [0.14;0.19] ±0.20

0.2281

0.7356
0.8021

BOP tests [mm]
BOP controls [mm]
#p-value

0.24 [0.20;0.29] ±0.24
0.29 [0.25;0.33] ±0.22

0.8743

0.07 [0.05;0.09] ±0.12
0.27 [0.23;0.31] ±0.19

0.0381*

0.0108*
0.3294

PPD – mean value of probing pocket depth at 6 measurement points (MB, B, DB, ML, L, DL); PPDb – mean value of probing pocket depth on buccal surfaces 
at 3 measurement points (MB, B, DB); CAL – mean value of clinical attachment level at 6 measurement points (MB, B, DB, ML, L, DL);  
CALb – mean value of clinical attachment level on buccal surfaces at 3 measurement points (MB, B, DB); GRD – mean value of gingival recession depth; 
GRDred – mean value of gingival recession depth reduction; KTW – mean value of keratinized tissue width; KTWgain – mean value of gain in keratinized 
tissue; FMPI – full mouth plaque index; PS – plaque score at lower incisors; FMBOP – full mouth bleeding on probing score; BOP – bleeding on probing 
score at lower incisors; p for intragroup comparison; #p for intergroup comparison; * statistically significant at p ≤ 0.05.

Table 3. Changes in clinical parameters (mean, 95% CI, SD) at the lower incisors at the mid-buccal point over time in the study groups

Variables Baseline 3 months 6 months 12 months p1 p2 baseline  
– 12 months

PPD mid-buccal [mm] 1.25 [1.17;1.33] ±0.45 1.19 [1.12;1.26] ±0.39 1.17 [1.10;1.24] ±0.38 1.17 [1.10;1.24] ±0.38 0.4235 0.1662

CAL mid-buccal [mm] 3.20 [2.84;3.55] ±1.94 2.65 [2.27;3.03] ±2.09 2.23 [1.87;2.59] ±1.98 2.00 [1.67;2.34] ±1.81 0.3241 <0.0001*

GR mid-buccal [mm] 2.09 [1.76;2.41] ±1.78 1.78 [1.45;2.10] ±1.79 1.41 [1.11;1.71] ±1.65 1.22 [0.95;1.48] ±1.46 0.0147* 0.0005*

KTW mid-buccal [mm] 2.24 [2.05;2.43] ±1.06 2.49 [2.29;2.68] ±1.06 3.04 [2.82;3.26] ±1.19 3.42 [3.18;3.66] ±1.29 0.0078* 0.0002*

Mean value of probing pocket depth (PPD) at the mid-buccal point (B), mean value of clinical attachment level (CAL) at the mid-buccal point (B), mean 
value of gingival recession depth (GRD), mean value of keratinized tissue width (KTW); p1 for comparison of changes at 4 time points (baseline, 3 months, 
6 months, 12 months); p2 for comparison of differences between baseline and 12 months; * statistically significant at p ≤ 0.05.
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mucogingival junction misalignment as well as poor color 
and texture match with neighboring tissues.5,6 For these 
reasons, FGG utilization should be thoroughly evalu-
ated, especially in cases involving the anterior region 
of the maxilla or mandible. Several disadvantages of FGG 
have been overcome by the use of subepithelial connec-
tive tissue grafts (SCTG).34 They are considered the gold 
standard in mucogingival surgery, but also have some dis-
advantages. The surgery requires a 2nd operation to obtain 
the donor tissue from the palate, the amount of donor 
tissue is limited, and the procedure significantly increases 
complications and pain due to the need to surgically open 
a 2nd site to obtain the donor tissue.5,11,19,20 Vestibulo-
plasty does not aim to increase the width of the gingival 
keratinized structure either, as it is the case with FGG, 
since it  is determined by cells at  the genetic level and 
the grafted palatal tissue is keratinized.36 It is notewor-
thy, however, that in the 12-month observation period 
the keratinized gingival zone increased in the test group 
at the incisors; by contrast, in the control group, KG re-
mained at a similar level or decreased slightly. The results 
in the test group, which were based on clinical probing, 
should be treated with caution due to the absence of his-
tological examination of the relevant tissue. It is difficult 
to conclusively determine if the procedure itself reduced 
recession or if it occurred due to changes in the patients’ 
oral hygiene practices (all patients switched to the roll 
tooth brushing technique). Reduction of gingival reces-
sion and increase of the attached gingiva zone may have 
been caused by the resolution of gingival inflammation 
following elimination of pulling of marginal gingiva and 
proper oral hygiene. It is likely that elimination of pull-
ing restores proper function of keratinizing cells within 
the free gingiva and enables reconstruction of the kera-
tinized gingiva zone previously reduced by the inflam-
matory process.1,36 It may support the already postulated 
observation that elimination of gingival margin pulling 
restores the conditions for proper functioning of kera-
tinizing cells within the free gingiva. The results also 
indicate that the elimination of pulling and resolution 
of marginal gingivitis enabled reconstruction of clinical 
attachment.

According to Ward, however, it appears that satisfactory 
periodontal and gingival health can be maintained even 
where the vestibule is shallow.4 Moreover, the findings 
demonstrate that it  is possible to maintain periodontal 
health and attachment through control of gingival in-
flammation despite the  absence of  attached gingiva.37 
On  the  other hand, more recent studies have shown 
that narrow gingiva in combination with a shallow ves-
tibular fornix might promote the accumulation of food 
debris during mastication and impede proper oral hy-
giene. Hence, vestibular deepening should be considered 
when patients experience discomfort while brushing 
and chewing. Changes in tooth brushing habits may be 
of greater importance than increased gingival thickness 

for long-term maintenance of the surgically established 
position of the soft tissue margin.38

The results of this study revealed changes in the pres-
ence of plaque and bleeding in the test group. Decreased 
plaque and bleeding may be due to the creation of better 
conditions for maintaining oral hygiene as well as  fre-
quent follow-up visits (every 3 months in the 12-month 
observation period), creating an opportunity to reinforce 
oral hygiene instructions. In the control group, in which 
patients only received follow-up after 12 months, relevant 
oral hygiene parameters did not improve. Wade also re-
ported a correlation between plaque scores and vestibule 
depth when carrying out the deepening of the vestibule 
according to the Edlan and Mejchar technique.39 He con-
cluded that it is a reliable technique and maintains gingival 
health in the case of a limited amount of gingival tissue 
on the labial aspect of the mandibular anterior teeth.

The apically positioned flap (APF) technique seems to be 
a simple and cost-effective procedure that does not involve 
a secondary donor site and supplemental biomaterials. 
Lim et al. reported a KTW of 3.24 ±1.12 mm 6 months 
after surgery which decreased to 2.11 ±0.69 mm after 
12 months, as well as higher scores for contour and texture 
compared to FGG-treated sites.25 Carnio et al. described 
a modified apically repositioned flap (MARF) technique 
without donor areas or the use of commercial products.40 
This approach involved a single horizontal incision within 
keratinized tissue, preparation of a split-thickness flap, 
and its suturing to the periosteum in the apical position. 
The exposed periosteum healed by secondary intention, 
resulting in a significant increase in KTW from 2.14 mm 
to 4.24 mm. The reported values are greater than those 
in our study, but they might be explained by different sur-
gical protocols.

Commercially available ADM yielded inferior outcomes 
to FGG in terms of obtained KTW and tissue thickness, 
but that the esthetic results and color match were supe-
rior. Wei et al. reported statistically smaller keratinized 
tissue increases for ADM-treated sites than FGG-treated 
sites (2.59 ±0.92 mm compared to 5.57 ±0.44 mm).23 Mu-
cograft is  a  non-cross-linked porcine bilayer collagen 
matrix (CM) composed of pure type I and III collagen, 
which was also shown to increase KTW.24,25 The CTG at-
tained a mean KTW of 2.6 ±0.9 mm, while CM attained 
2.5 ±0.9 mm, 6 months after surgery. DynaMatrix is ob-
tained from the submucosa of the small intestine of pigs 
and is a cell-free matrix where the natural matrix molecules 
are preserved. Thirteen months after surgical interven-
tion, sites treated with DynaMatrix showed an increased 
KTW of 2.6 ±1.1 mm compared to 5.3 ±1.3 mm of KTW 
gain as a result of augmentation with autogenous gingival 
graft.26

In our study, apart from the gain in keratinized tissue, 
we also observed GRD reduction and CAL gain that were 
beneficial from a clinical point of view. We speculate that, 
due to optimizing plaque control and eliminating pulling 
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syndrome, the proper function of keratinized cells within 
free gingiva was restored, which enabled reconstruction 
of keratinized tissues previously reduced by the inflam-
matory process. Even if the observed changes were small 
compared to those achieved by previously described tech-
niques, some patients may still benefit from the modi-
fied Kazanjian procedure to facilitate plaque control and 
optimize periodontal health. Such surgery might be more 
critical for elderly patients, as well as for patients who, for 
whatever reason – financial or psychological – do not agree 
to more advanced surgery. In the surgical protocol of this 
study, patients were prescribed antibiotic prophylaxis for 
3 days after the procedure. It can be assumed that tak-
ing antibiotics is not necessary after this type of surgery. 
However, we presented a consecutive group of first oper-
ated patients and did not change the protocol until the end 
of the study.

Limitations

Our research has some limitations. First and foremost, 
the study is not randomized. Thus, accidental bias, includ-
ing selection bias, is present. The study groups were formed 
according to patients’ preferences. It would be ethically 
questionable to purposefully prevent individual patients 
from receiving treatment. Moreover, the baseline condition 
of the patients in the present study was not statistically 
comparable, as controls had a lower amount of KTW. Thus, 
this is another shortcoming of a non-randomized study. 
However, the mean KTW value accounted for the labial 
surfaces of all mandibular incisors and the inclusion cri-
terion was at least 1 tooth with KTW ≤ 1 mm. The dif-
ference may stem from a greater number of teeth with 
more severely reduced KTW in the controls. Nevertheless, 
the observed increase in KTW 12 months after treatment 
in the test group was statistically significant. Even though 
these issues are important and deserve recognition, we be-
lieve that the outcomes of our study might be helpful for 
practitioners, since there is a gap between protocols be-
ing widely investigated and those carried out in clinical 
practice.

Secondly, although we observed improvement in CAL 
measurements, it  should be stressed that the  wound-
healing process presumably resulted in the development 
of long junctional epithelium and not real regeneration. 
To evaluate the true nature of healing, histological analy-
sis needs to be carried out. Furthermore, the CAL results 
suggest that the creeping attachment phenomenon may 
have occurred in the test group on teeth with gingival 
recession. As mentioned above, the reason for this may be 
better condition (more space) for the roll tooth brushing 
technique to be performed.

Thirdly, patient-reported outcomes were not collected. 
Such data should be included in future studies. The post-
surgical course of events, patients’ discomfort and pain, 
esthetic outcomes, and patients’ general satisfaction with 

the  treatment modality should be taken into account. 
In light of these facts, there is an obvious need for further 
long-term, well-designed clinical trials with a larger sample 
size to verify the present findings. Future research should 
focus on alternative approaches that improve treatment 
outcomes while also being less invasive and time-consum-
ing and more cost-effective.

Conclusions

Within the limitations of our study, it can be concluded 
that modified Kazanjian vestibuloplasty is a simple method 
that increases KTW and improves periodontal health 
at buccal aspects of the lower incisors. This procedure 
may be recommended for patients for whom an increase 
in KTW, reduction in muscle pull and frena elimination 
are desired, but surgical palatal trauma must be avoided, 
as well as for patients who do not want to be submitted 
to a secondary surgical procedure at the palate.
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Abstract
Background. Identification of functional genes or biomarkers may be helpful for developing new treatment 
strategies in lung adenocarcinoma (LUAD). The centromere protein K (CENPK) gene has been discovered to be 
overexpressed and could influence tumor progression in several tumor types. However, its role in LUAD has 
never been revealed.

Objectives. The purpose of the current study was to detect the effects of CENPK and its mechanisms 
in the progression of LUAD.

Materials and methods. Data from The Cancer Genome Atlas (TCGA) and Oncomine databases was used 
to analyze the expression of CENPK. The relationship between CENPK expression and the prognosis of LUAD 
was investigated using Kaplan–Meier and Cox regression analyses. The cell viability was monitored with 
Cell Counting Kit-8 (CCK-8) and colony forming assays, while migration and invasion were analyzed with 
a transwell assay. The effect of CENPK on the expression of epithelial–mesenchymal transition (EMT) markers 
were estimated using western blotting.

Results. CENPK was significantly overexpressed in LUAD tissues and cells (p < 0.01). The overall survival 
rate in the low CENPK expression group was significantly higher than in the high CENPK expression group 
(p = 0.003). Furthermore, the overexpression of CENPK facilitated cell viability, migration and invasion 
of tumor cells, while knockdown of CENPK prevented these behaviors (p < 0.01). Moreover, upregulation 
of CENPK decreased the expression of E-cadherin and enhanced the expression of N-cadherin, vimentin and 
Snail in LUAD cells (p < 0.01). Conversely, knockdown of CENPK resulted in the opposite trend (p < 0.01).

Conclusions. CENPK was upregulated in LUAD tissues and cells, and the enhancement of CENPK promoted 
the viability, migration, invasion, and EMT of LUAD cells.

Key words: CENPK, viability, migration, epithelial–mesenchymal transition, lung adenocarcinoma
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Background

Lung cancer is one of the most common cancers and 
the leading cause of cancer-related death worldwide,1–3 
with the five-year overall survival (OS) of less than 20%.4 
Lung adenocarcinoma (LUAD) accounts for approx. 40% 
of all lung cancers, and is frequently diagnosed at an ad-
vanced stage.5–7 Currently, the most effective methods 
for the treatment of LUAD are surgical, radiation and 
targeted, and immunotherapies directed at the molecular 
or immunological traits of tumors. Nevertheless, the sur-
vival rate of patients with LUAD that have received cu-
rative resection is only about 50%.8 Therefore, further 
research into the mechanisms of LUAD and identification 
of effective biomarkers will contribute to early diagnosis, 
precise prognosis and development of effective treatments 
for LUAD.

The kinetochore is a protein structure on chroma-
tids and plays a crucial role in the segregation of chro-
mosomes, the dysfunction or dysregulation of which 
may lead to aneuploidy and promote carcinogenesis.9 
Centromere protein K  (CENPK), also named AF5al-
pha, FKSG14, P33, or Solt5,10 is a subunit of CENPH-
CENPI-associated centromeric complex, which targets 
centromere protein A  (CENPA) to  centromeres and 
is critical for proper kinetochore function and mitotic 
progression.11 In many malignant tumors, CENPK has 
been reported to be dysregulated and related to tumor 
progression.12–14 For example, CENPK is specifically up-
regulated in ovarian and hepatocellular cancer tissues, 
and its overexpression is associated with worse overall 
survival.12 More importantly, Wang et al. has previously 
demonstrated that depletion of CENPK could repress 
the proliferation, migration, invasion, and epithelial–
mesenchymal transition (EMT) of hepatocellular carci-
noma cells.13 Furthermore, through genome-wide gene 
expression profiling analysis, CENPK was screened out 
as one of the novel therapeutic targets for triple negative 
breast cancer and knockdown of CENPK attenuated cell 
viability.14 However, it  remains unclear as  to whether 
CENPK plays a role in LUAD.

Objectives

In  the  current study, we  analyzed the  expression 
of CENPK in LUAD cells and evaluated its prognostic value 
in patients with LUAD through Kaplan–Meier and Cox 
regression analyses. Then, the effects on viability, inva-
sion and migration of LUAD cells were explored. Finally, 
we investigated the influence of CENPK on the expres-
sion of the key markers of EMT, including E-cadherin, 
N-cadherin, vimentin, and Snail, in LUAD cells.

Materials and methods

Bioinformatics analysis

The gene expression profile and clinical data of 535 
LUAD tumor samples and 59 normal samples were down-
loaded from The Cancer Genome Atlas (TCGA) (https://
cancergenome.nih.gov/). Patients diagnosed as LUAD were 
divided into high and low CENPK expression groups based 
on the median expression of CENPK. Then, Kaplan–Meier 
analysis and univariate and multivariate Cox regression 
analyses were performed to assess the prognostic value 
of CENPK. In addition, the expression profiles of 45 LUAD 
samples and 65 normal samples in the Oncomine data-
base (www.oncomine.org) were downloaded to analyze 
the mRNA expression of CENPK.

Cell culture

The LUAD cell lines, including HA109, A549 and Calu-3, 
were purchased from the Cell Bank of the Shanghai Insti-
tute of Cell Biology, Chinese Academy of Medical Sciences 
(Shanghai, China). The normal human lung epithelial cell 
line BEAS2B was purchased from American Type Cul-
ture Collection (ATCC, Manassas, USA). All the cell lines 
were serially cultured in Roswell Park Memorial Institute 
(RPMI)-1640 medium mixed with 10% fetal bovine serum 
(FBS; Gibco, Rockville, USA), 100 U/mL of penicillin and 
100 µg/mL of streptomycin (Life Technologies, Gaithers-
burg, USA) at 37°C with 5% CO2. Tumor cells between 
passages 4 and 6 were utilized in the experiments.

Cell transfection

Cell transfection was conducted when the cell confluence 
reached 80% in a six-well plate. Calu-3 cells were trans-
fected with small interfering RNA (siRNA) to downregu-
late the expression of CENPK. The siRNAs used include 
si-CENPK#1 (5’-TGAGTACCTTGGGCGAGTTTC-3’) and 
si-CENPK#2 (5’-ATATCTGAGGTGGCATAATTT-3’), to-
gether with Si-con (5’-CGAACUCACUGGUCUGACC-3’) 
that was transfected as the negative control. Meanwhile, 
pcDNA3.1-CENPK vector was constructed and transfected 
into HA109 cells. An empty vector (pcDNA3.1; Gene-
pharma, Shanghai, China) was used as the negative control. 
Cell transfection was conducted using the Lipofectamine 
2000 reagent kit (Invitrogen, Carlsbad, USA). The expres-
sion of CENPK in LUAD cell lines was detected using quan-
titative real-time polymerase chain reaction (qRT-PCR) and 
western blotting 48 h following transfection.

RNA extraction and quantitative  
real-time PCR 

RNA trizol reagent (Invitrogen) was used to extract the total 
RNA from conventionally cultured cells or cells transfected 
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48 h prior. Subsequently, the extracted RNA was converted 
to cDNA using a MiRcute miRNA First-strand cDNA syn-
thesis kit (Tiangen Biotech, Beijing, China). Then, the mRNA 
expression of CENPK was measured using quantitative real-
time polymerase chain reaction (qRT-PCR) analysis. The rel-
ative CENPK level was calculated using the 2−ΔΔCt method 
and normalized to GAPDH. The sequences of the primers 
for CENPK and GAPDH are shown in Table 1.

Western blotting

Protein was isolated from the cells 48 h following trans-
fection with ice-cold IPA lysis buffer and the concentration 
was measured using a BCA protein assay kit (Beyotime, 
Shanghai, China). Then, 20 μg of protein was put into each 
well of a vertical electrophoresis tank and separated using 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE). The protein was transferred onto polyvinyli-
dene fluoride (PVDF) membranes, blocked with 5% skim 
milk powder diluted in TBST buffer (Tris-buffered saline, 
0.1% Tween 20) for 1 h then incubated with primary anti-
bodies at 4°C overnight. The rabbit-anti-human primary 
antibodies against CENPK (ab236739, 1:1000; Abcam, 
Cambridge, UK), E-cadherin (#3195, 1:1000; Cell Signal-
ing Technology, Danvers, USA), N-cadherin (#4061, 1:1000; 
Cell Signaling Technology), Vimentin (#5741, 1:1000; Cell 
Signaling Technology), Snail (#3879, 1:1000; Cell Signaling 
Technology), and GAPDH (#5174, 1:1000; Cell Signaling 
Technology) were used. Next, samples were washed 3 times 
(5 mins each) with TBST, before the goat-anti-rabbit sec-
ondary antibody (#7074, 1:3000; Cell Signaling Technol-
ogy) was added and incubated at room temperature for 1 h. 
The blots were visualized using the ECL-Plus western blot-
ting detection system (Thermo Fisher Scientific, Waltham, 
USA) after washing. The relative protein expression levels 
of CENPK, E-cadherin, N-cadherin, vimentin, and Snail 
were separately measured through scanning the gray value 
with QUANTITY ONE software (Bio-Rad, Hercules, USA) 
and GAPDH was used as the internal reference.

Cell Counting Kit-8 assay

The cells were removed from culture and counted 48 h af-
ter transfection. A cell suspension was prepared and plated 
into 96-well plates at a concentration of 1 × 103 cells/well. 
Then the plate was kept in an incubator at 37°C with 5% 
CO2. The cell viability was tested every 24 h using Cell 
Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, 

Japan) reagent according to manufacturer’s instruction. 
After being incubated for 1.5 h at 37°C, the optical density 
(OD) value of each well was measured at 450 nm using 
a microplate reader to reflect cell viability.

Colony formation assay

Following transfection, cells were suspended and seeded 
into a 60 mm plate (400 cells/plate) with 5 mL of pre-
warmed medium at 37°C. Then the cells were cultured 
at 37°C with 5% CO2 for 1–2 weeks until colonies were 
visible. After that, 4% paraformaldehyde and 0.1% crystal 
violet were used to fix and stain the colonies, respectively, 
and the number of colonies with a diameter greater than 
0.8 mm was counted.

Cell invasion and migration

To analyze cell invasion, 100 μL of Matrigel was prepared 
in advance by incubating in serum-free medium overnight 
and then added into the upper transwell chamber. After 
being shaken well, the chamber was maintained at 37°C 
and maintained for 4–6 h. Then, 500 μL of serum-free 
medium was put into the lower chamber and incubated 
for ½ h. Next, 100 μL of cell suspension (1 × 105 cells) was 
prepared using serum-free medium after 48 h of transfec-
tion and inoculated into the upper chamber, while 500 μL 
of complete culture solution was put into the lower cham-
ber. Twenty four hours later, the chamber was removed and 
washed with phosphate-buffered saline (PBS). It was then 
fixed with 4% paraformaldehyde for 30 min and stained 
using 0.1% crystal violet for 20 min. The number of in-
vading cells were quantified. For the cell migration assay, 
chamber was not coated with Matrigel and the remaining 
procedures were the same as the invasion assay.

Statistical analyses

Data analyses were performed using SPSS v. 22.0 soft-
ware (IBM Corp., Armonk, USA) and the figures were 
plotted in GraphPad Prism software v. 5.0 (GraphPad Soft-
ware, San Diego, USA). The difference between ranked 
data as well as the association between CENPK expression 
and clinical factors were analyzed with a χ2 test. In addi-
tion, Kaplan–Meier analysis was performed to estimate 
the relationship between CENPK expression and the over-
all survival of patients with LUAD. The difference between 
these groups was evaluated with log-rank test. The prog-
nostic significance of numerous variables was analyzed 
with univariate and multivariate Cox regression analyses. 
For the experimental data, the statistical evaluation be-
tween 2 groups was performed with Student’s t-test, while 
the statistical evaluation among 3 groups was conducted 
using one-way analysis of variance (ANOVA) followed 
by Dunnett’s post hoc test. A value of p < 0.05 was used 
to determine statistical significance.

Table 1. The sequences of CENPK and GAPDH primers in qRT-PCR

Genes Sequences

CENPK
F:5’-ACCGCTGAACTCAGTCAATGGC-3’
R:5’-TTGACTCCTTAGTGGACAGTACC-3’

GAPDH
F:5’-TGTGTCCGTCGTGGATCTGA-3’

R:5’-CCTGCTTCACCACCTTCTTGA-3’
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Results

The prognostic value  
of CENPK mRNA expression in LUAD

We analyzed genes that were differentially expressed 
between LUAD and normal tissue samples using TCGA. 
As a result, 3430 differentially expressed genes were found, 
including 2094 upregulated genes and 1336 downregulated 
genes. Among them, CENPK was upregulated in tumor tis-
sues when compared to normal tissues (Fig. 1A, p < 0.001). 
To  confirm this result, we  analyzed the  expression 
of CENPK in LUAD and normal lung tissues with the data 
from the Oncomine database, finding higher expression 
of CENPK in LUAD tumor tissues than in normal lung 
tissues (Fig. 1B, p < 0.001). To further investigate the ex-
pression of CENPK in LUAD, we detected its expression 

in  the  LUAD cell lines HA109, A549 and Calu-3, and 
in normal lung cell line BEAS2B. These results showed 
that CENPK was significantly overexpressed in LUAD cells 
compared with normal BEAS2B cells (Fig. 1C, p < 0.001).

As  CENPK was upregulated in  LUAD, we  decided 
to test whether CENPK was related to patient prognosis. 
After analyzing the relationship between clinical factors 
and CENPK expression in LUAD samples, we found that 
the expression of CENPK was statistically associated with 
gender (p = 0.048), tumor stage (p = 0.028) and patho-
logic-N (lymph node) stage (p = 0.007) of patients with 
LUAD (Table 2). Subsequently, we evaluated the influence 
of CENPK on the overall survival of patients with LUAD 
using Kaplan–Meier analysis, observing the overall sur-
vival time of patients with higher CENPK expression was 
shorter than those with lower expression (Fig. 1D, log-rank 
test, p = 0.003). Finally, univariate and multivariate Cox 

Fig. 1. The overexpression of CENPK and its association with cancer prognosis in LUAD. A and B. The mRNA expression of CENPK in tumor tissues was higher 
than in normal tissues according to TCGA (A) and Oncomine (B) databases; C. CENPK was upregulated in LUAD cell lines in comparison to normal lung cell 
lines. The data were analyzed using the 2−∆∆ct method and presented as the mean ±SD; D. Kaplan–Meier analysis of CENPK expression in samples from TCGA 
showed that patients with higher CENPK level had a much shorter survival time

*p < 0.05; **p < 0.01.
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regression analyses were used to determine the prognostic 
significance of CENPK in LUAD. This data revealed that 
CENPK expression (p = 0.004), clinical stage (p < 0.001), 
pathologic-T (tumor) (p < 0.001), pathologic-M (metas-
tasis) (p = 0.006), and pathologic-N (p = 0.000) were all 
unfavorable LUAD prognostic factors. Furthermore, multi-
variate Cox regression analysis suggested that pathologic-T 
(hazard ratio (HR) = 1.687, 96% confidence interval (95% 
CI) = 1.049–2.713, p = 0.031) and pathologic-N (HR = 2.031, 
95% CI = 1.363–3.026, p < 0.001) can serve as indepen-
dent prognostic markers, but CENPK (HR = 1.399, 95% 
CI = 0.898–1.979, p = 0.058) cannot be a significant predic-
tor of disease progression in patients with LUAD (Table 3).

CENPK promotes the viability of LUAD cells

Calu-3 and HA109 cells were used to conduct the loss 
and gain of function of CENPK assays, respectively. Calu-3 
cells with downregulated CENPK (p < 0.001) and HA109 
cells with overexpressed CENPK (p = 0.001) were success-
fully constructed (Fig. 2A–D).

Table 2. The relationship between clinical characteristics and 
the expression of CENPK

Characteristics
Expression of CENPK

p-value
low high

Age
<60
≥60

62
184

74
170

0.205

Gender
female
male

146
104

124
126

0.048*

Clinical stage
I+II
III+IV

201
43

184
64

0.028*

Pathologic-T
T1+T2
T3+T4

215
33

218
31

0.776

Pathologic-N
N0
N1

174
68

149
98

0.007*

Pathologic-M
M0
M1

162
8

170
16

0.143

p < 0.05 indicated statistical significance.

Fig. 2. The expression 
of CENPK in LUAD cells was 
examined with qRT-PCR 
and western blotting. A and 
C. CENPK was knocked 
down in Calu-3 cells by si-
CENPK; B and D. CENPK was 
overexpressed in HA109 
cells after transfection with 
pcDNA3.1-CENPK. The data 
are shown as mean ±SE

*p < 0.05; **p < 0.01.
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To study the role of CENPK in the viability of LUAD 
cells, the CCK-8 assay and colony forming assay were 
performed. The CCK-8 results demonstrated that knock-
down of CENPK could inhibit the viability of Calu-3 cells 
(p = 0.002; p = 0.001), while the overexpression of CENPK 
accelerated the growth of HA109 cells (p = 0.001; p < 0.001) 
at 48 h and 72 h (Fig. 3A,B; p < 0.001). To verify this con-
clusion, we implemented colony forming assays. The data 
indicated that the number of the colonies of Calu-3 cells 

was decreased (p = 0.002), while the number of the colo-
nies of HA109 cells was increased (p = 0.014) compared 
with their corresponding control groups (Fig. 3C,D).

CENPK enhances cell migration and 
invasion, and promotes EMT of LUAD cells

We next investigated the function of CENPK on the mi-
gration and invasion of LUAD cells by employing a transwell 

Fig. 3. The role of CENPK in the viability of LUAD cells. A and B. The cell viability of LUAD cells was detected using a CCK-8 assay after CENPK was knocked 
down in Calu-3 cell line (A) and overexpressed in HA109 cell line (B). The data was shown as mean ±SD; C and D. The colonies formed by Calu-3 cell line with 
depleted CENPK (C) and HA109 cell line with overexpressed CENPK (D)

*p < 0.05; **p < 0.01.

Table 3. Univariate and multivariate Cox regression analysis

Variables
Univariate analysis Multivariate analysis

p-value HR 95% CI p-value HR 95% CI

CENPK expression (high/low) 0.004* 1.551 1.154–2.084 0.058 1.399 0.898–1.979

Clinical stage (I+II/III+IV) <0.001* 2.466 1.810–3.360 0.276 1.317 0.803–2.160

Pathologic-T (T1+T2/T3+T4) <0.001* 2.147 1.467–3.140 0.031* 1.687 1.049–2.713

Pathologic-M (M0/M1) 0.006* 2.132 1.244–3.653 0.354 1.356 0.712–2.582

Pathologic-N (N0/N1+N2+N3) <0.001* 2.507 1.864–3.370 <0.001* 2.031 1.363–3.026

Age (<60/≥60) 0.746 1.056 0.760–1.468 – – –

Gender (female/male) 0.616 1.077 0.805–1.442 – – –

HR – hazard ratio; 95% CI – 95% confidence interval; p < 0.05 indicated statistical significance.
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assay system. Knockdown of CENPK alleviated the migra-
tion (p < 0.001) and invasion (p = 0.018) of Calu-3 cell 
(Fig. 4A), while in contrast, both the migratory (p = 0.002) 
and invasive (p  =  0.014) abilities of  HA109 cells were 
strengthened when CENPK was overexpressed (Fig. 4B).

The EMT participates in the progression of many tumor 
types and it is thought to regulate the function of some 

genes in  LUAD.15,16 The  main characteristic of  EMT 
is the loss of cell–cell adhesion markers, such as E-cadherin, 
along with an increased rate of cell migration and inva-
siveness.17 Therefore, we hypothesized that the function 
of CENPK might be connected with EMT. To explore this 
hypothesis, we detected the expression of the EMT markers 
E-cadherin, N-cadherin, vimentin, and Snail. As expected, 

Fig. 4. The function of CENPK on cell migration and invasion. A. Knockdown of CENPK inhibited the migration and invasion of Calu-3 cells. The data 
are shown as mean ±SE; B. Overexpressed CENPK promoted cell migration and invasion of HA109 cells. The data is shown as mean ±SE; C. Knockdown 
of CENPK increased the expression of E-cadherin and decreased the expression of N-cadherin, vimentin and Snail in Calu-3 cells; D. Overexpression of CENPK 
decreased the expression of E-cadherin and increased the expression of N-cadherin, vimentin and Snail in HA109 cells

*p < 0.05; **p < 0.01.
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CENPK could mediate the  expression of  E-cadherin, 
N-cadherin, vimentin, and Snail. Knockdown of CENPK in-
creased the expression of E-cadherin but reduced the levels 
of N-cadherin, vimentin and Snail in Calu-3 cells (Fig. 4C). 
Conversely, the overexpression of CENPK was found to in-
crease the levels of N-cadherin, vimentin and Snail and 
decrease the  expression of  E-cadherin in  HA109 cells 
(Fig. 4D). These results suggested that CENPK facilitates 
the EMT process of LUAD cells.

Discussion

In the present study, we demonstrated that CENPK was 
upregulated in LUAD tissues and cells, and higher ex-
pression of CENPK was correlated with shorter survival 
time of patients. Biological experiments then revealed that 
enhancement of CENPK expression promoted the viabil-
ity, migration, invasion, and the EMT process of LUAD 
cells, suggesting the participation of CENPK in LUAD 
progression.

CENPK is located on chromosome 5q12.3 and has previ-
ously been verified to play a crucial role in several types 
of cancers.18 In the study by Lee et al., CENPK was shown 
to be upregulated and could serve as a novel tumor marker 
for ovarian cancer.12 Furthermore, Wang et al. discovered 
that the expression of CENPK was increased in hepatocel-
lular carcinoma and it promoted its aggressive progression 
by regulating YAP1.13 Finally, Komatsu et al. confirmed 
that CENPK was upregulated in triple-negative breast can-
cer and could act as a novel molecular therapeutic tar-
get.14 All these published reports hint at the critical role 
of CENPK in  tumor progression. In  the current study, 
we also found for the first time that CENPK was overex-
pressed in both LUAD tissue samples and cell lines which 
suggested the oncogenic role of CENPK in LUAD.

As the prognosis of LUAD is poor,19 it  is meaningful 
to seek some functional genes or biomarkers to predict 
the prognosis of LUAD. For that reason, we estimated 
the prognostic value of CENPK in LUAD. Firstly, we as-
sessed the connection between CENPK expression and 
clinical features which showed that CENPK expression 
was related to gender, pathologic tumor stage and patho-
logic-N (lymph node involvement). Then, we performed 
the Kaplan–Meier analysis, and demonstrated that patients 
with high expression of CENPK often had much shorter 
survival times than those with low expression of CENPK, 
indicating that CENPK expression was connected with 
the prognosis of LUAD. However, CENPK was not found 
to be an independent prognostic predictor, and should be 
utilized with other markers.

As mentioned above, CENPK can promote the malig-
nant progression of some tumors such as hepatocellular 
carcinoma, ovarian cancer and triple-negative breast can-
cer. However, the role of CENPK in LUAD has never been 
evaluated. Of note, CENPA, CENPE and CENPH, which 

are also members of CENP family of proteins, have been 
discovered to be abnormally expressed in cancer and 
are correlated with tumor growth in  lung cancer.20–24 
Wu et al. reported that enhanced CENPA expression 
is correlated with shorter overall survival of LUAD pa-
tients and could be an independent marker for LUAD.23 
Centromere protein A was also screened as a member 
of potential diagnostic biomarkers in LUAD by an inte-
grated microarray analysis.22 Through bioinformatics, 
Qi et al. uncovered that CENPA was a pivotal gene that 
was closely related to the overall survival of patients with 
lung squamous cell carcinoma.20 CENPE, which highly 
expressed in the G2/M phase of the cell cycle, was also 
found to be upregulated in LUAD tissues, and could fa-
cilitate the proliferation of LUAD cells by directly mediat-
ing by FOXM1.21 Similarly, CENPH presented at higher 
levels in non-small cell lung cancer cells and tissues than 
the surrounding normal tissue as well, and this high ex-
pression was associated with poor outcome in patients.24 
This data suggested the vital role of CENP family proteins 
in the progression of  lung cancer. Hence, we analyzed 
the effects of CENPK on cell viability, cell migration and 
invasion of LUAD cells in our study. We discovered that 
overexpressed CENPK could enhance the  cell viabil-
ity, cell migration and invasion of LUAD cells, hinting 
the involvement of CENPK in the aggressive progression 
of LUAD tumors.

The EMT is a reversible progression during which po-
larized epithelial cells can transform into a mesenchymal 
phenotype according to the interaction with the surround-
ing mesenchyme and the basement membrane.25 It has 
been reported that EMT is related to embryonic develop-
ment and organ formation, wound healing and fibrosis, 
and cancer progression.26 Previous studies have shown that 
the initiation of EMT in tumor cells may regulate cancer 
metastasis, recurrence and therapeutic resistance, and has 
been shown to play an important role in the tumorigenesis 
of lung cancer.27 Meng et al. found that the overexpres-
sion of Williams syndrome transcription factor (WSTF) 
promoted the proliferation and invasiveness of lung can-
cer cells by upregulating the expression of EMT-related 
genes.28 The EMT is also considered to be associated with 
the prognosis of lung cancers.29 With respect to LUAD, 
there is a large volume of literature regarding the function 
of EMT in its development and progression. In the study 
by Yuanhua et al., the overexpression of KRT16 was in-
duced by TFAP2A and it promoted tumorigenicity via 
regulating EMT in LUAD.19 Pang et al. revealed that RCC2 
promoted intrapulmonary metastases, and cell migration, 
invasion and proliferation via inducing EMT and stimulat-
ing the expression of matrix metalloproteinase (MMP)-2 
and MMP-9.30 In addition, the activation of EMT was also 
shown to influence the malignant behavior or prognosis 
of LUAD via regulating different genes.31–33 Finally, CENPK 
could accelerate cell proliferation, migration and invasion, 
as well as EMT progression in hepatocellular carcinoma 
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cells.13 Herein, we speculated that the expression of CENPK 
may have effects on EMT-related genes in LUAD cells, 
so we detected the expression of EMT markers includ-
ing E-cadherin, N-cadherin, vimentin, and Snail. It was 
shown that N-cadherin, vimentin and Snail were all de-
creased while E-cadherin was raised in LUAD cells when 
CENPK was knocked down, and that this was reversed 
when CENPK was overexpressed. This might indicate that 
CENPK affects tumor progression of LUAD by activat-
ing EMT. However, we have only detected the relative ex-
pression of genes connecting with EMT, and the detailed 
mechanism of how CENPK communicates with these EMT 
markers deserves further investigation.

Conclusions

The enhanced expression of CENPK functioned as a pro-
moter of  the  viability, migration, invasion, and EMT 
of LUAD cells in vitro, which suggests the oncogenic role 
of CENPK in LUAD. However, larger case-control studies 
containing clinical data and the corresponding experi-
ments in vivo are lacking herein. Furthermore, the detailed 
and accurate mechanisms still need further research.
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Abstract
Background. Postoperative cognitive dysfunction (POCD) is an impairment of cognition that affects post-
surgery patients. Sevoflurane anesthesia is linked to cognitive dysfunction correlated to the expression 
of miRNA levels.

Objectives. In the current study, we investigated if miR-124 can offer protection against cognitive deficits 
induced by sevoflurane in a spatial learning paradigm, and examined the molecular mechanisms through 
cell cultures.

Materials and methods. Escape latency, platform crossings in probe trials and swimming speed 
in the Morris water maze in sevoflurane-treated mice were utilized as a measure of cognitive function. 
The relative miR-124 expression, and mRNA expressions of Bax, caspase-3 and Bcl-2 in sevoflurane-treated 
hippocampal cultures were measured using real-time quantitative polymerase chain reaction (RT-qPCR). 
Moreover, the changes in interleukin (IL)-1β, tumor necrosis factor alpha (TNF-α) and IL-6 were determined 
using enzyme-linked immunosorbent assay (ELISA). The binding between miR-124 and calpain small subunit 
1 (Capn4) was verified with site-directed mutagenesis. The involvement of the nuclear factor kappa B (NF-κB) 
signaling pathway was examined using western blot analysis.

Results. Our findings indicated that the miR-124 expression was inhibited by sevoflurane treatment in live 
rats and mouse hippocampal neurons to prevent apoptosis and inflammatory responses. We confirmed Capn4 
as a target of miR-124. Treatment with sevoflurane enhanced the expression of Capn4, while overexpression 
of miR124 suppressed the enhanced expression of Capn4. Also, miR-124 inhibited apoptosis in murine hip-
pocampal neurons induced by sevoflurane via the NF-κB signaling pathway.

Conclusions. Our findings demonstrated that miR-124 exerted its neuroprotective role against sevoflurane 
via targeting Capn4 and NF-κB signaling pathways. Our work may provide a novel and efficacious treatment 
for sevoflurane anesthesia-related cognitive dysfunction.

Key words: sevoflurane, NF-κB signaling pathway, miR-124, postoperative cognitive dysfunction, Capn4
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Background

Postoperative cognitive dysfunction (POCD) is a syn-
drome characterized by a reduction in cognitive abili-
ties tested before and after surgery, and is associated with 
high mortality and morbidity.1,2 The morbidity caused 
by POCD is more severe in people above 60 years of age.3,4 
Evidence showed that neuroinflammation exerts a vital 
role in the prognosis of POCD via facilitating the infil-
tration of  macrophages into the  brain, compromising 
the blood–brain barrier, and damaging neurons and syn-
apses.5 Another study revealed that sevoflurane anesthesia 
reduces neurogenesis and neuronal survival in the hippo-
campus related to cognitive dysfunction.6 A recent study 
showed that sevoflurane treatment leads to the reduction 
of cell survival and apoptosis as well as  inflammation 
in cultured hippocampal neurons.7 Therefore, sevoflurane 
anesthesia may serve as a good model for the development 
of POCD by elevating the apoptosis and inflammatory 
responses.8 Given the impact of POCD on patients’ qual-
ity of life and its demonstrated neurotoxic effects in vitro, 
there is an unmet need for an efficient neuroprotective 
agent for the prevention of POCD. MicroRNAs (miRNAs) 
are a group of small RNAs consisting of 18–22 nucleotides, 
involved in regulating gene transcription through binding 
to 3’-UTR of their targets.9 Previous research suggests that 
miRNA regulates cognition, plasticity and synaptic trans-
mission. For example, miR-134 overexpression decreases 
the size of dendritic spines in the hippocampus.10–12 Simi-
larly, miR-124 plays a vital role in the regulation of synaptic 
facilitation induced by serotonin at the sensory-motor syn-
apse, and the overexpression of miR-124 reduced the ex-
pression of CREB, which is a gene related to synaptic plas-
ticity.13 Emerging evidence suggests that miR-9, miR-124 
and miR-29a/b-1 are dysregulated and enhanced the pro-
duction of Aβ in the brains of patients with Alzheimer’s 
disease (AD).14,15 MiR-124 is also preferentially expressed 
in the central nervous system (CNS), up to 100-fold in neu-
rons compared to other organs in the rat.16 It was also 
found to regulate cholinergic anti-inflammatory action 
via decreasing the release of inflammatory mediators such 
as tumor necrosis factor alpha (TNF-α) and interleukin 
(IL)-6.17 It acted as an anti-apoptotic regulator and ex-
erted its neuroprotective effect towards ischemic injury 
by suppressing the apoptosis of neurons in the cerebral 
ischemic stroke.18 However, the role of miR-124 on sevo-
flurane anesthesia-induced cognitive dysfunction has not 
been elucidated.

Nuclear factor kappa B (NF-κB) is a nuclear transcription 
factor that contributes to various cellular processes, and 
its activation is closely related to the stimulation of cyto-
kines.19 It can be activated by several neurotrophic fac-
tors and induces the activation of genes associated with 
differentiation, growth, activation of immune cells, and 
survival involving apoptotic factor Bax and inhibition 
of apoptosis factor Bcl-2.20 Another study showed that 

NF-κB activation is responsible for modulating inflam-
matory mediators, including IL-6, TNF-α and IL-1β, in in-
flammatory lung injury.21 Recent research revealed that 
inflammation is the key factor in the regulation of brain 
injury pathology. Therefore, NF-κB expressions might be 
critical during the regulation of cognitive dysfunction.22 
However, the exact mechanism by which NF-κB exerts its 
effect in the progression of cognitive dysfunction induced 
by sevoflurane anesthesia is unknown.

Objectives

In this study, in vitro and in vivo models of POCD was 
implemented with sevoflurane treatment. The  impact 
of miR-124 was investigated in its role as a neuroprotec-
tant to POCD.

Materials and methods

Animals

Sixteen male Sprague Dawley rats (18-month-old) were 
obtained from the Experimental Animal Center of Hebei 
Medical University (Shijiazhuang, China) and separated 
into 2 groups (8 rats in control group and 8 in sevoflurane 
group). The control group rats were exposed to air inha-
lation for 6 h. In comparison, the rats in the sevoflurane 
groups were exposed to 2.5% sevoflurane (600 µg/kg/min) 
for 6 h in 100% oxygen. The oxygen and sevoflurane levels 
were monitored using a gas monitor. The rats were in-
tracerebroventricularly injected with lentivirus-miR-124 
agomiR (10 µL, n = 4) or agomiR-negative control (n = 4) 
in the left lateral cerebral ventricles after sodium pen-
tobarbital anesthesia (35 mg/kg). These rats were given 
a five-day recovery period before start of the sevoflurane 
inhalation.

All experiments were approved by the Animal Care and 
Use Committee of Hebei Medical University and were 
done in line with the instructions provided by the Institu-
tional Animal Care and Use Committee of Hebei Medical 
University. We took all possible actions to reduce the num-
ber of rats used and their suffering.

Morris water maze

The hidden platform was positioned and concealed 1 cm 
below the surface of the water in the Morris water maze. 
Starting positions for each trial was pseudo-randomized. 
Each trial lasted for 60 s, or until the rats were able to locate 
the hidden platform. If rats were not able to find the hidden 
platform in 60 s, they were gently guided to the location 
of the platform. Rats were left on the platform for 15 s be-
fore their removal from the pool. We recorded escape la-
tency and platform crossing manually with a stopwatch.
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Cell culture

Primary mouse hippocampal neurons were obtained 
from Thermo Fisher Scientific (Waltham, USA), and cul-
tured in RPMI 1640 (VWR International, Mississauga, 
Canada) medium with 10% fetal bovine serum (FBS), strep-
tomycin (100 µg/mL) and penicillin (100 U/mL) at 5% CO2 
and 37°C. These neurons were treated with sevoflurane 
(20 µM) for 48 h and transfected with vectors described 
below.

Cell transfection

MiR-124 agomiR, pcDNA-Capn4, and their negative 
controls were obtained from Genomeditech (Shanghai, 
China). These vectors were transfected into hippocampal 
neuronal culture using Lipofectamine 2000 (Bioz, Inc., Los 
Altos, USA) using protocol supplied by the manufacturer.

RT-qPCR

M-MLV Reverse Transcriptase (BioChain, Newark, 
USA) was used to extract total RNA, and 1 µg of total 
RNA was used to synthesize cDNA using Prime Script 
RT reagent kit (TaKaRa Bio Inc., Gothenburg, Sweden) 
using protocol supplied by the manufacturer. SYBR Premix 
Ex Taq II (Bioz, Inc.) was used to measure the expression 
level of miR-124, calpain small subunit 1 (Capn4), Bax, 
caspase-3, and Bcl-2. A 2−ΔΔCt method was used to deter-
mine the fold changes. β-actin was used as an internal 
control for Capn4, Bax, caspase-3, and Bcl-2, while U6 
served as an internal control for miR-124. The primers 
used are given in Table 1.

Western blot analysis

Total protein content was assessed using a bicinchoninic 
acid (BCA) kit (Bosterbio, Pleasanton, USA). An equal 
amount of protein was used in SDS-PAGE. Proteins were 
transferred onto the polyvinylidene fluoride (PVDF) mem-
branes (Biocompare, San Francisco, USA) after electro-
phoresis, followed by the blocking with 5% skim milk pow-
der in Tween and Tris-buffered saline (BioLegend, San 
Diego, USA) for 50 min. These membranes were incubated 
with primary antibodies including anti-Capn4 (ab92333; 
1:2000; Abcam, Cambridge, USA), anti-NF-κB (#8242; 
1:1000; Cell Signaling, Beijing, China), anti-phospho-
NF-κB (ab183559; 1:1000; Abcam), anti-IKK-β (ab124957; 
1:1000; Abcam), anti-p-IKK-β (ab194519; 1:1000; Abcam), 
and β-actin (ab8227; 1:2000; Abcam) at 4°C overnight fol-
lowed by the incubation with Goat anti-Rabbit horseradish 
peroxidase (HRP) (ab7090; 1:2000; Abcam) at 37°C for 1 h. 
β-actin was the internal control. The chemiluminescence 
reagent (Thermo Fisher Scientific) was used to visualize 
the bands and detected under a Las-3000 imaging system 
(Biocompare).

Luciferase assay

Online bioinformatic prediction tools including the star-
Base website (http://starbase.sysu.edu.cn/starbase2/index.
php) and the TargetScan website (http://www.targetscan.
org) were employed to predict the binding sites between 
Capn4 and miR-124. The primers were designed to target 
the 3’-UTR of the Capn4 gene. The target and the mu-
tated Capn4 sequence were cloned into luciferase reporters 
to create mutant type (Capn4-MUT) or wild-type (Capn4-
WT) plasmids. Neurons were co-transfected with miR-124 
mimics or its negative control vector and the Capn4 lucifer-
ase reporter plasmids. After 48 h, a dual-luciferase reporter 
assay (BioVision, Milpitas, USA) was used to determine 
miR-124 and Capn4 binding.

ELISA assay

Enzyme-linked immunosorbent assay (ELISA; Abcam) 
was employed to determine the protein levels of IL-1β, 
IL-6 and TNF-α following the manufacturer’s protocol. 
Supernatants from cell cultures were collected, and a mi-
croplate reader (BMG LabTech, Ortenberg, Germany) was 
used to detect absorbance at 450 nm. The protein levels 
of cytokines were referenced against a standard curve.

Table 1. Primer sequences

Primer Sequence

Capn4
ACCCACTCCGTAACCTC

Forward

Capn4
GGGTAGCAACCGTGAA

Reverse

miR-124
TCGTTAAGGCACGCGGTG

Forward

miR-124
GTGCAGGGTCCGAGGT

Reverse

U6
CTCGCTTCGCAGCACA

Forward

U6
AACGCTTCACGAATTTGCGT

Reverse

Bax
TCCAAGAAGCCCTAACGTGT

Forward

Bax
ATGATCGTCTGGCTGCTGTA

Reverse

Bcl-2
GTGGTGGCAGATGTGCTTAG

Forward

Bcl-2
TTCAGAGCCACAAACAAGGC

Reverse

Caspase-3
TCGGTCTGGTACAGATGTCG

Forward

Caspase-3
CTTCACCATGGCTCAGAAGC

Reverse

β-actin
ACCCAGAAGACTGTGGATGG

Forward

β-actin
TCAGCTCAGGGATGACCTTG

Reverse
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Statistical analyses

IBM SPSS v. 19.0 (IBM Corp., Armonk, USA) and Graph-
Pad Prism v. 7.0 (GraphPad Software, San Diego, USA) 
software was used to analyze the data. Student’s t-test 
and one-way analysis of variance (ANOVA) were used 
for the comparison between groups. Post hoc analysis 
was done using Tukey’s correction method. All the ex-
periments were performed in triplicate, and a p-value less 
than 0.05 was considered statistically significant. Data are 
presented as the mean ± standard deviation (SD).

Results

The expression of miR-124 was reduced 
in rats treated with sevoflurane anesthesia

We show that sevoflurane treatment increased escape la-
tency and reduced hidden platform crossings in the Morris 

water maze, indicating deficits in  spatial cognition 
(Fig. 1A,B). Real-time quantitative polymerase chain re-
action (RT-qPCR) showed that miR-124 expression was 
significantly reduced in sevoflurane treated rats compared 
to the control group (Fig. 1C). Our findings demonstrated 
that the reduction in miR-124 expression was associated 
with cognitive deficits in sevoflurane-treated rats.

MiR-124 suppressed apoptosis induced 
by sevoflurane treatment in hippocampal 
neuron culture

The  influence of  miR-124 on  sevoflurane-induced 
apoptosis in cultured hippocampal neurons was exam-
ined. Our results indicate that the expression of miR-
124 was markedly reduced in sevoflurane-treated hip-
pocampal neurons compared to that of the control group 
(**p < 0.001 compared to the control group) (Fig. 2A). 
Figure 2B shows that miR-124 overexpression in hippo-
campal neurons in the miR-124 agomiR group (##p < 0.001 

Fig. 1. MiR-124 was inhibited in rats treated with sevoflurane

A and B. The escape latency and platform crossing were assessed in the Morris water maze; C. MiR-124 expression was determined in the left lateral cerebral 
ventricle of the rats using RT-qPCR (**p < 0.001).

Fig. 2. MiR-124 decreased sevoflurane-induced apoptosis in hippocampal neurons

A and B. RT-qPCR was performed to determine the relative expression of miR-124 in hippocampal neurons; C. Bax, caspase-3 and Bcl-2 mRNA expression 
levels were determined in sevoflurane-treated hippocampal neurons using RT-qPCR (**p < 0.001 compared to the control group, ##p < 0.001 compared 
to the sevoflurane group).
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compared to the sevoflurane group). Also, Bax, caspase-3 
and Bcl-2 RNA levels from RT-qPCR revealed that sevo-
flurane treatment increased the mRNA level of Bax and 
caspase-3 and decreased the level of Bcl-2. On the other 
hand, miR-124 agomiR reversed the impact of sevoflu-
rane on  the mRNA expression of  these pro-apoptotic 
mediators (Fig. 2C). These data showed that miR-124 sup-
pressed apoptosis induced by sevoflurane in hippocampal 
neurons.

Impact of miR-124 on sevoflurane- 
-induced neuroinflammation  
in hippocampal neurons

Our ELISA data show that the level of IL-1β, IL-6 and 
TNF-α was increased by sevoflurane treatment compared 
to control. At the same time, miR-124 agomiR inhibited 
the level of these inflammatory mediators (**p < 0.001 
compared to  the  control group, ##p <  0.001 compared 

to the sevoflurane group) (Fig. 3A–C). These data support 
that miR-124 inhibits sevoflurane-induced neuroinflam-
mation in hippocampal neurons.

Capn4 was target of miR-124

Bioinformatic prediction tools – the starBase website 
and the TargetScan website – indicated that miR-124 may 
bind to Capn4. Our luciferase assay confirmed the bind-
ing between miR-124 and Capn4. Our results show that 
miR-124 mimics significantly reduced the luciferase activ-
ity in the Capn4-WT group compared to the Capn4-MUT 
group (Fig. 4A,B). Moreover, the expression of Capn4 was 
measured by using RT-qPCR, and our findings revealed 
an increased expression of Capn4 in response to sevoflurane 
treatment in hippocampal neurons compared to the con-
trols. At the same time, miR-124 inhibited the mRNA level 
of Capn4 in hippocampal neurons (Fig. 4C). These results 
demonstrated that Capn4 is a direct target of miR-124.

Fig. 3. MiR-124 suppressed the inflammation induced by sevoflurane in hippocampal neurons

A–C. The protein concentrations of IL-1β, IL-6 and TNF-α in sevoflurane-treated hippocampal neurons were detected using ELISA (**p < 0.001 compared 
to the control group, ##p < 0.001 compared to the sevoflurane group).

Fig. 4. Capn4 is a direct target of miR-124

A and B. The starBase software and luciferase assay 
were employed to predict and verify the relationship 
between miR-124 and Capn4; C. RT-qPCR was 
performed to measure the mRNA expression of Capn4 
in sevoflurane-treated hippocampal neurons 
(**p < 0.001 compared to the control group, ##p < 0.001 
compared to the sevoflurane group).
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MiR-124 inhibited sevoflurane-induced 
apoptosis in hippocampal neurons 
via the NF-κB signaling pathway

To investigate the downstream effectors of miR-124, 
we  applied LY294002 to  hippocampal neurons to  test 
the involvement of the NF-κB pathway. The RT-qPCR re-
sults show that the miR-124 mimics reduced caspase-3 
and Bax mRNA levels and enhanced the level of Bcl-2. 
On the other hand, treatment with NF-κB inhibitor and 
Capn4 overexpression reversed the effects of miR-124 
mimics on sevoflurane-induced apoptosis in hippocampal 
neurons (#p < 0.001 compared to the sevoflurane group, 
$p < 0.001 compared to the miR-124 mimic group, nonsig-
nificant compared to pcDNA-Capn4; Fig. 5A). Our west-
ern blot data indicate that miR-124 mimics suppressed 
the Capn4 protein level and increased the phosphorylation 
of NF-κB and IKK-β in sevoflurane-treated hippocampal 
neurons. However, the overexpression of Capn4 and treat-
ment with NF-κB inhibitor showed the opposite effect 
on Capn4, p-NF-κB and p-IKK-β protein levels (#p < 0.001 
compared to the sevoflurane group, $p < 0.001 compared 
to the miR-124 mimic group, nonsignificant compared 
to pcDNA-Capn4; Fig. 5B). These data demonstrated that 
miR-124 attenuated the apoptosis induced by sevoflurane 
treatment in hippocampal neurons via the NF-κB signal-
ing pathway.

MiR-124 rescued cognitive function in rats 
treated with sevoflurane anesthesia

Next, we explored the impact of miR-124 on cognitive 
deficits induced by sevoflurane exposure in rats. Our re-
sults indicate that miR-124 decreased the escape latency 
and increased platform crossing in  rats treated with 

sevoflurane compared to controls (**p < 0.001 compared 
to the control group, ##p < 0.001 compared to the sevoflu-
rane group, Fig. 6A–C). Moreover, western blot analysis 
results revealed that miR-124 agomiR reversed sevoflu-
rane-induced increases in protein levels of Capn4, p-NF-κB 
and p-IKK-β (**p < 0.001 compared to the control group, 
##p < 0.001 compared to the sevoflurane group; Fig. 6D). 
These findings revealed that miR-124 improved cognitive 
function in rats treated with sevoflurane.

Discussion

In the current study, we showed that miR-124 expres-
sion was decreased in the freely moving rats and cultured 
mouse hippocampal neurons by  sevoflurane. This de-
crease was associated with a general increase in the ex-
pression of  apoptotic factors and neuroinflammatory 
markers in cultured hippocampal neurons. We were also 
able to show that Capn4 binds to miR-124 and triggers 
downstream effects through the NF-κB signaling pathway. 
All these molecular changes may be related to the ame-
lioration of spatial cognition in sevoflurane-treated rats 
by miR-124.

The miRNAs play a critical role in sevoflurane-induced 
apoptosis. For instance, miR-96 enhanced the apoptosis 
in hippocampal neurons after treatment with sevoflurane, 
exacerbating the impact of sevoflurane on hippocampal 
neurons and cognitive function.23 Another study revealed 
that miR-34a was involved in the modulation of hippocam-
pal apoptosis induced by sevoflurane which was inhibited 
by the knockdown of miR-34a in hippocampal neurons.24 
Furthermore, miR-665 has been shown to play a neuro-
protective role by reducing sevoflurane-induced apoptosis 
in hippocampal neurons.25 Previous studies showed that 

Fig. 5. MiR-124 attenuated sevoflurane-induced apoptosis in hippocampal neurons via the NF-κB signaling pathway

A. The mRNA levels of Bax, caspase-3 and Bcl-2 were determined using RT-qPCR; B. Protein expression levels of Capn4 and NF-κB signaling pathways 
were assessed using western blot (#p < 0.001 compared to the sevoflurane group, $p < 0.001 compared to the miR-124 mimic group, nonsignificant (ns) 
compared to pcDNA-Capn4).



Adv Clin Exp Med. 2021;30(7):701–709 707

miR-124 was upregulated in the neural precursor cells 
and during CNS development related to synaptic plastic-
ity.26,27 There is also evidence that miR-124 exerts its func-
tion in modulating inflammatory process by suppressing 
the release of  inflammatory modulators.17,28 Recent re-
search revealed that miR-124 enhanced the spatial learning 
and memory in rats, offering resistance to apoptosis, and 
improved viability in hippocampal neurons.29 Despite con-
verging evidence showing that miRNAs play a major role 
in neuroprotection and neural plasticity relating to normal 
cognition, the impact of miR-124 in the context of sevoflu-
rane exposure has not been described previously. In our 
research, we elucidated that miR-124 suppressed sevoflu-
rane-induced apoptosis in cultured hippocampal neurons 
by decreasing the mRNA expressions of caspase-3 and 
Bax, while enhancing the expressions of Bcl-2. Previous 
research suggested that the expressions of inflammatory 
mediators such as IL-1β and TNF-α are elevated in sevo-
flurane-treated hippocampal neurons, while miR-410-3p 
suppressed the expressions of IL-1β, IL-6 and TNF-α.30 
Expressions of IL-1β, IL-6 and TNF-α can also be inhibited 
by the overexpression of miR-640 in sevoflurane-treated 

hippocampal neurons.31 Our findings show that also miR-
124 inhibited the expression of IL-1β, IL-6 and TNF-α 
in  hippocampal neurons. These data support the  role 
of miR-124 in suppressing inflammation and apoptosis 
induced by sevoflurane in vitro, subserving the rescue 
of sevoflurane-induced cognitive deficits.

The calpains belong to a calcium-dependent neutral 
cysteine proteases family and are involved in various bio-
logical activities, including cell cycle progression and cell 
mobility.32 Calpain small subunit 1 (Capn4) exerts an im-
portant function in maintaining the activity and stability 
of calpain.33 It plays a critical role in the modulation of cell 
differentiation and proliferation in osteoblasts,34 and also 
mediates apoptosis in cardiomyocytes.35 A recent study 
showed that miR-124 suppressed the invasion and prolif-
eration of neural progenitor cells (NPC) cells by regulat-
ing its target gene Capn4.36 Calpain can induce apoptosis, 
inflammatory response and NF-κB signaling following 
myocardial infarction, and the targeted deletion of Capn4 
leads to improvement of cardiac function and decrease 
in mortality.37 A previous study showed that androgra-
pholide ameliorated POCD in aged rats via downregulating 

Fig. 6. MiR-124 improved spatial cognition 
in rats treated with sevoflurane

A and B. The escape latency and hidden 
platform crossings in the Morris water maze; 
C. Western blot analysis was used to examine 
the protein expressions of Capn4, and NF-κB 
signaling pathways (**p < 0.001 compared 
to the control group, ##p < 0.001 compared 
to the sevoflurane group; ns – nonsignificant).
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NF-κB/MAPK pathways.38 Upon the activation of resident 
microglia and macrophage in the hippocampus, NF-κB 
signaling is stimulated to promote neuroinflammation and 
increase transcription, subsequently contributing to cogni-
tive impairment.39,40 It has been reported that during surgi-
cal treatment, sevoflurane suppresses the NF-κB-mediated 
production of epithelial cell-derived inflammatory media-
tors, such as IL-8 and IL-6, which are the leading cause 
of ischemia/reperfusion injury.41 Furthermore, suppres-
sion of NF-κB signaling pathways may inhibit cognitive 
dysfunction after sevoflurane anesthesia via inhibiting 
IL-6, IκBα, TNF-α, and IL-1β.42 Similarly, our results re-
vealed that miR-124 could inhibit the apoptosis induced 
by sevoflurane in hippocampal neurons by NF-κB signal-
ing. The overexpression of miR-124 rescued apoptosis in-
duced by sevoflurane in hippocampal neurons in the pres-
ence of an NF-κB inhibitor. Lastly, our research revealed 
that miR-124 significantly reduced the escape latency and 
increased hidden platform crossing, suggesting that miR-
124 can improve or mitigate cognitive dysfunction induced 
by sevoflurane via the NF-κB signaling pathway.

Our data are consistent with the idea that miR-124 ex-
erts its neuroprotective role against sevoflurane-induced 
cognitive dysfunction through Capn4 binding to modulate 
the NF-κB signaling pathway. These findings support for 
the further exploration of miR-124 related manipulations 
for POCD.

Limitations

This study only related the NF-kB signaling pathway, 
which is a limitation.

Conclusions

Our findings demonstrated that miR-124 exerted its neu-
roprotective role against sevoflurane via targeting Capn4 and 
NF-κB signaling pathways. Our work may provide a direc-
tion for sevoflurane anesthesia-related cognitive dysfunction.
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Abstract
Background. Wound healing is an essential physiological process in recovery after microsurgery.

Objectives. To further understand the functions of fibroblast growth factor 21 (FGF21), the roles of this 
factor were examined and its correlations with inflammation, vascular endothelial growth factor A (VEGFA) 
and ERK1/2 signaling pathway activation were analyzed.

Materials and methods. Rat brain microvascular endothelial cells (RBMECs) were treated with interleukin 
(IL)-1β and used for the experiments. Cell Counting Kit-8 (CCK-8) was used to detect the cell viability of RB-
MECs after treatment with IL-1β (1 ng/mL) and FGF21 or VEGFA overexpression, while changes in apoptosis 
were measured through flow cytometry. Migration was checked through the scratch test. FGF21 and VEGFA 
RNA expression was assessed using reverse-transcription quantitative polymerase chain reaction (RT-qPCR), 
which was also used to examine RNA expression of Bcl-2, Bax and caspase-3. After IL-1β treatment and 
FGF21 overexpression, tumor necrosis factor alpha (TNF-α) and tumor growth factor β1 (TGF-β1) proteins 
level were observed with enzyme-linked immunosorbent assay (ELISA), which was also applied to check 
the expression of ERK1/2 after overexpression of FGF21 and VEGFA. PD98059 (50 μM), an ERK1/2 inhibitor, 
was used to examine the roles of ERK1/2 in regulating cell viability and apoptosis.

Results. The IL-1β treatment significantly decreased the viability of RBMECs and TGF-β1, but promoted 
cell apoptosis and TNF-α expression. FGF21 was downregulated by IL-1β treatment but its overexpression 
enhanced the viability of RBMECs and TGF-β1 and ERK1/2 protein levels, and attenuated cell apoptosis and 
TNF-α. Upregulated TNF-α restrained cell viability and apoptosis of RBMECs after FGF21 overexpression, and 
its upregulation not only suppressed FGF21, but also VEGFA. Moreover, VEGFA suppression by TNF-α increased 
cell viability and ERK1/2 protein levels, and suppressed the apoptosis of RBMECs through its upregulation. 
However, PD98059 obstructed the functions of FGF21 and VEGFA.

Conclusions. FGF21 promoted the cell viability of RBMECs through upregulating TNF-α-mediated VEGFA 
and ERK1/2 signaling.
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Background

Acute stroke remains the leading cause of morbidity and 
mortality worldwide,1 and is the main cause of disability.2 
Stroke results from transient or permanent cerebral isch-
emia caused by arterial stenosis or occlusion, and com-
mon manifestations of this disease are focal neurological 
deficits.3,4 Intravenous thrombolysis and endovascular 
thrombectomy (EVT) are the 2 main treatments for re-
vascularization.1 Recent randomized clinical trials have 
shown that EVT has a strong therapeutic effect on acute 
ischemic stroke caused by large vessel occlusions.5 How-
ever, damage to pig extracranial arteries, particularly en-
dothelial cells, has been reported following EVT.6 A key 
step during wound healing after surgery is the transition 
from an inflammatory stage to a proliferative stage, where 
inflammation can recruit the innate immune system and 
help to  remove dead tissues.7 However, prolonged in-
flammation can lead to uncontrolled activation, resulting 
in the inhibition of wound healing.8 Therefore, cytokines 
that can attenuate the influence of EVT on cerebral vessels 
and control the inflammatory response attract attention.

Fibroblast growth factor 21 (FGF21) belongs to the FGF19 
subfamily of FGF growth factors, which have a low affinity 
for heparin and the ability to circulate throughout the body 
as endocrine factors binding at FGF receptors.9,10 It func-
tions as a potent regulator of lipid or energy metabolism, 
and can lengthen the lifespan of mice with overexpres-
sion.11 Moreover, FGF21 is highly expressed in a mouse 
model of steatohepatitis, and injection of FGF21 attenuates 
the development of steatohepatitis in methionine- and 
choline-deficient mice.12 A study examining the effects 
of FGF21 on the progression of atherosclerosis has also 
reported that this growth factor can significantly down-
regulate the expression of inflammatory factors, including 
interleukin (IL)-1α, IL-6, and tumor necrosis factor alpha 
(TNF-α), and can suppress the NF-κB signaling pathway 
in macrophages.13 In addition to repressing the inflam-
matory response, FGF21 has also been shown to facilitate 
wound healing in diabetic mice by promoting granulation, 
collagen deposition and re-epithelialization.14 Unlike other 
members in FGF family, FGF21 is the only one that has 
no mitogen activity and does not accelerate cancer oc-
currence.15 Thus, FGF21 has a great potential for clinical 
usage.

Following brain injury in rats, FGF21 can exert a pro-
tective effect by promoting neuronal survival, inhibiting 
the apoptosis of neurons through the PI3K/AKT signaling 
pathway, and decreasing cerebral infarct volume.16 As for 
angiogenesis in the brain, FGF21 has been shown to im-
prove this process and to promote the healing of human 
brain microvascular endothelial cells through the forma-
tion of a FGF21/FGFR1/b-klotho complex and peroxisome 
proliferator-activated receptor gamma (PPARγ) activa-
tion. However, whether FGF21 can mediate wound healing 
of the brain microvasculature in other ways is unknown. 

Thus, we explored additional mechanisms whereby FGF21 
could regulate angiogenesis and the healing of rat brain 
microvascular endothelial cells (RBMECs).

Angiogenesis is  an  important part of  wound healing 
and vascular endothelial growth factor A (VEGFA) is one 
of the most efficient factors that promotes this process.17 
In diabetic mice, the upregulation of TNF-α reduces angio-
genesis through inhibiting VEGFA expression.18 In addition, 
the downregulation of VEGFA expression reduces the prolif-
eration of endothelial cells, angiogenesis and re-epithelializa-
tion in mice.19 In human dermal fibroblasts, VEGFA can be 
induced by visfatin to promote cell proliferation and metasta-
sis, and VEGFA upregulation in wound healing is associated 
with activation of the ERK pathway.20,21 Moreover, FGF21 has 
been reported to suppress melanogenesis in alpaca melano-
cytes by upregulating the expression of p-ERK1/2.22 Based 
on these findings, we hypothesized that FGF21 regulates 
VEGFA during wound healing and angiogenesis through 
activation of the ERK1/2 signaling pathway and regulation 
of the inflammatory response. 

Objectives

Thus, to  further understand the  functions of  FGF21, 
the roles of this factor were examined and its correlations 
with inflammation, VEGFA and ERK1/2 signaling pathway 
activation were analyzed.

Materials and methods

Cell culture

The RBMECs were purchased from Procell (Wuhan, 
China). These cells, which were isolated from brain tis-
sues, are the main component of the blood–brain barrier. 
After the RBMECs were thawed in warm water at 37°C, 
they were cultured in high-glucose Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco, Waltham, USA) contain-
ing 10% fetal bovine serum (FBS), 100 U/mL of penicillin 
and 100 mg/mL of streptomycin (Gibco) at 37°C in 5% CO2. 
The medium was replaced every 2 days and the cells se-
lected for the experiments were all in the 3rd to 6th genera-
tion. To simulate an inflammatory environment, RBMECs 
were treated with rat IL-1β (1 ng/mL; Sigma-Aldrich, St. 
Louis, USA) for 3 h. After IL-1β treatment, the RBMECs 
were treated with the ERK1/2 specific upstream inhibitor 
PD98059 (50 μM; MedChemExpress, Monmouth Junction, 
USA) for 1 h. PD98059 is an effective inhibitor of the MEK 
signaling pathway through its blockade of  MEK1 and 
MEK2 with an IC50 of 5 µM. It also inhibits the ERK1/2 
signaling pathway by blocking phosphorylation. In prepa-
ration for the experiments, the cells were grouped and 
named the negative control (NC) group, the IL-1β group 
and the PD98059 group.
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Cell transfection

To analyze the functions of FGF21, VEGFA and TNF-α, 
overexpression of these 3 genes was carried out. To create 
overexpressed FGF21, VEGFA and TNF-α in RBMECs, 
the pcDNA 3.1 vector (Invitrogen, Carlsbad, USA) was 
selected for transfection. Briefly, a compounded fragment 
of FGF21 was inserted into the pcDNA3.1 to create over-
expressed FGF21. Overexpressed VEGFA and TNF-α were 
created in the same way. For cell transfection, RBMECs 
were seeded into 24-well plates and cultured at 37°C with 
5% CO2. Transfection was performed until 50% confluence 
and Lipofectamine 3000 (Invitrogen) was used to mediate 
transfection. Then, 2 μL of Lipofectamine 3000 and 0.5 μg 
of RNA were added into serum-free Opti-MEM medium 
to incubate cells at 37°C for 2 h. Later, the medium used 
for cell incubation was added for cell culturing at 37°C 
for 24 h. The RNA expression of FGF21 and VEGFA was 
measured using reverse-transcription quantitative poly-
merase chain reaction (RT-qPCR), and TNF-α protein 
expression was measured using enzyme-linked immuno-
sorbent assay (ELISA). After transfection, the cells were 
divided into the following groups: oeNC, oeFGF21, TNF-α, 
oeVEGFA, oeFGF21 with TNF-α, oeFGF21 with PD98059, 
and oeVEGFA with PD98059.

RT-qPCR

To  measure the  RNA levels of  FGF21, TNF-α and 
VEGFA, total RNA was extracted using the TRIzol reagent 
(Invitrogen) from untreated and IL-1β-treated RBMECs, 
according to manufacturer’s instructions. Thereafter, re-
verse transcription was performed using a High-Capacity 
cDNA Reverse Transcription kit (Applied Biosystems, Fos-
ter City, USA). Based on the manufacturer’s instructions, 
the PCR reactions were conducted using the 7500 Fast 
Real-Time PCR system (Applied Biosystems), and data 
were quantified using the 2−ΔΔCt method. The primers used 
are listed in Table 1.

The conditions of the PCR were predenaturation at 95°C 
for 1 min followed by 40 cycles of denaturation at 95°C for 
30 s, annealing at 60°C for 30 s, and extension at 72°C for 
30 s. The results were obtained from three independent 
trials.

CCK-8 assay

Untreated and IL-1β-treated RBMECs were seeded into 
96-well plates at a density of 5 × 103 cells/well and in-
cubated for 24 h at 37°C with 5% CO2. Thereafter, 10 μL 
of  Cell Counting Kit-8 (CCK-8; Beyotime, Shanghai, 
China) was added to cells at 24 h, 48 h and 72 h. Follow-
ing this, the cells were cultured for 1 h and optical density 
(OD) values were detected at the 450 nm wavelength using 
a Varioskan™ LUX Multimode Microplate Reader (Thermo 
Fisher Scientific, Waltham, USA). All samples were run 
in a triplicate.

Flow cytometry

The RBMECs with and without IL-1β treatment were 
digested using 0.25% trypsin (Gibco) and rinsed twice 
in phosphate-buffered saline (PBS). Next, an Annexin 
V-FITC Apoptosis Detection kit (Beyotime) was used for 
apoptosis detection. Cells were resuspended at a density 
of 1 × 105 in 195 μL of Annexin V-FITC binding buffer. 
Later, 5 μL of Annexin V-FITC and 10 μL of propidium 
iodide (PI) were added and the cells were cultured in dark-
ness at 25°C for 20 min. Thereafter, an Attune NxT Flow 
Cytometer (Invitrogen) was used to analyze the apoptosis 
rate of RBMECs. All measurements were repeated 3 times.

Scratch test

The scratch test was used to evaluate the migration 
ability of RBMECs. Briefly, untreated and IL-1β-treated 
RBMECs were seeded into six-well plates and incubated un-
til cells covered the plate. Thereafter, 20-μL tips were used 
to create vertical scratches on the RBMECs. Later, the cells 
were rinsed with PBS 3 times to remove the scraped cells. 
The RBMECs were then cultured in serum-free medium 
at 37°C with 5% CO2. Images were taken 24 h after incuba-
tion. All measurements were repeated 3 times.

ELISA

To examine the protein expression of TNF-α, TGF-β1 
and ERK1/2, Rat TNF alpha ELISA (ab46070; Abcam, 
Cambridge, UK), Rat TGF-β1 ELISA (ab119558; Abcam) 

Table 1. Primer sequences

RNA names Forward Reverse Reference

FGF21 5’-GGGTCAAGTCCGACAGAGGTAT-3’ 5’-ATCAAAGTGAGGCGATCCATAGA-3’ 23

VEGFA 5’-CCAGGAGTACCCCG ATGAGATAG-3’ 5’-CTGGCTTTGGTGAGGTTTGATC-3’ 24

Bcl-2 5’-GAGTACCTGAACCGGCATCT-3 5’-GAAATCAAACAGAGGTCGCA-3’ 25

Bax 5’-TTGCTACAGGGTTTCATCCA-3’ 5’-GAGTACCTGAACCGGCATCT-3’ 25

Caspase-3 5’-GGACCTGTGGACCTGAAAAA -3’ 5’-GCATGCCATAT CATCGTCAG-3’ 26

TNF-α 5’-TACTGAACTTCGGGGTGATTGGTCC-3’ 5’-CAGCCTTGTCCCTTGAAGAGAACC-3’ 27

GAPDH 5’-TGCCACTCAGAAG ACTGTGG-3’ 5’-GGATGCAGGGATGATGTTCT -3’ 25
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and ERK1 (pT202/pY204; Abcam) + ERK2 (pT185/pY187; 
Abcam) + total ERK1/2 ELISA (ab126445; Abcam) kits 
were used. According to the manufacturer’s instructions, 
antibodies were first settled into 96-well plates and pro-
teins from the RBMECs were then added. Next, biotinyl-
ated anti-TNF-α, biotin-conjugated anti-rat TGF-β1 mono-
clonal antibody, detection antibody Erk1 (T202/Y204)/
Erk2 (T185/Y187) and detection antibody Erk1/2 were 
mixed and incubated at room temperature. Thereafter, 
streptavidin-horseradish peroxidase (HRP) was pipetted 
into wells followed by washing with wash buffer. Next, 
TMB Substrate Reagent (BD Biosciences, Shanghai, China) 
was added and Stop Solution (BD Biosciences) was used 
for reaction termination. Color intensity was measured 
at 450 nm using a Varioskan™ LUX Multimode Microplate 
Reader (Thermo Fisher Scientific). The results for this ex-
periment were from 3 independent trials.

Statistical analyses

Data are shown as mean ± standard deviation (SD) and 
the results were analyzed using GraphPad Prism v. 7.0 

(GraphPad Software, San Diego, USA) and SPSS v. 19.0 
software (IBM Corp., Armonk, USA). Comparisons be-
tween the 2 groups were analyzed using the Student’s t-test 
and multiple comparisons between the groups were per-
formed using the S-N-K method. An alpha level of p < 0.05 
was considered statistically significant.

Results

IL-1β treatment induces cell apoptosis  
and inflammation of RBMECs, 
and decreases cell viability

To confirm the effects of IL-1β treatment, the cell vi-
ability of RBMECs was first examined. The CCK-8 assay 
showed that the viability of RBMECs was significantly 
decreased by IL-1β treatment as compared to untreated 
RBMECs (p < 0.05, Fig. 1A). In addition, IL-1β-treated 
RBMECs showed a significantly higher level of apoptosis 
rate compared to untreated RBMECs (p < 0.05, Fig. 1B). 
The RT-qPCR also indicated that RBMECs treated with 

Fig. 1. IL-1β treatment induces cell apoptosis and inflammation of RBMECs, and decreases cell viability

A. Cell viability of untreated and IL-1β-treated (1 ng/mL) RBMECs as detected using CCK-8 (**p < 0.05 compared to the NC group); B. Flow cytometry was 
used to examine apoptosis of untreated and IL-1β-treated (1 ng/mL) RBMECs (**p < 0.05 compared to the NC group); C. RNA expression of Bcl-2, Bax and 
caspase-3 were evaluated with RT-qPCR in untreated and IL-1β-treated (1 ng/mL) RBMECs (**p < 0.05 compared with the NC group); D. TNF-α and TGF-β1 
protein levels in untreated and IL-1β-treated (1 ng/mL) RBMECs were measured with ELISA (**p < 0.05 compared to the NC group); E. Wound healing 
of untreated and IL-1β-treated (1 ng/mL) RBMECs was analyzed with the scratch test (**p < 0.05 compared to the NC group).



Adv Clin Exp Med. 2021;30(7):711–720 715

IL-1β exhibited a significantly lower level of Bcl-2, and 
a  higher expression of  Bax and caspase-3, compared 
to RBMECs without treatment (p < 0.05, Fig. 1C). Inflam-
matory cytokines were also examined and it was shown 
that TNF-α was significantly increased, and TGF-β1 sig-
nificantly decreased by treatment with IL-1β (p < 0.05, 
Fig. 1D). Moreover, the wound healing of RBMECs after 
Il-1β treatment was examined, and the results indicated 
that RBMECs after IL-1β treatment had a significantly 
larger migration area than untreated RBMECs (p < 0.05, 
Fig. 1E). To better understand the functions of inflamma-
tion in wound healing, RBMECs treated with IL-1β were 
further examined.

Overexpression of FGF21 promotes 
cell viability, and inhibits cell apoptosis 
and inflammation of RBMECs 
via the ERK1/2 signaling pathway

The RT-qPCR showed that FGF21 RNA expression was 
significantly upregulated after IL-1β treatment (p < 0.05, 
Fig. 2A). Based on this finding, we overexpressed FGF21 
in RBMECs to examine the potential functions of this fac-
tor in cell growth. FGF21 RNA expression in RBMECs 
transfected with a compounded fragment of FGF21 was 
significantly upregulated compared to RBMECs trans-
fected with a NC (p < 0.05, Fig. 2B). The CCK-8 assays 
showed that overexpressed FGF21 greatly increased the cell 
viability of RBMECs (p < 0.05, Fig. 2C). In addition, Bcl-2 

Fig. 2. Overexpression of FGF21 promotes cell viability, and inhibits cell apoptosis and inflammation of RBMECs via the ERK1/2 signaling pathway

A. FGF21 RNA expression in untreated and IL-1β-treated (1 ng/mL) RBMECs were measured using RT-qPCR (**p < 0.05 compared to the NC group);  
B. RT-qPCR was used to analyze FGF21 RNA expression in RBMECs after overexpression (**p < 0.05 compared with the oeNC group); C. Cell viability 
of RBMECs transfected with oeNC and oeFGF21 (**p < 0.05 compared to the oeNC group); D. Bcl-2, Bax and caspase-3 RNA expression in RBMECs 
transfected with oeNC and oeFGF21 were assessed using RT-qPCR (**p < 0.05 compared to the oeNC group); E. ELISA was used to detect TNF-α and TGF-β1 
protein levels in RBMECs after oeNC and oeFGF21 transfection (**p < 0.05 compared to the oeNC group); F. Phosphorylated ERK1/2 and total ERK1/2 were 
measured with ELISA in RBMECs after oeNC and oeFGF21 transfection (**p < 0.05 compared to the oeNC group).
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was significantly upregulated, and Bax and caspase-3 were 
markedly downregulated by FGF21 upregulation (p < 0.05, 
Fig. 2D). Moreover, overexpressed FGF21 suppressed 
the inflammatory response, which was manifested by a low 
expression of TNF-α and upregulated TGF-β1 (p < 0.05, 
Fig. 2E). The FGF21 mediated progression of wound heal-
ing was also examined, showing that the ERK1/2 signaling 
pathway was activated through phosphorylated ERK1/2 
proteins (p < 0.05, Fig. 2F).

Upregulated TNF-α inhibits cell viability 
and promotes the apoptosis of RBMECs 
through suppressing FGF21

As TNF-α was downregulated by FGF21 overexpression, 
the role of this factor in the wound healing of RBMECs was 
further analyzed. Overexpression of TNF-α significantly 
increased the protein level of TNF-α compared to the NC 
group (p < 0.05, Fig. 3A). Thereafter, FGF21 RNA expres-
sion was measured, indicating that the increased expression 
of FGF21 caused by the overexpression of FGF21 was re-
versed to a lower level by TNF-α (p < 0.05, Fig. 3B). Further-
more, the increased cell viability of RBMECs after FGF21 

upregulation was significantly inhibited by TNF-α pro-
motion, while overexpressed TNF-α increased the apop-
tosis rate of RBMECs whose apoptosis rate was declined 
by overexpressed FGF21 (p < 0.05, Fig. 3C,D). Moreover, 
Bcl-2 expression was decreased, while Bax and caspase-3 
were both promoted after TNF-α overexpression (p < 0.05, 
Fig. 3E). The scratch test also indicated that overexpressed 
FGF21 significantly decreased the healing area of RBMECs, 
while TNF-α upregulation reversed the impact of FGF21 
and reduced the migration of RBMECs (p < 0.05, Fig. 3F).

Overexpression of VEGFA promotes 
cell viability and represses apoptosis 
of RBMECs through the ERK1/2 
signaling pathway

Because of TNF-α upregulation, FGF21 was significantly 
downregulated. This treatment also decreased the RNA lev-
els of VEGFA (p < 0.05, Fig. 4A). Thus, to examine the func-
tions of VEGFA in RBMEC wound healing, an overexpres-
sion of VEGFA was carried out. After upregulation, VEGFA 
RNA expression was largely increased compared to the NC 
transfection group (p < 0.05, Fig. 4B). The cell viability 

Fig. 3. Upregulated TNF-α inhibits cell viability and promotes cell apoptosis of RBMECs through the suppression of FGF21

A. Protein expression of TNF-α in RBMECs after TNF-α upregulation was evaluated with ELISA (**p < 0.05 compared to the NC group); B. FGF21 RNA 
expression after FGF21 overexpression and TNF-α upregulation were detected with RT-qPCR (**p < 0.05 in comparison with the oeNC group and ##p < 0.05 
compared to the oeFGF21 group); C. Cell viability of RBMECs after FGF21 and TNF-α overexpression (**p < 0.05 compared to the oeNC group and ##p < 0.05 
compared to the oeFGF21 group); D. Flow cytometry was used to measure apoptosis rate of RBMECs after transfection with oeFGF21 and oeTNF-α 
(**p < 0.05 compared to the oeNC group and ##p < 0.05 compared to the oeFGF21 group); E. RT-qPCR was used to analyze Bcl-2, Bax and caspase-3 RNA 
expression in RBMECs transfected with FGF21 and TNF-α overexpression (**p < 0.05 compared to the oeNC group and ##p < 0.05 compared to the oeFGF21 
group); F. Scratch test was used to detect wound healing of RBMECs transfected with oeFGF21 and oeTNF-α (**p < 0.05 compared to the oeNC group and 
##p < 0.05 compared to the oeFGF21 group).
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of RBMECs was significantly improved by VEGFA overex-
pression (p < 0.05, Fig. 4C). In addition, RT-qPCR indicated 
that the Bcl-2 RNA level was significantly upregulated after 
VEGFA overexpression, while Bax and caspase-3 RNA ex-
pression were both significantly lower compared to the NC 
group (p < 0.05, Fig. 4D). To investigate the mechanism 
by which VEGFA mediates cell viability and apoptosis, 
the effects of this factor on ERK phosphorylation were also 
examined. The results showed that the protein expression 
of phosphorylated ERK1/2 was significantly upregulated 
by VEGFA upregulation (p < 0.05, Fig. 4E).

Suppression of the ERK1/2 signaling 
pathway inhibits the effects of FGF21 
and VEGFA on cell viability and apoptosis 
of RBMECs

As  the  ERK1/2 signaling pathway was activated 
by FGF21 and VEGFA in RBMECs, we examined the po-
tential functions of this pathway in the wound healing 
progression of these cells. To this end, P98059, an ERK1/2 
signaling pathway suppressor, was used to block activa-
tion of ERK1/2. PD98059 treatment significantly inhibited 
not only the protein levels of phosphorylated ERK1/2, 
but total ERK1/2 protein expression (p < 0.05, Fig. 5A). 

Thereafter, the roles of  the ERK1/2 signaling pathway 
were examined after FGF21 and VEGFA were upregulated. 
PD98059 treatment significantly inhibited the increased 
cell viability caused by overexpressed FGF21 and VEGFA 
(p < 0.05, Fig. 5B), and enhanced the apoptosis rate of RB-
MEC after suppression by FGF21 and VEGFA upregula-
tion (p < 0.05, Fig. 5C). Moreover, the high levels of Bcl-2 
caused by upregulated FGF21 and VEGFA were reversed 
after PD98059 treatment, while the lower levels of Bax 
and capase-3 were both upregulated (p < 0.05, Fig. 5D). 
The scratch test showed that the decreased migration 
areas induced by overexpressed FGF21 and VEGF were 
inhibited by PD98059 treatment in RBMECs (p < 0.05, 
Fig. 5E).

Discussion

Endovascular surgery has been shown to treat stroke suc-
cessfully.28 However, the vessel damage that can result from 
mechanical thrombectomy29 is an urgent clinical problem 
that needs to be addressed.30–32 Accelerating the efficiency 
of wound healing following this procedure might bring 
a better future for endovascular surgeries. In the progres-
sion of wound healing, inflammation is an important step 

Fig. 4. Overexpression of VEGFA promotes cell viability and represses apoptosis of RBMECs through the ERK1/2 signaling pathway

A. VEGFA RNA expression in normal RBMECs and RBMECs after TNF-α overexpression were assessed with RT-qPCR (**p < 0.05 compared to the NC group); 
B. VEGFA RNA expression in RBMECs transfected with oeNC and oeVEGFA were measured with RT-qPCR (**p < 0.05 compared to the oeNC group); 
C. CCK-8 was applied to detect cell viability of RBMECs after oeNC and oeVEGFA transfection (**p < 0.05 compared to the oeNC group); D. Bcl-2, Bax and 
caspase-3 RNA expression were detected with RT-qPCR in RBMECs after oeNC or oeVEGFA transfection (**p < 0.05 compared to the oeNC group); E. ERK1/2 
phosphorylation and total ERK1/2 were measured with ELISA in RBMECs transfected using oeNC and oeVEGFA (**p < 0.05 compared to the oeNC group).
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that can induce immune system activation, restore homeo-
stasis and repair tissue damage.33 However, persistent and 
overactivated inflammation can result in further damage.34 
In examinations of inflammatory cytokines, TNF-α has 

been identified as a factor that can inhibit the metastasis 
of keratinocytes through upregulation of TIMP-1 expres-
sion, but a TNF-α antagonist has been shown to improve 
the progression of wound healing in diabetic rats models.35 

Fig. 5. Suppression of the ERK1/2 signaling pathway inhibits FGF21 and VEGFA regulation of RBMEC viability and apoptosis

A. Phosphorylated ERK1/2 and total ERK1/2 were measured in normal and PD98059 (50 μM)-treated RBMECs (**p < 0.05 compared to the NC group); B. Cell 
viability of RBMECs after overexpression of FGF21 or VEGFA and overexpression of FGF21 or VEGFA with PD98059 were examined through CCK-8 (**p < 0.05 
compared to the oeNC group and ##p < 0.05 compared to the oeFGF21 or oeVEGFA group); C. Apoptosis rate of RBMECs transfected with oeFGF21 
or oeVEGFA, and RBEMCs treated with PD98059 after transfection were evaluated using flow cytometry (**p < 0.05 compared to the oeNC group and 
##p < 0.05 compared to the oeFGF21 or oeVEGFA group); D. Bcl-2, Bax and caspase-3 RNA expression were measured using RT-qPCR in RBMECs transfected 
with oeFGF21 and oeVEGFA and PD98059 treatment (**p < 0.05 compared to the oeNC group and ##p < 0.05 compared to the oeFGF21 or oeVEGFA group); 
E. Wound healing of RBMECs after oeFGF21 and oeVEGFA transfection and PD98059 treatment were checked using the scratch test (**p < 0.05 compared 
to the oeNC group and ##p < 0.05 compared to the oeFGF21 or oeVEGFA group).
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By contrast, TGF-β1 has also been reported to attenuate 
the inflammatory response via the ERK1/2 signaling path-
way and can facilitate the progression of wound healing.36,37 
Based on these studies, we examined the effects of inflam-
mation on the wound healing of RBMECs. Using CCK-8 
assays and flow cytometry, we determined that RBMECs 
treated with IL-1β showed lower cell viability and a higher 
cell apoptosis rate. Moreover, downregulated Bcl-2 RNA ex-
pression, and upregulated Bax and caspase-3 expression, also 
indicated that IL-1β facilitated cell apoptosis. As for the ef-
fects of IL-1β on inflammatory cytokines, TNF-α protein 
expression was upregulated, while TGF-β1 was significantly 
decreased. Hence, in the current study, prolonged inflam-
mation in RBMECs has been shown to decrease cell viabil-
ity and migration, and to promote cell apoptosis, through 
the stimulation of TNF-α and the suppression of TGF-β1.

Studies examining the functions of FGF21 have com-
monly focused on homeostasis, especially its role in energy 
metabolism.38 However, FGF21 can also act as an anti-
inflammatory cytokine, which has been shown in experi-
mental pancreatitis and myocardial ischemia.38 In addi-
tion, FGF21 has been reported to promote wound healing 
through increasing the activation of c-Jun N-terminal 
kinase (JNK).39 In rat myocardial ischemia reperfusion 
and H9c2 hypoxia re-oxygenation models, FGF21 signifi-
cantly reduced cell apoptosis and inhibited TNF-α through 
binding miR-145.40 However, whether FGF21 can also in-
fluence TNF-α during the progression of wound healing 
has seldom been mentioned. Thus, we have investigated 
the role of FGF21 in the wound healing of RBMECs, which 
revealed that FGF21 promoted cell viability and inhibited 
cell apoptosis. Moreover, FGF21 suppressed the protein 
levels of TNF-α and increased TGF-β1. Therefore, we hy-
pothesized that FGF21 might promote wound healing 
through a suppression of TNF-α. Apart from inflamma-
tion, the ERK1/2 signaling pathway has also been shown 
to play an important role in FGF signaling transmission.38 
Activation of the ERK1/2 signaling pathway helps FGF21 
facilitate glucose uptake by inducing expression of glucose 
transporter-1 in adipocytes.41 Moreover, p-ERK1/2 was ac-
tivated and promoted during the wound healing of diabetic 
rats after propranolol treatment.42 Based on these studies, 
we analyzed the expression of ERK1 and ERK2 and showed 
that these proteins were significantly upregulated. There-
fore, FGF21 might accelerate the wound healing of RB-
MECs through activation of the ERK1/2 signaling pathway.

As outlined above, FGF21 inhibited TNF-α in the RBMEC 
model. Others have reported that TNF-α can suppress 
β-Klotho expression and attenuate the  roles of  FGF21 
in adipocytes.43 In the current study, TNF-α also increased 
cell apoptosis, and reduced the viability and wound healing 
of RBMECs by inhibiting the functions of FGF21. There-
fore, inflammation might retard the progression of wound 
healing by inhibiting FGF21. Moreover, TNF-α was found 
to inhibit VEGFA in RBMEC cells, which is an important 
factor in the progression of wound healing.44 The VEGFA 

has been reported to accelerate angiogenesis in human um-
bilical vein endothelial cells (HUVECs) via ERK1/2 phos-
phorylation and ACE2 inhibition.45 Therefore, we examined 
the functions of VEGFA in RBMECs, showing that it could 
improve cell viability and depress cell apoptosis. Moreover, 
VEGFA enhanced phosphorylation of ERK1/2 in RBMECs. 
Therefore, we hypothesized that TNF-α might also inhibit 
wound healing through downregulating VEGFA.

In the current study, the ERK1/2 signaling pathway was 
activated by FGF21 and VEGFA. Based on this finding, 
we speculated if activation of the ERK1/2 signaling path-
way was a necessary step in wound healing. To test this 
idea, we used PD98059 to inhibit ERK1/2. Treatment with 
this agent significantly repressed the promotion of cell 
viability and migration caused by FGF21 and VEGFA, 
while inhibition of the apoptosis rate was also reversed 
to  a  higher level. PD98059  has been shown to  inhibit 
the wound healing progression of human keratinocytes 
by suppressing p-ERK1 and p-ERK2, which was also shown 
in a rat wound model.46 In our study, FGF21 mediated cell 
viability and cell apoptosis of RBMECs via the inhibition 
of TNF-α and activation of the ERK1/2 signaling path-
way. Furthermore, TNF-α suppressed FGF21 functions 
and VEGFA, while VEGFA also regulated the viability and 
apoptosis of RBMECs via the ERK1/2 signaling pathway. 
Thus, FGF21 may accelerate wound healing through up-
regulating VEGFA and activating the ERK1/2 signaling 
pathway by suppressing TNF-α. However, this finding will 
need to be confirmed in future work.

Conclusions

The FGF21 facilitated the viability and inhibited the 
apoptosis of RBMECs through the activation of ERK1/2 
and VEGFA, caused by inhibition of TNF-α. These findings 
suggest that FGF21 might be a useful factor to improve 
wound healing. However, in vivo and clinical studies will be 
needed to demonstrate the effectiveness of this approach.

ORCID iDs
Weiting Chen  https://orcid.org/0000-0001-7624-0754
Zhongen Shen  https://orcid.org/0000-0003-4146-1113
Shuiqi Cai  https://orcid.org/0000-0002-1983-1029
Long Chen  https://orcid.org/0000-0001-9430-6817
Dabin Wang  https://orcid.org/0000-0001-9377-5830

References
1. Morotti A, Poli P, Costa P. Acute stroke. Semin Neurol. 2019;39(1):61–72.  

doi:10.1055/s-0038-1676992
2. O’Donnell MJ, Lim Chin S, Rangarajan S, et al; INTERSTROKE inves-

tigators. Global and regional effects of potentially modifiable risk 
factors associated with acute stroke in 32 countries (INTERSTROKE): 
A case-control study. Lancet. 2016;388(10046):761–775. doi:10.1016/
S0140-6736(16)30506-2

3. Khandelwal P, Yavagal DR, Sacco RL. Acute ischemic stroke inter-
vention. J Am Coll Cardiol. 2016;67(22):2631–2644. doi:10.1016/j.jacc. 
2016.03.555

4. Saver JL. Time is brain-quantified. Stroke. 2006;37(1):263–266. doi:10. 
1161/01.STR.0000196957.55928.ab



W. Chen et al. FGF21 healing of RBMEC by VEGFA ERK1/2720

5. Wang A, Abramowicz AE. Endovascular thrombectomy in acute isch-
emic stroke: New treatment guide. Curr Opin Anaesthesiol. 2018;31(4): 
473–480. doi:10.1097/ACO.0000000000000621

6. Peschillo S, Diana F, Berge J, Missori P. A comparison of acute vascular 
damage caused by ADAPT versus a stent retriever device after throm-
bectomy in acute ischemic stroke: A histological and ultrastructural  
study in an animal model. J Neurointerv Surg. 2017;9(8):743–749. 
doi:10.1136/neurintsurg-2016-012533

7. Reinke JM, Sorg H. Wound repair and regeneration. Eur Surg Res. 
2012;49(1):35–43. doi:10.1159/000339613

8. Mustoe TA, O’Shaughnessy K, Kloeters O. Chronic wound pathogenesis 
and current treatment strategies: A unifying hypothesis. Plast Reconstr 
Surg. 2006;117(7 Suppl):35S–41S. doi:10.1097/01.prs.0000225431.63010.1b

9. Ornitz DM, Itoh N. The fibroblast growth factor signaling pathway. 
Wiley Interdiscip Rev Dev Biol. 2015;4(3):215–266. doi:10.1002/wdev.176

10. Potthoff MJ, Kliewer SA, Mangelsdorf DJ. Endocrine fibroblast growth 
factors 15/19 and 21: From feast to famine. Genes Dev. 2012;26(4):312–324.  
doi:10.1101/gad.184788.111

11. Salminen A, Kaarniranta K, Kauppinen A. Regulation of longevity by 
FGF21: Interaction between energy metabolism and stress responses.  
Ageing Res Rev. 2017;37:79–93. doi:10.1016/j.arr.2017.05.004

12. Fisher FM, Chui PC, Nasser IA, et al. Fibroblast growth factor 21 lim-
its lipotoxicity by promoting hepatic fatty acid activation in mice 
on methionine and choline-deficient diets. Gastroenterology. 2014; 
147(5):1073–1083.e6. doi:10.1053/j.gastro.2014.07.044

13. Wang N, Li JY, Li S, et al. Fibroblast growth factor 21 regulates foam 
cells formation and inflammatory response in Ox-LDL-induced THP-1 
macrophages. Biomed Pharmacother. 2018;108:1825–1834. doi:10. 
1016/j.biopha.2018.09.143

14. Liu H, Zhao Y, Zou Y, et al. Heparin-poloxamer hydrogel-encapsu-
lated rhFGF21 enhances wound healing in diabetic mice. FASEB J. 
2019;33(9):9858–9870. doi:10.1096/fj.201802600RR

15. Coskun T, Bina HA, Schneider MA, et al. Fibroblast growth factor 21 cor-
rects obesity in mice. Endocrinology. 2008;149(12):6018–6027. doi:10. 
1210/en.2008-0816

16. Ye L, Wang X, Cai C, et al. FGF21 promotes functional recovery after 
hypoxic-ischemic brain injury in neonatal rats by activating the PI3K/Akt  
signaling pathway via FGFR1/β-klotho. Exp Neurol. 2019;317:34–50. 
doi:10.1016/j.expneurol.2019.02.013

17. Nissen NN, Polverini PJ, Koch AE, Volin MV, Gamelli RL, DiPietro LA. 
Vascular endothelial growth factor mediates angiogenic activity dur-
ing the proliferative phase of wound healing. Am J Pathol. 1998;152(6): 
1445–1452. PMID:9626049

18. Lim JC, Mattos M, Fang M, et al. TNFα contributes to diabetes impaired 
angiogenesis in fracture healing. Bone. 2017;99:26–38. doi:10.1016/j. 
bone.2017.02.014

19. Jeon HH, Yu Q, Lu Y, et al. FOXO1 regulates VEGFA expression and 
promotes angiogenesis in healing wounds. J Pathol. 2018;245(3): 
258–264. doi:10.1002/path.5075

20. Chamorro-Jorganes A, Lee MY, Araldi E, et al. VEGF-induced expres-
sion of miR-17-92 cluster in endothelial cells is mediated by ERK/ELK1 
activation and regulates angiogenesis. Circ Res. 2016;118(1):38–47. 
doi:10.1161/CIRCRESAHA.115.307408

21. Lee BC, Song J, Lee A, Cho D, Kim TS. Visfatin promotes wound heal-
ing through the activation of ERK1/2 and JNK1/2 pathway. Int J Mol Sci.  
2018;19(11):3642. doi:10.3390/ijms19113642

22. Wang R, et al. FGF21 regulates melanogenesis in alpaca melanocytes 
via ERK1/2-mediated MITF downregulation. Biochem Biophys Res  
Commun. 2017;490(2):466–471. doi:10.1016/j.bbrc.2017.06.064

23. Liu Q, Wang S, Wei M, et al. Improved FGF21 sensitivity and restored 
FGF21 signaling pathway in high-fat diet/streptozotocin-induced dia-
betic rats after duodenal-jejunal bypass and sleeve gastrectomy. Front 
Endocrinol (Lausanne). 2019;10:566. doi:10.3389/fendo.2019.00566

24. Cui J, Gong C, Cao B, Li L. MicroRNA-27a participates in the patholog-
ical process of depression in rats by regulating VEGFA. Exp Ther Med.  
2018;15(5):4349–4355. doi:10.3892/etm.2018.5942

25. Mahdavi S, Khodarahmi P, Roodbari NH. Effects of cadmium on Bcl-2/
Bax expression ratio in rat cortex brain and hippocampus. Hum Exp 
Toxicol. 2018;37(3):321–328. doi:10.1177/0960327117703687

26. Yin HY, Wei JR, Zhang R, Ye XL, Zhu YF, Li WJ. Effect of glutamine on 
caspase-3 mRNA and protein expression in the myocardium of rats 
with sepsis. Am J Med Sci. 2014;348(4):315–318. doi:10.1097/MAJ.000 
0000000000237

27. Martuscello RT, Spengler RM, Boniu AC, et al. Increasing TNF levels solely  
in the rat hippocampus produces persistent pain-like symptoms.  
Pain. 2012;153(9):1871–1882. doi:10.1016/j.pain.2012.05.028

28. Goyal M, Menon BK, van Zwam WH, et al; HERMES collaborators. Endo-
vascular thrombectomy after large-vessel ischaemic stroke: A meta-
analysis of individual patient data from five randomised trials. Lancet.  
2016;387(10029):1723–1731. doi:10.1016/S0140-6736(16)00163-X

29. Koge J, Kato S, Hashimoto T, Nakamura Y, Kawajiri M, Yamada T. Vessel 
wall injury after stent retriever thrombectomy for internal carotid artery 
occlusion with duplicated middle cerebral artery. World Neurosurg.  
2019;123:54–58. doi:10.1016/j.wneu.2018.11.223

30. Leishangthem L, Satti SR. Vessel perforation during withdrawal of Trevo 
ProVue stent retriever during mechanical thrombectomy for acute 
ischemic stroke. J Neurosurg. 2014;121(4):995–998. doi:10.3171/2014. 
4.JNS132187

31. Arai D, Ishii A, Chihara H, Ikeda H, Miyamoto S. Histological exam-
ination of vascular damage caused by stent retriever thrombecto-
my devices. J Neurointerv Surg. 2016;8(10):992–995. doi:10.1136/neur 
intsurg-2015-011968

32. Truong M, Bloch KM, Andersen M, Andsberg G, Töger J, Wassélius J. 
Subacute vessel wall imaging at 7-T MRI in post-thrombectomy stroke 
patients. Neuroradiology. 2019;61(10):1145–1153. doi:10.1007/s00234- 
019-02242-9

33. Landén NX, Li D, Ståhle M. Transition from inflammation to prolifera-
tion: A critical step during wound healing. Cell Mol Life Sci. 2016;73(20): 
3861–3885. doi:10.1007/s00018-016-2268-0

34. Smigiel KS, Parks WC. Macrophages, wound healing, and fibrosis: 
Recent insights. Curr Rheumatol Rep. 2018;20(4):17. doi:10.1007/s11926- 
018-0725-5

35. Huang SM, Wu CS, Chiu MH, et al. High glucose environment induces  
M1 macrophage polarization that impairs keratinocyte migration 
via TNF-α: An important mechanism to delay the diabetic wound 
healing. J Dermatol Sci. 2019;96(3):159–167. doi:10.1016/j.jdermsci. 
2019.11.004

36. Lichtman MK, Otero-Vinas M, Falanga V. Transforming growth factor 
beta (TGF-β) isoforms in wound healing and fibrosis. Wound Repair 
Regen. 2016;24(2):215–222. doi:10.1111/wrr.12398

37. Zhang J, Li Z, Chen F, et al. TGF-β1 suppresses CCL3/4 expression through 
the ERK signaling pathway and inhibits intervertebral disc degen-
eration and inflammation-related pain in a rat model. Exp Mol Med.  
2017;49(9):e379. doi:10.1038/emm.2017.136

38. Fisher FM, Maratos-Flier E. Understanding the physiology of FGF21. 
Annu Rev Physiol. 2016;78:223–241. doi:10.1146/annurev-physiol- 
021115-105339

39. Song YH, Zhu YT, Ding J, et al. Distribution of fibroblast growth fac-
tors and their roles in skin fibroblast cell migration. Mol Med Rep. 
2016;14(4):3336–3342. doi:10.3892/mmr.2016.5646

40. Hu S, Cao S, Tong Z, Liu J. FGF21 protects myocardial ischemia-reper-
fusion injury through reduction of miR-145-mediated autophagy.  
Am J Transl Res. 2018;10(11):3677–3688. PMID:30662618

41. Ge X, Chen C, Hui X, Wang Y, Lam KS, Xu A. Fibroblast growth fac-
tor 21 induces glucose transporter-1 expression through activa-
tion of the serum response factor/Ets-like protein-1 in adipocytes.  
J Biol Chem. 2011;286(40):34533–34541. doi:10.1074/jbc.M111.248591

42. Chang X, Li S, Xue XD, Chang F. Propranolol regulates ERK1/2 signal-
ing pathway and promotes chronic wound healing in diabetic rats. 
Eur Rev Med Pharmacol Sci. 2019;23(10):4498–4506. doi:10.26355/ 
eurrev_201905_17962

43. Díaz-Delfín J, Hondares E, Iglesias R, Giralt M, Caelles C, Villarroya F. 
TNF-α represses β-Klotho expression and impairs FGF21 action in adi-
pose cells: Involvement of JNK1 in the FGF21 pathway. Endocrinology.  
2012;153(9):4238–4245. doi:10.1210/en.2012-1193

44. Ren S, Chen J, Duscher D, et al. Microvesicles from human adipose 
stem cells promote wound healing by optimizing cellular functions 
via AKT and ERK signaling pathways. Stem Cell Res Ther. 2019;10(1):47. 
doi:10.1186/s13287-019-1152-x

45. Zhang Q, Lu S, Li T, et al. ACE2 inhibits breast cancer angiogenesis via 
suppressing the VEGFa/VEGFR2/ERK pathway. J Exp Clin Cancer Res.  
2019;38(1):173. doi:10.1186/s13046-019-1156-5

46. Wang Y, Zheng J, Han Y, et al. JAM-A knockdown accelerates the prolif-
eration and migration of human keratinocytes, and improves wound 
healing in rats via FAK/Erk signaling. Cell Death Dis. 2018;9(9):848. 
doi:10.1038/s41419-018-0941-y



Cite as
Li X, Liao D, Sun G, Chu HW. Notch pathway activation 
promotes the differentiation of beagle dog periodontal 
ligament stem cells to Schwann cells. Adv Clin Exp Med. 
2021;30(7):721–726. doi:10.17219/acem/131219

DOI
10.17219/acem/131219

Copyright
Copyright by Author(s) 
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Address for correspondence
Xiaojie Li
E-mail: 3312026@zju.edu.cn

Funding sources
The Project was supported by National Natural Science 
Foundation of China under grant No. 81702222 and 
Zhejiang Provincial Natural Science Foundation of China 
under grant No. LQ17H170001.

Conflict of interest
None declared

Received on July 8, 2020
Reviewed on July 15, 2020
Accepted on December 6, 2020

Published online on Juni 11, 2021

Abstract
Background. Periodontal ligament stem cells (PDLSCs) have demonstrated the potential for differentiation 
into many cell types, though the molecular mechanism of their neural differentiation in particular remains 
largely unknown.

Objectives. The Notch signaling pathway plays a key role in regulating cell differentiation and development. 
In this article, we explore its potential role in the differentiation of PDLSCs to Schwann cells (SCs).

Materials and methods. The PDLSCs were either transfected with viral vectors carrying genetic material 
for Notch Delta ligands, thereby induced their overexpression, or treated with DAPT (a Notch-pathway-specific 
inhibitor) to inhibit γ-secretase. The potential effects of Notch signaling on myelination and SCs differentiation 
were then investigated using western blotting, immunostaining and reverse transcriptase polymerase chain 
reaction (RT-PCR) to detect the expression of SC-specific marker genes.

Results. Specifically inhibiting Notch signaling with DAPT decreased the expression of SC-specific marker 
genes GFAP, S100 and P75, as well as of SC-myelin-related genes PMP22, MBP, connexin, and P0 in cells un-
dergoing induced differentiation from PDLSCs. Conversely, activating Notch signaling through overexpression 
of Delta ligands enhanced the expression of SC-specific marker genes as well as myelin-related genes in cells 
undergoing induced differentiation from PDLSCs. This promotion was reversed by DAPT.

Conclusions. The Notch signaling pathway positively regulated the process of PDLSC differentiation into 
SCs, and the activation of this signaling was important in maintaining the differentiation of PDLSCs to SCs, 
and then SC myelination. These results may improve the method of obtaining pure SCs from PDLSCs for 
transplantation application.

Key words: differentiation, Schwann cells, periodontal ligament stem cells, Notch signaling pathway
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Background

The Schwann cells (SCs) are a glial nerve cell type that 
form an important part of the Ruffini body of periodontal 
nerve endings, and play an important role in growth, devel-
opment and regeneration of peripheral nerves.1,2 Schwann 
cells are essential in increasing the density of peripheral 
nerve endings, and in the improvement of osseoperception. 
They respond rapidly to nerve injury, and promote axon re-
growth and nerve regeneration. Schwann cells also produce 
various growth factors that are involved in phagocytosis 
and the clearance of myelin fragments. All these character-
istics have made SCs the first and the most widely used sup-
port cells to be used for peripheral nerve regeneration.3–5

In our previous study, we found that periodontal liga-
ment stem cells (PDLSCs) isolated from beagle dogs ef-
fectively differentiated into SCs with exposure to a com-
bination of dimethyl sulfoxide (DMSO), basic fibroblast 
growth factor (bFGF), brain-derived neurotrophic factor 
(BDNF), nerve growth factor (NGF) and forskolin.6,7 Mul-
tiple signaling pathways, transcription factors, and neu-
rotrophic factors had been implicated in their differentia-
tion.3,8 However, the mechanisms underlying the process 
of PDLSC differentiation to SCs are poorly characterized.

We have previously demonstrated that the Erk1/2 signal-
ing pathway is involved in the differentiation of PDLSCs 
to SCs.9 Although inhibition of the Erk1/2 pathway is shown 
to prevent the differentiation of PDLSCs to SCs, we still find 
evidence of a number of SCs in culture. This suggests that 
other signaling pathways are also involved in the process.

In this study, we investigate whether the Notch signal-
ing pathway is involved in the differentiation of PDLSCs 
to SCs. The Notch signaling pathway is a highly conserved 
system that regulates cell differentiation and development 
in many multicellular organisms.10,11 Moreover, many re-
ports indicate that Notch signaling is involved in differ-
ent stages of SCs development, including acting on neural 
crest stem cells and mediating the generation of immature 
SCs.12,13 The structure of Notch family members is highly 
conserved, and the regulatory mechanism is very complex. 
Notch signaling in vertebrates consists of Notch, Notch 
ligands (Delta and Jagged proteins) and CSL DNA bind-
ing proteins. Following Notch receptor binding to Delta 
or  Jagged ligands, Notch is  cleaved by  the  γ-secretase 
activity of presenilin-1 (PS1) to release the cytoplasmic 
domain of the Notch receptor – the Notch intracellular 
domain (NIC) – which translocates to the nucleus and 
binds to the transcription factor CSL, leading to the tran-
scriptional activation of downstream target genes.14

Objectives

In this study, we provide evidence that Notch signaling 
represents a key regulatory pathway in regulating PDLSC 

differentiation. We used the γ-secretase inhibitor DAPT 
to specifically inhibit the Notch signaling pathway, and 
overexpressed the Delta ligand to activate it. The effect 
of  the  Notch signaling pathway on  the  differentiation 
of PDLSCs to SCs was examined.

Materials and methods

All animals were purchased from Sichuan University 
and the experimental protocol was approved by the Ethical 
Guideline Committee of Animal Care, West China College 
of Medical Sciences, Sichuan University, Chengdu, China.

Isolation and culture of PDLSCs

The PDLSCs were isolated from the periodontal liga-
ments of beagle dogs using the single-colony selection 
method as  described previously.15 Two healthy beagle 
dogs, 12-month-old, weighing about 10 kg, were selected. 
The premolars were extracted, and the periodontal liga-
ments were carefully scraped off. The PDLSCs were disso-
ciated by digesting the periodontal ligaments with Trypsin-
EDTA (0.25%) (Catalog No. 25200056; Gibco, Waltham, 
USA) and cultured following gradient centrifugation. Next, 
PDLSCs were identified by a combination of optical mi-
croscopy and flow cytometry, as described previously.16

Differentiation of PDLSCs to SCs

We induced the differentiation of PDLSCs to SCs as de-
scribed previously.6 The PDLSCs were then treated with 
2% DMSO for 5 h, before culturing in differentiation me-
dium, which contained 10 ng/mL bFGF, 10 ng/mL NGF, 
10 ng/mL BDNF, 14 mM forskolin, and 20% (v/v) fetal bo-
vine serum (FBS) in minimal essential medium (MEM) 
alpha modification, with L-glutamine, with ribo- and de-
oxyribonucleosides (Sigma-Aldrich, St. Louis, USA).

Co-culture of PDLSCs and DRG cells

For co-culture assays, cells were grown in six-cell culture 
inserts following the manufacturer’s instructions (BD Bio-
sciences, Franklin Lakes, USA). A population of 1 × 104 dor-
sal root ganglion (DRG) cells was diluted in 1 mL medium 
and loaded into the upper chamber of a transwell cell insert 
(Lot 3450; Corning Inc., Corning, USA), while a population 
of 2 × 104 PDLSCs in 2 mL medium was added to the lower 
chambers. The transwell cell inserts allowed PDLSCs and 
DRG cells to share the same medium without direct contact.

Western blotting

S100, GFAP, P75, MYT1L, SNW1, ASPN, and GAPDH 
antibodies were purchased from Cell Signaling Technology 
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(Danvers, USA) and diluted at 1:100 in Tris-buffered saline 
with Tween (TBST). Total protein was extracted using 
RIPA lysis buffer, and protein concentration was deter-
mined using a bicinchoninic acid (BCA) assay kit (M&E 
Gene Technology, Beijing, China). Western blotting was 
performed as described previously.9

Immunofluorescence

Protein zero (P0) and myelin basic protein (MBP) antibod-
ies were purchased from Abcam (Cambridge, UK). DAPT 
and fluorescein isothiocyanate-conjugated secondary an-
tibody were purchased from BD Biosciences. After 2 weeks 
of induction, cells were immunoassayed as described previ-
ously.9 Immunofluorescence was visualized under an Olym-
pus IX 71 microscope (Olympus Corp., Tokyo, Japan).

Quantitative real-time PCR 

Total RNA was extracted using Trizol reagent according 
to the manufacturer’s guidelines. Reverse transcription 
of mRNA was performed using the PrimeScript RT kit 
(TaKaRa, Kyoto, Japan). The quantitative real-time poly-
merase chain reaction (qRT-PCR) was performed on an ABI 
7500 (Applied Biosystems, Foster City, USA) using a SYBR 
Premix Ex Taq Kit (TaKaRa) according to the manufac-
turer’s guidelines. GAPDH was used as an internal control.

Statistical analyses

Each experiment was performed 3 times. One-way anal-
ysis of variance (ANOVA) and the Student’s t-test were 
used to determine statistical differences between groups. 
All data are expressed as mean ± standard deviation (SD). 
A value of p < 0.05 was considered significant.

Results

Characterization of PDLSCs

The PDLSCs appeared mainly polygonal with a typical 
spindle-shaped, fibroblast-like morphology (Fig. 1A). Flow 
cytometry was performed to detect stem cell surface mark-
ers. These cells showed relatively high expression levels 
of the surface markers STRO-1 and CD146 (Fig. 1B), indi-
cating that they indeed had the characteristics of stem cells. 
The concentration of PDLSCs in the sample was very high.

Activation of the Notch signaling  
pathway promotes the differentiation 
of PDLSCs into SCs

Firstly, we characterized Notch signaling in the differ-
entiation of PDLSCs into SCs. The PDLSCs were cultured 

in differentiation medium containing DMSO, bFGF, BDNF, 
NGF, and forskolin to induce SC phenotypes. Differen-
tiation into SCs was confirmed by the high expression 
of SC protein markers, including S100, GFAP and P75, 
as detected using western blot. We also found that dif-
ferentiated PDLSCs exhibited upregulation of key proteins 
in the Notch 1 signaling pathway compared with undif-
ferentiated PDLSCs (Fig. 2), such as the myelin transcrip-
tion factor 1-like protein (MYT1L), a coactivator for Notch 
transcriptional activation, SNW domain-containing pro-
tein 1 (SNW1) and ASPN. These results suggested that 
the Notch pathway was activated during the differentiation 
of PDLSCs to SCs.

To  further evaluate whether the  Notch pathway 
was involved in  the  differentiation of  PDLSCs into 
SCs, we  investigated the  effect of  activation or  in-
hibition of  Notch signaling, using viruses over-
expressing the  Delta Notch ligand or  an  inhibitor 
of  the  Notch pathway, respectively. We  found that 
activation of  Notch signaling through the  overex-
pression of  the  Delta ligand (which was confirmed 
by the upregulation of the MYT1L protein) increased 
the expression of SC-specific markers, including S100, 
GFAP and P75, compared to  the control group. Fur-
ther, the addition of DAPT to the differentiation me-
dium decreased the expression of SC-specific markers 
compared with the control group (Fig. 3). These data 
suggest that activation of Notch signaling promotes 
the differentiation of PDLSCs into SCs, while inhibi-
tion of Notch signaling hinders this process. Taking 
all of  these evidences into account, it  appears that 
the  Notch signaling pathway is  involved in  the  dif-
ferentiation of PDLSCs into SCs.

Fig. 1. Identification of PDLSCs. A. Inverted microscopy revealing the cell 
morphology of PDLSCs; B. Detection of PDLSC markers using flow 
cytometry
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Activation of Notch signaling promotes 
myelin formation during differentiation 
of PDLSCs into SCs

We co-cultured PDLSCs with dorsal DRG cells to evalu-
ate the effect of Notch signaling on myelin formation dur-
ing the differentiation of PDLSCs into SCs. Immunostain-
ing was performed in order to assess myelin formation. 
We found that co-culture with DRG under induced differ-
entiation conditions significantly promoted the expression 

of P0 and MBP in the cytoplasm of differentiated PDLSCs, 
confirming that PDLSCs were induced to differentiate 
into SCs (Fig. 3). We further evaluated whether changes 
in Notch signaling would affect the expression of these 
genes in differentiated PDLSCs that had been co-cultured 
with DRG. We  found that the overexpression of Delta 
in PDLSCs promoted the expression of P0 and MBP, and 
that differentiated cells treated with DAPT showed de-
creased P0 and MBP expression (Fig. 3). The RT-PCR re-
sults showed that the expression of myelin-related genes 

Fig. 3. Notch signaling pathway is involved in differentiation of PDLSCs to SCs. PDLSCs were induced to differentiate into SCs. In one group, PDLSCs were 
transfected by viral vector expressing the Delta ligand. In the other group, DAPT was added to the medium to specifically inhibit the Notch signaling 
pathway. Protein was extracted from: undifferentiated PDLSCs (uPDLSCs); differentiated PDLSCs (dPDLSCs); differentiated PDLSCs transfected with the Delta 
viral vector; or differentiated PDLSCs treated with DAPT. The expression of Notch-pathway-related proteins MYT1L, SNW1 and ASPN, as well as SC-specific 
proteins S100, GFAP and P75, was analyzed with western blotting. Relative protein expressions were normalized to levels of GAPDH

*p < 0.05, **p < 0.01 compared to uPDLSC group; #p < 0.05, ##p < 0.01 compared to corresponding dPDLSC group.

Fig. 2. Notch signaling pathway is involved in myelin formation during the differentiation of PDLSCs to SCs. Co-culture of PDLSCs and DRGs was conducted 
as described in the legend of Fig. 3. The expression of SC myelin-formation-related proteins P0 and MBP was analyzed with immunofluorescent staining. 
Blue spots represent nuclei stained with DAPI

*p < 0.05, **p < 0.01 compared to uPDLSC group; #p < 0.05, ##p < 0.01 compared to corresponding dPDLSC group; %p < 0.05, %%p < 0.01 compared 
to dPDLSC+Delta-Virus group.
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(including PMP22, MBP and connexin) were upregulated 
in the Delta overexpression group compared with control 
group, but downregulated in DAPT-treated cells (Fig. 4). 
These results suggest that activation of Notch signaling 
promotes myelin formation during the  differentiation 
of PDLSCs into SCs, while the inhibition of this signal-
ing impairs myelin formation under the differentiation 
condition.

Discussion

In recent years, it has been confirmed that the Notch 
signaling pathway plays an important role in regulating 
the differentiation of adult stem cells into SCs.11 We previ-
ously demonstrated that PDLSCs isolated from beagle dogs 
could differentiate into SCs, and that this differentiation, 
as well as SC myelination, was interrupted by specific in-
hibition of the Erk1/2 signaling pathway.6,9

In this study, we demonstrated that Notch signaling was 
important in promoting the differentiation of PDLSCs 
into SCs. First, we found that protein levels of MYT1L, 
SNW1 and ASPN were upregulated when PDLSCs were 
cultured in induction media. MYT1L, SNW1 and ASPN 
act as coactivators for Notch transcriptional activation,16 
indicating that the Notch pathway was activated in the dif-
ferentiation process of PDLSCs into SCs. Next, we found 
that inhibition of  the Notch pathway in differentiated 
cells by treating with a γ-secretase inhibitor decreased 
the expression of SC-specific markers S100, GFAP and P75. 
Meanwhile, the activation of the Notch pathway through 
the  overexpression of  Delta increased the  expression 
of these markers.

Notch has complex and extensive regulatory functions 
in SCs. In primary SCs isolated from neonatal rats, Notch 
activation promotes the generation of SCs, and negatively 
regulates SC myelination.12,13 Moreover, in contrast to pri-
mary SCs, Notch signaling has no effect on the neuro-
trophic activity and myelination capability of adipose-
derived stem cells (ASCs) undergoing differentiation into 
SCs,17 indicating that the effect of Notch on gliogenesis 
is not universal. On the contrary, we showed that specific 
inhibition of the Notch pathway downregulated the expres-
sion of SC myelination-related genes (including P0, MBP, 
PMP22, and connexin), whereas activation of the Notch 
pathway increased the expression of these genes in DRG 
neurons. Our findings raise the possibility that the activa-
tion of Notch signaling in PDLSCs may initiate myelination 
by upregulating SC myelination-related genes.

Limitations

There are some limitations of this study. First, differen-
tiation into SCs was only investigated in PDLSCs isolated 
from the periodontal ligaments of beagle dogs. The cur-
rent findings need to be validated in primary human cells 
and animal models. Second, the Notch signaling pathway 
is comprised of a complex network. Many other signal-
ing molecules related to PDLSC differentiation and Notch 
signaling remain to be investigated in future researches.

Conclusions

The  genes associated with the  Notch pathway were 
upregulated in  differentiated PDLSCs, and the  activa-
tion of  the Notch pathway through the overexpression 
of Delta ligands promoted the differentiation of PDLSCs 
into SCs, as well as SC myelination. In contrast, the inhibi-
tion of the Notch pathway by DAPT treatment prevented 
the differentiation of PDLSCs into SCs, and also SC my-
elination. Therefore, the Notch signaling pathway appears 
to positively regulate the process of PDLSC differentiation 
into SCs, and the activation of this signaling is important 
in maintaining that differentiation, as well as SC myelina-
tion. These results may improve methods of obtaining pure 
SCs from PDLSCs for transplantation use.
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Abstract
Background. Increasing radiosensitivity of cancer cells can enhance the efficacy of cervical cancer treatment.

Objectives. This study evaluated the potential roles and mechanism of baicalein in regulating the radio-
sensitivity of cervical cancer cells in vitro.

Materials and methods. Real-time quantitative polymerase chain reaction (RT-qPCR) was used to as-
sess miR-183 expression in End1/E6E7 cells, Hela cells and Hela cells irradiated with X-ray (0 Gy, 1 Gy, 3 Gy, 
5 Gy, and 10 Gy). Cell Counting Kit-8 (CCK-8) method measured cell viability of Hela cells after miR-183 
regulation, baicalein or RO8191 treatment. Apoptosis rates were detected using flow cytometry. Thereafter, 
expression of Bcl-2, Bax and caspase-3 RNA was also detected through RT-qPCR. Protein concentrations 
of E-cadherin, N-cadherin, Vimentin in epithelial–mesenchymal transition (EMT), phospho-JAK2/STAT3, and 
total Janus kinase 2/signal transducer and activator of transcription 3 STAT3 (JAK2/STAT3) were examined 
using enzyme-linked immunosorbent assay (ELISA) methods. RO8191, a JAK2/STAT3 activator, was used 
to activate the JAK2/STAT3 signaling pathway.

Results. The miR-183 expression was significantly lower in Hela cells compared to End1/E6E7 cells. Following 
upregulation of miR-183 in Hela cells, cell viability was inhibited while apoptosis was promoted. Moreover, 
EMT was inhibited after miR-183 over-expression. X-ray treatment markedly reduced the cell survival rate 
and increased miR-183 RNA expression. Baicalein treatment severely reduced the cell viability of 10-Gy X-ray-
irradiated Hela cells, partially reversing the effect of miR-183, and also increased apoptosis and prevented EMT 
in irradiated cells. Y1007/8 in JAK2 and tyrosine (Tyr) residue 705 of STAT3 were phosphorylated, resulting 
in high expression of JAK2/STAT3, which was decreased by irradiation and baicalein treatment. RO8191 
activated JAK2/STAT3 signaling, promoted cell viability and EMT, and inhibited cell apoptosis, while baicalein 
partly reversed the functions of RO8191.

Conclusions. Baicalein inhibited cell viability and EMT, and induced cell apoptosis of Hela cells, through 
upregulating miR-183 via inactivation of the JAK2/STAT3 signaling pathway.

Key words: irradiation, JAK2/STAT3, baicalein, miR-183
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Background

Cervical cancer is the 2nd most common female malig-
nant cancer worldwide. It has the 2nd highest fatality rate 
in gynecologic oncology in developing countries,1 where 
it represents one of the most challenging public health 
problems.2 Recently, studies in cervical cancer have in-
dicated a close correlation with human papillomavirus 
(HPV) infection, although there are still subgroups of cer-
vical cancer patients reporting no HPV infections, suggest-
ing that genetic factors also participate in cervical can-
cer progression.3 To date, the main therapeutic methods 
of cervical cancer are surgery, radiotherapy and chemo-
therapy. For patients with advanced-stage cervical cancer, 
radiotherapy remains the standard treatment method.4 
Radiotherapy can affect the stability of DNA structure and 
repair through ionizing radiation (IR).5,6 If DNA damage 
caused by IR cannot be repaired by the DNA repair system, 
genomic instability, apoptosis and even death can arise 
in tumor cells.7,8 Based on previous studies, high doses 
of  irradiation to  the  pelvic lymph nodes can increase 
the risk of toxicity in genitourinary (GU) and gastroin-
testinal (GI) cells, suggesting a need to increase the radio-
sensitivity of cervical cancer cells.9,10 New biomarkers and 
targets related to radiosensitivity regulation are therefore 
required to obtain further information relating to cervical 
cancer cells.

MicroRNAs (miRNAs) are small endogenous noncod-
ing RNAs about 22 nucleotides in length, which interact 
with mRNAs to negatively modulate expression, resulting 
in inhibition of mRNA transcription and degradation.11 
In recent research, miRNAs appear to play essential roles 
in tumor formation and progression,12 with miRNA levels 
correlating with patient survival and cancer treatment. Ab-
normal expression of miRNAs contributes to the biological 
progression of cancers.13 The miR-183 is a newly detected 
miRNA in cervical cancer, which has already been linked 
to many other cancers.

The miR-183 is a member of a miRNA family including 
miR-183, miR-182 and miR-96, which is a 2-4 kb cluster 
at locus 7q32. The miRNAs in this cluster are abnormally 
expressed in hepatocellular tumors,14 colorectal cancer15 
and breast cancer,16 amongst other conditions. In osteo-
sarcoma, ectopic expression of miR-183 can inhibit the mi-
gration and invasion abilities of F5M2 cells by suppress-
ing the expression of ezrin.17 In cervical cancer, miR-183 
is sequestered by CRNDE, acting as a sponge, resulting 
in upregulated expression of CCNB1, leading to increased 
cell proliferation, migration and invasion, and reduced cell 
apoptosis.18 It acts as a cervical tumor suppressor, inhib-
iting cervical cancer cell metastasis and invasion by tar-
geting matrix metalloproteinase-9 (MMP-9).19 However, 
whether miR-183 could mediate radiosensitivity in cervical 
cancer cells is unknown. Hence, in our study, we chose 
an in vitro cervical cancer cell model to determine the role 
of miR-183 in regulating radiosensitivity.

Baicalein is an active compound of the root of Scutellaria 
baicalensis, a traditional Chinese herbal medicine, which 
has activity considered to be anti-tumor, anti-viral and 
anti-bacterial.20 According to a previous study, baicalein 
can induce cell apoptosis by upregulating death recep-
tor 5 (DR5) in colon cancer.21 Moreover, baicalein inhibits 
cell proliferation in MCF-7 cells and reduces HIF stabil-
ity, which could also cause radiosensitization in MCF-7 
cells, resulting in a high level of cell apoptosis.22 In 1 prior 
study of cervical cancer, baicalein induced cell apopto-
sis and repressed cell proliferation in an in vitro model 
by downregulating the Notch1/Hes1 signaling pathway.23 
Baicalein has also been reported to suppress proliferation 
and promote apoptosis of osteosarcoma cells through up-
regulation of miR-183.24 However, we were not aware of any 
studies demonstrating baicalein mediating radiosensitivity 
in cervical cancer.

Objectives

This study evaluated the potential roles and mechanism 
of baicalein in regulating the radiosensitivity of cervical 
cancer cells in vitro. We decided to analyze the effects 
of baicalein on regulating the radiosensitivity of cervical 
cancer cells and any correlation with miR-183.

Materials and methods

Cell culture

End1/E6E7 is an epithelial HPV-16 E6/E7 transformed 
cell line extracted from a 43-year-old Caucasian female 
endometriosis patient, while the Hela cell line was the first 
epithelial cell line, extracted from a 31-year-old Black cer-
vical cancer patient. Both are adherent. We used Dulbec-
co’s modified Eagle’s medium (DMEM; Gibco, Waltham, 
USA) supplemented with 10% fetal bovine serum (FBS), 
100 U/mL of penicillin and 100 mg/mL of streptomycin, 
incubating the cells at 37°C and 5% CO2. After incubation, 
Hela cells were treated with baicalein (Sigma-Aldrich, 
St. Louis, USA; 0 μM, 10 μM and 100 μM). Irradiated Hela 
cells treated with baicalein (100 μM) were incubated with 
RO8191 (10 μM; MedChemExpress (MCE), Monmouth 
Junction, USA), a Janus kinase 2/signal transducer and 
activator of transcription 3 STAT3 (JAK2/STAT3) inhibi-
tor, for 24 h. According to studies by Eriksson et al., 10 Gy 
X-ray provides a significant effect compared to doses lower 
than 10 Gy, and this dose has been reported to cause re-
tarded growth of tumors.25 Normal Hela cells were ir-
radiated with X-ray (0 Gy, 1 Gy, 5 Gy, and 10 Gy) for 3 h. 
Hela cells treated by baicalein and RO8191 were irradiated 
with 10 Gy X-ray. After the cells received treatment and 
irradiation, they were used in preparations for the follow-
ing experiments.
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Cell transfection

To confirm the activity of miR-183 in the Hela cell line, 
an inhibitor and mimics of miR-183 were compounded 
by  GenePharma (Shanghai, China). The  sequence 
of the miR-183 inhibitor was UAUGGCACUGGUAGAAU-
UCACU. Before transfection, cells were first assigned 
to  the negative control (NC) inhibitor group, miR-183 
inhibitor group, NC mimics group, or miR-138 mimics 
group. Hela cells were seeded on a six-well plate at a den-
sity of 1 × 105 cells per well. For inhibition, transfection 
was conducted after the confluence reached 50%, while 
the confluence was 85% in overexpression. Thereafter, 
we followed the manufacturer’s instructions. The NC in-
hibitor, miR-183 inhibitor, NC mimics, and miR-183 mim-
ics were transfected into Hela cells using Lipofectamine 
3000 (Invitrogen, Carlsbad, USA). Cells were then incu-
bated for 24 h. The miR-183 transfection efficiency was 
assessed using real-time quantitative polymerase chain 
reaction (RT-qPCR). After transfection, cells were col-
lected and used for further assays.

RT-qPCR

RNA expression of miR-183 and factors related to apop-
tosis in the Hela and End1/E6E7 cell lines were measured 
using RT-qPCR. In accordance with the manufacturer’s 
instructions for Trizol reagent (Invitrogen), total RNA was 
extracted from cells and reverse transcription of 10 μg 
of total RNA was processed using a BeyoRT™II First Strand 
cDNA Synthesis Kit (Beyotime, Shanghai, China). The PCR 
was performed using the QuantStudio™ 7 Pro Real-Time 
PCR System (Applied Biosystems, Foster City, USA), using 
the following cycle conditions: pre-denaturation at 95°C for 
5 min, followed by 40 cycles of denaturation at 95°C for 30s, 
annealing at 60°C for 30 s, and extension at 72°C for 30 s. 
RNA expression levels were calculated using 2−ΔΔCt meth-
ods and GAPDH and U6 were employed to be the internal 
controls. The experiment was run in triplicate. The se-
quences of primers used are listed in Table 1.

CCK-8

To analyze the effect of baicalein on the cell survival 
rate of Hela cells after irradiation, a Cell Counting Kit-8 
(CCK-8) assay was performed to measure cell viability 
and toxicity. Hela cells were seeded onto a 96-well plate 
at a density of 5 × 103 cells per well. The Hela cells were 
then incubated with baicalein (0 μM, 10 μM and 100 μM) 
for 24 h, 48 h and 72 h. Normal cells were irradiated with 
X- rays (0 Gy, 1 Gy, 5 Gy, and 10 Gy) for 3 h. Baicalein-
treated Hela cells were irradiated with 10 Gy X-ray. After 
irradiation or treatment, cells were cultured with 10 μL 
of CCK-8 (Beyotime) for 1 h. For cell toxicity detection, 
the cell survival rate was checked after irradiation using 
a Multiskan™ FC Microplate Reader (Thermo Fisher Sci-
entific, Waltham, USA) at 450 nm wavelength, and cell 
viability was measured using the same reader at the same 
wavelength. This experiment was repeated 3 times.

Flow cytometry

To measure the apoptosis rate of irradiated Hela cells 
after baicalein treatment, f low cytometry was per-
formed using an Annexin V-FITC Apoptosis Detection 
Kit (Beyotime). Irradiated cells having received baicalein 
and RO8191 treatment were resuspended in phosphate-
buffered saline (PBS). Following the manufacturers’ in-
structions, 1 × 105 cells were collected and resuspended 
in 195 μL of Annexin V-FITC binding buffer. Next, 5 μL 
of Annevin V-FITC (50 μg/mL) and 10 μL of propidium 
iodide (PI; 20 μg/mL) were applied to cells and the solutions 
incubated for 15 min at room temperature without light. 
Following incubation, the apoptosis rate was determined 
using an Attune Flow Cytometer (Invitrogen). Results were 
collected from 3 independent experiments.

ELISA

To measure protein expression during epithelial–mes-
enchymal-transition (EMT) and the JAK2/STAT3 signal-
ing pathway, the Human E-Cadherin ELISA Kit (ab233611; 
Abcam, Cambridge, UK), Human N-Cadherin ELISA Kit 
(ab254512; Abcam), Human Vimentin ELISA Kit (ab246526; 
Abcam), JAK2 (Phospho) [pY1007/pY1008] Human ELISA 
Kit, JAK2 (Total) Human ELISA Kit (Life Technologies, 
Carlsbad, USA), and STAT3 (Total/Phospho) Human Instant-
One™ ELISA Kit (Invitrogen) were applied to measure pro-
tein densities. Enzyme-linked immunosorbent assay (ELISA) 
protocols strictly followed the manufacturers’ instructions 
for each ELISA kit. The experiment was run in triplicate.

Statistical analysis

All data were presented as mean ± standard deviation 
(SD) and analyzed using IBM SPSS v. 19.0 (IBM Corp., Ar-
monk, USA) and GraphPad Prism v. 7 (GraphPad Software, 

Table 1. Sequences of primers used in RT-qPCR

RNA Sequences of primers Reference

miR-183
Forward, 5’- CGCGGTATGGCACTGGTAGA-3’;
Reverse, 5’- AGTGCAGGGTCCGAGGTATTC-3’

[26]

Bcl-2
Forward, 5’- TCCATGTCTTTGGACAACCA-3’;
Reverse, 5’- CTCCACCAGTGTTCCCATCT-3’

[27]

Bax
Forward, 5’- ATGGACGGGTCCGGGGAG-3’;
Reverse, 5’- ATCCAGCCCAACAGCCGC-3’

[28]

Caspase-3
Forward, 5’- ATGGTTTGAGCCTGAGCAGA-3’;
Reverse, 5’- GGCAGCATCATCCACACATAC-3’

[29]

GAPDH
Forward, 5’- CAAGATCATCAGCAATGCCTCC-3’;

Reverse, 5’- GCCATCACGCCACAGTTTCC-3’
[30]

U6
Forward, 5’- CTCGCTTCGGCAGCACATATAC-3’;

Reverse, 5’- GGAACGCTTCACGAATTTGC-3’
[30]



H. Lei et al. Baicalein via miR-183 and JAK2/STAT3730

San Diego, USA). Student’s t-test (2 groups) and one-way 
analysis of variance (ANOVA) (3 or more groups, S-N-K 
method) were used to compare groups. The Bonferroni 
correction was used to correct significance values for mul-
tiple comparisons and p < 0.05 was considered to have 
statistical significance.

Results

miR-183 upregulation could inhibit 
cell viability and promote apoptosis

To confirm the RNA expression of miR-183 in cervical 
cancer cells, RT-qPCR was applied, indicating that expres-
sion of miR-183 RNA was significantly lower in Hela cells 
than in End/E6E7 cells (Fig. 1A). Thereafter, we used miR-
183 overexpression to measure its functions. Following 
upregulation of miR-183, miR-183 RNA expression was 
significantly increased in Hela cells compared to the NC 
mimic group (Fig. 1B). The cell viability of Hela cells af-
ter miR-183 overexpression was analyzed, indicating that 
viability of Hela cells in the miR-183 mimic group was 
much lower than in the NC mimic group (Fig. 1C). The cell 

apoptosis rate, as detected using flow cytometry, revealed 
that miR-183 mimics remarkably increased the apoptosis 
rate of Hela cells compared with the result in the NC mim-
ics group (Fig. 1D).

Factors related to apoptosis were also analyzed, indicat-
ing that Bcl-2 RNA expression was significantly reduced 
after miR-183 upregulation, while Bax and caspase-3 RNA 
levels both greatly increased with miR-183 overexpres-
sion (Fig. 1E). We also measured the EMT of Hela cells, 
revealing that E-cadherin protein density was much higher 
in Hela cells transfected by miR-183 mimics, while N-cad-
herin and Vimentin levels had notably decreased (Fig. 1F).

Baicalein enhanced cell viability and EMT 
and repressed cell apoptosis of Hela cells 
after irradiation

The effects of irradiation on Hela cells were examined, 
indicating that the cell survival rate of Hela cells decreased 
in a dose-dependent manner (Fig. 2A). The viability of Hela 
cells irradiated with 10 Gy X-ray was measured after ba-
icalein treatment, showing that cell viability gradually de-
creased as baicalein concentration increased (Fig. 2B). Flow 
cytometry was used to analyze cell apoptosis, indicating 

Fig. 1. Upregulation of miR-183 in Hela cells promoted cell apoptosis and inhibited cell viability and EMT

A. RNA expression of miR-183 in END1/E6E7 cells and Hela cells, as detected using RT-qPCR (p < 0.05); ** denotes a significant distinction from End1/E6E7 
cells; B. miR-183 RNA expression was examined with RT-qPCR in Hela cells following overexpressed transfection (p < 0.05); ** denotes a significant difference 
in comparison with the NC mimics group; C. Hela cell viability after miR-183 overexpression was evaluated using CCK-8 (p < 0.05); ** denotes significance 
in comparison with the NC mimics group; D. Flow cytometry was applied to measure Hela cell apoptosis after miR-183 overexpression (p < 0.05); ** denotes 
significant difference from the NC mimics group; E. Bcl-2, Bax and caspase-3 RNA expression in Hela cells with miR-183 upregulation, assessed using RT-qPCR 
(p < 0.05); ** denotes significant difference from NC mimics group; F. E-cadherin, N-cadherin and vimentin protein densities, as measured using ELISA in Hela 
cells following miR-183 overexpression (p < 0.05); ** denotes a significant difference from the NC mimics group.
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that the apoptosis rate of irradiated Hela cells significantly 
increased as  the  concentration of  baicalein increased 
(Fig. 2C).

The RT-qPCR was applied to measure the RNA expres-
sion of factors after baicalein treatment, showing that Bcl-2 
RNA expression notably decreased, and caspase-3 and Bax 
RNA expression greatly increased, in a dose-dependent 
manner (Fig. 2D). Meanwhile, E-cadherin protein density 
was markedly increased, while N-cadherin and Vimentin 
protein concentrations were largely reduced, again dose-
dependently (Fig. 2E).

Baicalein promoted apoptosis 
and inhibited cell viability and EMT 
of irradiated Hela cells by upregulating 
miR-183

Having confirmed the effects of miR-183 and baicalein 
treatment, we detected changes of miR-183 RNA expres-
sion after irradiation. The results of RT-qPCR showed 
that the  level of  miR-183 RNA was steeply increased 

as the density of X-ray increased (Fig. 3A). Furthermore, we 
examined miR-183 with baicalein treatment in Hela cells 
irradiated with 10 Gy X-ray, which revealed the miR-183 
inhibitor largely decreased its RNA expression compared 
with the NC inhibitor. Baicalein treatment significantly 
increased miR-183 RNA level after inhibition (Fig. 3B).

We examined the cell viability of irradiated Hela cells 
after knockdown of miR-183. In knockdown Hela cells, 
the  miR-183 inhibitor greatly increased cell viability 
in comparison with the NC inhibitor group, while baicalein 
treatment partly reversed the promotion of cell viability 
caused by miR-183 inhibition (Fig. 3C). In contrast, knock-
down of miR-183 significantly decreased cell apoptosis 
compared to levels in the NC inhibitor group. In the NC 
inhibitor group, apoptosis activity could be restored by ba-
icalein (Fig. 3D). To further explore cell apoptosis, related 
factors were also examined. The miR-183 inhibitor clearly 
increased Bcl-2 RNA expression when compared to the NC 
inhibitor, while baicalein treatment decreased the Bcl-2 
RNA level. The Bcl-2 RNA level was increased by miR-183 
inhibition, while caspase-3 and Bax RNA expression levels 

Fig. 2. Baicalein promoted cell apoptosis and inhibited cell viability and proliferation of Hela cells after irradiation

A. Cell survival rates of Hela cells treated with X-rays (0 Gy, 1 Gy, 5 Gy, and 10 Gy), evaluated using CCK-8; B. CCK-8 validation of cell viability of 10 Gy-irradiated 
Hela cells following baicalein treatment (0 μM, 10 μM and 100 μM; p < 0.01); ** denotes a prominent difference from the 0 μM group; ## denotes a prominent 
difference between the 10 μM and 100 μM group; C. Apoptosis rates of irradiated Hela cells analyzed using flow cytometry following treatment with 
baicalein (0 μM, 10 μM and 100 μM; p < 0.01); ** denotes a prominent difference from the 0 μM group; ## denotes a prominent difference between 10 μM 
and 100 μM group; D. Bcl-2, Bax and caspase-3 RNA expression was measured using RT-qPCR in Hela cells after baicalein treatment (0 μM, 10 μM and 100 μM; 
p < 0.01); ** denotes a prominent difference from the 0 μM group; ## denotes a prominent difference between the 10 μM and 100 μM group; E. E-cadherin, 
N-cadherin and vimentin protein concentrations of irradiated Hela cells were examined using ELISA after baicalein treatment (0 μM, 10 μM and 100 μM; 
p < 0.01); ** denotes a prominent difference from the 0 μM group; ## denotes a prominent difference between the 10 μM and 100 μM group.
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were remarkably decreased following miR-183 downregu-
lation. This effect was reversed after baicalein treatment 
(Fig. 3E).

An analysis of the EMT indicated that the miR-183 in-
hibitor significantly decreased E-cadherin, and increased 
N-cadherin and Vimentin protein densities compared 
to the NC inhibitor group. Baicalein treatment attenu-
ated the activity of miR-183 by promoting E-cadherin and 
inhibiting N-cadherin and Vimentin production (Fig. 3F).

Baicalein mediated apoptosis, EMT and 
cell viability of irradiated Hela cells via 
the JAK2/STAT3 signaling pathway

The correlation between miR-183 and baicalein could 
be linked to the related signaling pathway. Phosphoryla-
tion of JAK2/STAT3 and total JAK2/STAT3 were both 

significantly higher in Hela cells than in End/E6E7 cells 
(Fig. 4A). Following irradiation phosphorylated JAK2/
STAT3 and total JAK2/STAT3 protein concentrations 
both sharply decreased with increasing doses of radia-
tion (Fig. 4B).

We used RO8191, a JAK2/STAT3 signaling pathway ac-
tivator, to examine the role of the JAK2/STAT3 pathway 
and to correlate this with baicalein application. The ELISA 
results showed that RO8191 treatment greatly increased 
phosphorylation of JAK2/STAT3 and total JAK2/STAT3 
protein density in irradiated Hela cells, compared to un-
treated Hela cells after irradiation. Baicalein significantly 
reduced protein concentrations of JAK2/STAT3 (Fig. 4C). 
Moreover, the cell viability of  irradiated Hela cells was 
measured, indicating that RO8191 usage extensively pro-
moted cell viability of  irradiated Hela cells when com-
pared to the negative control. Conversely, baicalein usage 

Fig. 3. Baicalein promoted apoptosis and inhibited cell viability and EMT of irradiated Hela cells by upregulating miR-183

A. miR-183 RNA expression in Hela cells after X-ray treatment (0 Gy, 1 Gy, 5 Gy, and 10 Gy) were detected using RT-qPCR (p < 0.001); ** denotes a significant 
difference from the 0 Gy group; ## denotes prominent difference between the 5 Gy group and 1 Gy group; @@ denotes significant difference between 
the 10 Gy group and 5 Gy group; B. RT-qPCR was used to measure miR-183 RNA expression in irradiated Hela cells after miR-183 inhibition and baicalein 
treatment (p < 0.05); ** denotes notable difference from NC inhibitor group; ^^ denotes significant difference between the miR-183 inhibitor group and 
the combined miR-183 inhibitor and baicalein (100 μM) group; C. Cell viability of irradiated Hela cells after miR-183 suppression and baicalein treatment 
(p < 0.05); ** denotes notable difference from the NC inhibitor group; ^^ denotes significant difference between the miR-183 inhibitor group and combined 
miR-183 inhibitor and baicalein (100 μM) group; D. Apoptosis rates of irradiated Hela cells were evaluated using flow cytometry after downregulation 
of miR-183 and baicalein treatment (p < 0.05); ** denotes a notable difference from the NC inhibitor group; ^^ denotes significant difference between 
the miR-183 inhibitor group and combined miR-183 inhibitor and baicalein (100 μM) group; E. RT-qPCR was used to detect RNA expression of Bcl-2, Bax and 
caspase-3 in Hela cells after irradiation, miR-183 inhibition and baicalein treatment (p < 0.05); ** denotes a notable difference from the NC inhibitor group; 
^^ denotes a significant difference between the miR-183 inhibitor group and combined miR-183 inhibitor and baicalein (100 μM) group; F. ELISA was applied 
to measure E-cadherin, N-cadherin, and vimentin protein densities in Hela cells after irradiation, mIR-183 inhibition and baicalein treatment (p < 0.05); 
** denotes a notable difference from the NC inhibitor group; ^^ denotes a significant difference between the miR-183 inhibitor group and combined 
miR-183 inhibitor and baicalein (100 μM) group.
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reversed the promotion caused by RO8191, keeping JAK2/
STAT3 protein density and cell viability at  lower levels 
(Fig. 4D), while increasing the cell apoptosis rate (Fig. 4E). 
Factors related to apoptosis were analyzed as well, showing 
that Bcl-2 RNA expression was significantly upregulated, 
while caspase-3 with Bax was significantly decreased af-
ter RO8191 treatment compared to the NC. Conversely, 
baicalein treatment reduced Bcl-2 RNA expression and 
increased caspase-3 and Bax RNA expressions (Fig. 4F). 

Furthermore, the EMT was examined to measure mi-
gration and invasion abilities. These results showed that 
E-cadherin protein density was notably decreased, while 
N-cadherin with Vimentin protein concentrations were 
remarkably promoted by RO8191 usage in comparison 
with the  NC. Baicalein treatment reversed the  effect 
of  RO8191 by  increasing E-cadherin protein and de-
creasing the N-cadherin and Vimentin protein densities 
(Fig. 4G).

Fig. 4. Baicalein mediated irradiated Hela cell viability, cell apoptosis and EMT via the JAK2/STAT3 signaling pathway

A. Phosphorylated JAK2/STAT3 and total JAK2/STAT3 protein concentrations in End1/E6E7 cells and Hela cells (p < 0.05); ** denotes notable difference 
of protein densities from the End1/E6E7 group; B. Phosphorylation of JAK2/STAT3 and total JAK2/STAT3 protein densities in Hela cells after treatment with 
X-rays (0 Gy, 1 Gy, 5 Gy, and 10 Gy) were detected using ELISA (p < 0.001); ** denotes a significant difference from the 0 Gy group; ## signifies a notable 
difference between the 5 Gy group and the 1 Gy group; @@ denotes a significant difference between the 10 Gy group and the 5 Gy group; C. Protein 
densities of phosphorylated and total JAK2/STAT3, as detected using ELISA following RO8191 (a JAK2/STAT3 activator) usage and baicalein (100 μM) 
treatment (p < 0.05); ** denotes a notable difference from the NC group; ^^ denotes a significant difference between the RO8191 group and combined 
RO8191 and baicalein (100 μM) group; D. Cell viability of Hela cells after RO8191 and baicalein treatment (p < 0.05); ** denotes a notable difference from 
the NC group; ^^ denotes a significant difference between the RO8191 group and combined RO8191 and baicalein (100 μM) group; E. Apoptosis rates 
examined with flow cytometry in irradiated Hela cells following RO8191 usage and baicalein treatment (p < 0.05); ** denotes a notable difference from 
the NC group; ^^ denotes a significant difference between the RO8191 group and combined RO8191 and baicalein (100 μM) group; F. Bcl-2, Bax and 
caspase-3 RNA expression were analyzed using RT-qPCR in irradiated Hela cells after treatment with RO8191 and baicalein (p < 0.05); ** denotes a notable 
difference from the NC group; ^^ denotes a significant difference between the RO8191 group and combined RO8191 and baicalein (100 μM) group; 
G. E-cadherin, N-cadherin, and vimentin protein densities in irradiated Hela cells after RO8191 treatment and baicalein usage were evaluated using ELISA 
(p < 0.05); ** denotes a notable difference from the NC group; ^^ denotes a significant difference between the RO8191 group and combined RO8191 and 
baicalein (100 μM) group.
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Discussion

In cervical cancer treatment, chemoradiotherapy is con-
sidered an alternative solution for patients who are not 
good candidates for surgery, and have pelvic or para-aortic 
lymph node metastases.31 Unfortunately, radio-resistance 
of cervical cancer cells is the primary reason for failures 
in treatment, suggesting that increasing the radiosensitiv-
ity of cervical cancer cells could be an important method 
to improve the prognoses of patients.32 In this study, we ex-
amined baicalein, a tradition Chinese herbal medicine, and 
a newly found miRNA, miR-183, to measure their correla-
tion and effects on cervical cancer cells.

According to prior studies, miR-183 acts as a tumor sup-
pressor in cervical cancer cells.18,19 Therefore, we analyzed 
the function of miR-183 in Hela cells and its mediation 
of radiosensitivity in Hela cells. We first examined RNA 
expression, indicating that the RNA expression of miR-183 
was much lower in Hela cells than in normal End1/E6E7 
cells, which was similar to the findings of previous studies. 
We promoted expression of miR-183 to measure its role 
in cell outcomes. Our results showed that overexpression 
of miR-183 highly inhibited the viability of Hela cells and 
increased their cell apoptosis rate. We also analyzed factors 
in apoptosis to prove our result, indicating that RNA ex-
pression of Bcl-2 was significantly downregulated and Bax 
with caspase-3 RNA expressions was remarkably promoted.

We also examined the role of miR-183 in mediating 
EMT. The EMT plays important roles in the progression 
and metastasis of cervical cancer.33,34 With cancer cells 
metastasizing to other parts of the body, the prognosis 
for cervical cells was significantly decreased. Considering 
indications from former studies, we analyzed E-cadherin, 
N-cadherin and Vimentin to measure miR-183 mediation 
of EMT in cervical cancer cells, indicating that the pro-
gression of EMT was markedly inhibited by upregulation 
of miR-183. Therefore, we have proven that miR-183 sup-
pressed cell viability and EMT and promoted cell apoptosis 
in Hela cells, suggesting that miR-183 might be a tumor 
suppressor of cervical cancer.

As these roles of miR-183 were confirmed, we measured 
the effects of irradiation and baicalein on Hela cells. After 
X-ray treatment, the survival rate of Hela cells was signifi-
cantly decreased in a dose-dependent manner. We selected 
10 Gy X-ray-induced Hela cells for subsequent experiments, 
which showed that viability of Hela cells was remarkably 
increased dose-dependently, while the apoptosis rate was 
markedly increased, reflected by lowered Bcl-2 levels and 
increased caspase-3 and Bax. The EMT was also progres-
sively inhibited by  increased baicalein concentrations, 
reflected in decreased concentration of E-cadherin and 
increased N-cadherin and Vimentin. According to a study 
by Peng et al., baicalein repressed the proliferation and 
migration of cervical cancer cells, which also induced cer-
vical cancer cell apoptosis and cell cycle arrest.35 In this 
study, baicalein was reported to play an anti-tumor role 

by downregulating the production of BDLNR and suppress-
ing the PI3K/AKT signaling pathway. Baicalein also in-
duced Hela cell apoptosis through mitochondria and death 
receptor pathways dose-dependently.35 In prostatic cancer, 
baicalein treatment increased the sensitivity of prostatic 
cancer cells under the mediation of 12-LOX,36 implying 
that baicalein can be used as a radiosensitizer. In our study, 
we have detected a primary role of baicalein in mediat-
ing radiosensitivity and showed that baicalein magnified 
the effects of radiation on radiosensitivity regulation.

We analyzed a correlation between miR-183 and baica-
lein in irradiated Hela cells. This first confirmed that miR-
183 RNA expression was significantly upregulated by radia-
tion in Hela cells. Thereafter, a miR-183 inhibitor was used 
to decrease its expression in irradiated Hela cells, which 
was then promoted following baicalein treatment. As seen 
in Fig. 3C,D, the miR-183 inhibitor promoted cell viability, 
but repressed apoptosis in irradiated cells, while baicalein 
reversed the mediations caused by knockdown of miR-183. 
The upregulation of BCL2 and repression of caspase-3 and 
Bax expression in  irradiated Hela cells caused by miR-
183 downregulation was affected by baicalein, resulting 
in BCL2 upregulation as well as Bax and caspase-3 inhibi-
tion. Moreover, EMT was promoted by the miR-183 inhibi-
tor, an effect which was attenuated by baicalein treatment.

We  conducted a  first analysis of  the  correlation be-
tween miR-183 and baicalein, showing that baicalein 
can upregulate miR-183 RNA expression. Furthermore, 
we also detected their interactions with radiation, indi-
cating that miR-183 and baicalein in combination could 
improve the efficiency of radiation treatment in Hela cells. 
Therefore, miR-183 may be the miRNA that contributes 
to the radiosensitivity promoted by baicalein.

We explored a potential mechanism for baicalein in-
creasing the radiosensitivity of Hela cells. Janus kinase 2, 
a member of the Janus kinase family, belongs to the non-
receptor tyrosine kinase superfamily.37 Proteins in the Ja-
nus kinase family contain 4 conserved domains: FERM, 
SH2, JH2 pseudo-kinase, and JH1 kinase. A key step in JAK 
kinase activation is the interaction between the N-ter-
minus of FERM and SH2.38 The JH1 domain contains 2 
tyrosine residues (Y1007/8), which control conformation 
and activation through phosphorylation.39,40 Phosphoryla-
tion of Y637, Y868, Y972, and Y966 can also magnify JAK2 
kinase activity, while phosphorylated Y317, Y570, Y913, 
and Y119 are involved in downregulation of JAK2 activa-
tion.41,42 Moreover, JAK is a potential upstream activator 
of STAT3, which has been shown to be activated by phos-
phorylation of tyrosine (Tyr) residue 705, leading to dimer 
formation and activation of target gene transcription.43–45 
The STAT3 has been reported to be activated by oncop-
roteins, which are involved in oncogenesis by stimulating 
cell proliferation and repressing apoptosis.46 In contrast, 
inhibition of STAT3 results in the activation of apoptotic 
signaling pathways, as evidenced by upregulation of BAX 
and CASP3 and downregulation of BCL2.47
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In addition to proliferation regulation, the JAK2/STAT3 
signaling pathway has been reported to facilitate EMT 
progression in oral squamous cell carcinoma, breast can-
cer and gastric cancer amongst other conditions.48–50 
The JAK2/STAT3 signaling pathway has already been re-
ported to be suppressed by ellagic acid, resulting in pro-
moted cell apoptosis and inhibited cell proliferation of Hela 
cells. Moreover, baicalein attenuated inflammation in-
duced by lipopolysaccharides (LPS) by suppressing JAK2 
and STAT3 in RAW264.7 cells, suggesting that inhibiting 
the activation of the JAK/STAT signaling pathway ampli-
fies the effects of baicalein on cells.51

We detected a correlation between the JAK2/STAT3 
signaling pathway and baicalein in Hela cells. Initially, 
we examined the protein densities of p-JAK2, p-STAT3, 
t-JAK2, and t-STAT3, showing that Hela cells had higher 
levels of phosphorylated JAK and STAT3 and total JAK2 
and STAT3, while these protein concentrations largely 
decreased after dose-dependently radiation. To measure 
the activity of JAK2/STAT3, we chose a previously demon-
strated activator, RO8191 (also called CDM-3008), to acti-
vate the JAK/STAT signaling pathway.52 Based on the same 
study, we  also used RO8191 to  confirm the  functions 
of JAK2 and STAT3, showing that RO8191 significantly 
increased the phosphorylation of JAK2 and STAT3, and in-
creased the density of total JAK2 and STAT3 in Hela cells. 
Baicalein treatment greatly decreased the concentrations 
of these proteins, showing that baicalein could inhibit ex-
pression of JAK2 and STAT3 in Hela cells. Thereafter, cell 
viability, apoptosis and EMT were also checked, indicating 
that RO8191-induced high cell viability was reduced after 
baicalein treatment, while the inhibition of cell apoptosis 
caused by RO8191 was reversed. The EMT was also in-
creased by RO8191 usage, and baicalein treatment could 
reduce EMT in Hela cells. This implies that baicalein might 
promote the radiosensitivity of Hela cells via the JAK2/
STAT3 signaling pathway.

Limitations

This study only examined the functions of baicalein 
in vitro. To further validate its potential in cervical can-
cer, animal model should be examined. This is a limitation 
of this study.

Conclusions

Baicalein promoted cell apoptosis and radiosensitivity, 
and inhibited cell viability and progression of EMT in Hela 
cells through miR-183 upregulation and JAK2/STAT3 in-
hibition, suggesting that baicalein may be a potential treat-
ment method for increasing the radiosensitivity of Hela 
cells. Further studies in vivo and clinical studies are war-
ranted to increase the knowledge about radiotherapy for 
cervical cancer.
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Abstract
Heart failure is one of the leading causes of death in developed countries and remains a significant burden 
to the healthcare system. Fluid overload is a process responsible for the majority of the heart failure symptoms. 
Pharmacotherapy is a first-line treatment for this condition; however, due to the phenomenon of diuretic 
resistance, drug therapy can frequently be insufficient. Ultrafiltration is a promising but still understudied 
procedure that effectively targets the underlying pathophysiological mechanisms of congestion. The increased 
availability of simplified ultrafiltration devices, especially in intensive care units, prompted us to perform a cur-
rent literature review on this treatment. In the present paper, we provide a concise review of the published 
trials on ultrafiltration, with a brief commentary on their conclusions and shortcomings. We also discuss 
the practical aspects of this treatment that remain unclear, such as the accurate selection of patients, choosing 
a suitable protocol for ultrafiltration, the proper time of initiation, monitoring of the therapy, and its desirable 
effects on renal function with further restoration of diuretic agent responsiveness.
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The pathophysiology 
of congestion

Congestion is considered one of  the most important 
pathophysiological mechanisms in  heart failure (HF). 
Fluid overload is responsible for approx. 90% of the 1 mil-
lion hospitalizations due to HF in the USA and Europe 
annually.1 The initial accumulation of fluid is usually as-
ymptomatic. However, increased intravascular volume, 
manifested by elevated central venous pressure, induces 
congestion and impedes flow in the renal veins, causing 
a net decrease in glomerular filtration. When acute heart 
disease leads to acute kidney injury (AKI), this condition 
is known as cardiorenal syndrome type 1 (acute CRS).2 
Congestion also causes the elevation of  inflammatory 
markers, endothelial activation, as well as hepatic and in-
testinal disorders.3,4 The adequate and complete manage-
ment of congestion is vital for maintaining renal function, 
especially with regard to Na+ excretion, and improves sur-
vival among patients with acute decompensated heart fail-
ure (ADHF),5–7 regardless of transient increases in serum 
creatinine (sCr) levels. Another major concern associated 
with acute CRS is a decreased diuretic responsiveness due 
to the braking phenomenon. Moreover, hepatic dysfunc-
tion has been shown to predict worse outcomes in ADHF 
patients; thus, proper decongestion seems to be beneficial 
in this area as well.8–10

Differences between diuretics 
and ultrafiltration

The mode of action of diuretics and ultrafiltration (UF) 
differs significantly (Table 1). The biochemical composition 
of the urine produced by diuretic agents and the fluid pro-
duced by the UF procedure is one of the main distinctions 
between these treatments. Loop diuretics act in the as-
cending loop of Henle by antagonizing the Na/K/2Cl co-
transporter; therefore, the activity of these agents is in-
herently linked with natriuresis.11 By blocking sodium 

transport, diuretics create an osmotic gradient crucial for 
water reabsorption. The prolonged use of diuretics can lead 
to an impairment of natriuresis and the production of hy-
poosmotic urine. With reduced elimination of natrium, 
a reduction in intravascular water volume impairs fluid 
displacement from the interstitium. Proper natriuresis has 
been shown to be an essential factor for decongestion. Low 
sodium concentration in the urine or lack of a response 
to loop diuretics have been associated with a restricted 
diuretic response, increases in  tubular injury mark-
ers, and a higher risk of all-cause mortality at one-year 
 follow-up.12,13 Moreover, diuretics are suspected to acti-
vate the renin-angiotensin-aldosterone system (RAAS) 
and the sympathetic nervous system, which can eventually 
result in a resistance to diuretics.14 The precise manage-
ment of fluid overload and forecasting fluid transfers for 
diuretic therapy still remains unclear.15

Conversely, UF seems to overcome the aforementioned 
pathophysiological issues seen with the use of diuretics. 
Ultrafiltration produced in an extracorporeal circuit is is-
osmotic with plasma, which results in higher natrium out-
put, a reduction of central venous pressure and an increase 
in the renal pressure gradient.16 The transition of fluid 
from the  extravascular space reduces the  symptoms 
of dyspnea and orthopnea, and improves lung mechanics 
and radiological signs of pulmonary edema.17 Further-
more, the improvement in respiratory parameters with 
UF can last up to 6 months after treatment.18 A reduction 
in pulmonary artery wedge pressure, as well as increase 
in cardiac output, diuresis and natriuresis without impacts 
on heart rate, systolic blood pressure (SBP), and electrolyte 
balance have been observed.19 The UF conducted with 
proper filtration rates also diminishes neurohormonal and 
RAAS activation, and can cause abnormalities in this area 
only in the case of excessive fluid elimination. Moreover, 
the amount of cleared fluid and electrolyte parameters 
can be thoroughly controlled. Some of the disadvantages 
of UF are related to the extracorporeal circuit (Fig. 1), 
which requires anticoagulation, increases the possibility 
of bleeding, sometimes requires central venous access, and 

Table 1. Comparison of loop diuretics and ultrafiltration

Parameter Diuretics Ultrafiltration

Plasma norepinephrine level increased decreased

Cardiac output variable increased or unchanged

Mean arterial blood pressure decreased no change

Systolic blood pressure not changed/decreased not changed/decreased

Osmotic concentration of urine hypoosmotic urine output isoosmotic fluid removal

Predictability of fluid removal unpredictable accurate amount of fluid removal

Diuretic resistance risk of development of diuretic resistance reversing diuretic resistance

Risk of hypokalemia and hypomagnesemia possible not possible

Access peripheral venous peripheral or central venous

Anticoagulation not necessary necessary

Extracorporeal circuit no yes
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is associated with a higher incidence of catheter-related 
complications.20 It is worth noting that there are also dif-
ferent modalities of renal replacement therapy (RRT), such 
as peritoneal UF, that can produce encouraging results 
and are cost-effective.21 Regrettably, a detailed discussion 
of these methods is beyond the scope of this article.

Objectives

The increasing availability of UF devices prompted us 
to carry out a concise literature review of this treatment. 
Here, we review the published studies on UF and pro-
vide brief comments on their conclusions and shortcom-
ings. We hope that this paper can help clinical physicians 
to reach an up-to-date perspective on the UF procedure, 
especially with regard to practical issues such as patient 
selection, choosing the most beneficial protocol, the proper 
time of initiation, and its desirable effects on renal function.

Clinical trials comparing UF 
and diuretic treatment

Appropriate decongestion remains essential for ADHF 
therapy. One of  the  most dangerous issues associated 
with the process of fluid removal is volume depletion, and 
a number of potential methods for monitoring this proce-
dure have arisen. The safety and efficacy of one of them 

– the Reprieve System – has been confirmed in TARGET-1 
and TARGET-2 studies.22

As the theoretical beneficial effects of UF became no-
ticed, this treatment was considered as  an  alternative 
to traditional therapy. Since the early 2000s, a number 
of clinical trials have been conducted to examine the safety 
and efficacy of UF in the treatment of ADHF (Table 2).

In the first randomized controlled trial (RAPID-HF), 
patients with chronic heart failure (CHF) were random-
ized into UF (n = 20) and standard care (SC; n = 20) groups. 
Weight loss after 24 h was the primary endpoint. The UF 
patients received a single eight-hour treatment at a rate 
chosen by the physician (up to 500 mL/h).  Diuretics were 
held during UF, unless the physician decided to imple-
ment them. The volume removed at the time of the pri-
mary endpoint was larger in the UF group (4650 mL com-
pared to 2838 mL, p = 0.001), and weight loss was also 
increased, but not significantly, in this group. The symp-
toms of dyspnea and CHF also improved more in the UF 
group. No significant differences in heart rate, blood pres-
sure or electrolytes were observed between groups, and 
no serious complications, including acute kidney failure, 
occurred.23

Another single center, single-arm study (EUPHORIA) 
investigated 20 ADHF patients with sCr  ≥  1.5  mg/dL 
or diuretic resistance (≥80 mg furosemide) and fluid over-
load. Patients received UF at a fixed rate of 500 mL/h or, 
if SBP dropped to ≤80 mm Hg, the UF rate was reduced 
to 200 mL/h. The procedure was conducted until ADHF 

Fig. 1. Sample scheme of ultrafiltration circuit. Circuits can require single or double lumen cannulas inserted in peripheral venous access. Necessary 
pressure is created by the system of pumps. Ultrafiltrate is produced in hemofilter mostly due to convection process. Mass or volume of removed fluid 
is monitored. Circuit can be equipped with number of sensors such as hematocrit (HCT) or air detector. In modern machines, blood is usually withdrawn 
and returned to the same vessel
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symptoms were resolved. Weight decreased significantly 
and remained lower until the end of the follow-up period 
(90 days). An improvement in global clinical status and 
brain natriuretic peptide (BNP) parameters were also 
noticed. The EUPHORIA patients’ hospitalization time 
was about 4.3 days shorter than those in the ADHERE 
registry.24 The study also showed that aggressive fluid re-
moval (8500 mL using UF) did not provoke worsening 
renal function (WRF), electrolyte abnormalities or hypo-
tension.25 An interesting aspect of the EUPHORIA study 
is that in the 3 months preceding UF, 9 patients required 
hospitalization, and after the procedure, only 1 needed 
hospitalization in the same period following UF. These 
results are consistent with previous studies.26 The afore-
mentioned improvement can be explained by a reversal 
of “braking phenomenon” caused by a “diuretic holiday”.

An  additional multi-center randomized controlled 
trial that was supposed to  confirm the  efficacy of  UF 
in ADHF treatment was the UNLOAD study. Two hun-
dred patients hospitalized due to ADHF and presenting 
with symptoms of hypervolemia were enrolled. Diuretic 
agents were prohibited during first 48 h after enrollment 
in the UF arm. The filtration rate and length of the pro-
cedure were adjusted by the physician up to 500 mL/h. 
Patients in the SC arm were treated with loop diuretics, 
according to the protocol, and the dose had to have been 
at least doubled in comparison to the pre-hospitalization 
dose. The primary endpoints were weight loss and dys-
pnea assessment at 48 h after randomization. At the time 
of the endpoint, patients enrolled in the UF group achieved 
greater weight and net fluid loss. Dyspnea scores were com-
parable across groups. The results of UNLOAD confirmed 

Table 2. Trials evaluating ultrafiltration for the treatment of acute decompensated heart failure (ADHF)

Study RAPID-HF EUPHORIA UNLOAD ULTRADISCO CARRESS-
HF CUORE AVOID-

HF Hanna et al. Hu et al.

Year 2005 2005 2007 2011 2012 2014 2015 2012 2020

Rationale/
endpoint

safety and 
efficacy 

of UF

hospitaliza-
tion time 
and WRF 

in UF

weight loss 
at 48 h

hemodynam-
ic parameters 

during UF 
and SC

UF among 
ADHF with 

WRF

rehospitaliza-
tion rate for HF 

at 1 year

time 
to first 

HF event 
in UF and 
SC group

time 
to PCWP 
maintain 

≤18 mm Hg 
for a mini-

mum of 4 h

efficacy and 
safety of UF 

and SC

Inclusion 
criteria

HF, conges-
tion, no EF 

cutoff

ADHF, renal 
insufficiency 

or diuretic 
resistance, 

congestion, 
no EF cutoff

ADHF, conges-
tion, no EF cutoff

ADHF, con-
gestion, no 

EF cutoff

ADHF, WRF, 
congestion, 
no EF cutoff

NYHA III/IV, 
estimated fluid 
overload ≥4 kg 

in 2 months, 
EF ≤ 40%

ADHF, 
conges-
tion, no 
EF cutoff

NYHA III/IV, 
EF < 40%, 

PCWP  
≥20 mm Hg

ADHF, con-
gestion, no 

EF cutoff

Valvular 
heart 
disease

severe 
stenosis 

excluded

no informa-
tion

no information
severe 

stenotic 
excluded

severe 
stenosis 

excluded
no information

severe 
stenosis 

excluded

severe aortic 
stenosis/re-
gurgitation, 

severe mitral 
stenosis 

excluded

severe mi-
tral or aortic 

stenosis, 
tricuspid 
disease 

excluded

Follow-up 90 days 90 days 90 days 36 h 60 days 1 year 90 days 90 days 90 days

Patients 40 20 200 30 188 56 224 36 100

UF param-
eters

single 
8 h proce-
dure, rate 

determined 
by physi-

cian

rate de-
termined 

by protocol, 
duration 

determined 
by physician

duration and 
rate of UF 

determined 
by physician

rate de-
termined 

by protocol, 
duration 

determined 
by physician

fixed 
UF rate 

– 200 mL/h, 
duration 

determined 
by physi-

cian

duration and 
rate of UF 

determined 
by physician

protocol-
based UF 
rate and 
duration

UF rate 
of 400 mL/h 
for 6 h, then 

200 mL/h

rate and 
duration 

determined 
by physi-

cian

Diuretics 
during UF

no no no no no yes no no no

Results
fluid loss 
greater 

in UF group

reduction 
of length 

of stay and 
readmissions, 

positive 
effect for 
3 months 

in UF

greater weight 
loss and reduced 

amount of re-
hospitalizations 

in UF

greater im-
provement in 
hemodynam-
ic parameters, 

NT-proBNP, 
aldosterone 

in UF

higher 
increase 
in creati-

nine level, 
with no 

advantage 
in weight 
loss in UF

longer 
stabilization 
and smaller 
number of 

rehospitaliza-
tions in UF

trend 
toward 
longer 
time 

to first 
HF event 

in UF

UF is a safe 
method, can 
remove fluid 
faster than 
diuretics 

and can lead 
to shorter 

hospitaliza-
tion

better 
volume 

control and 
higher urine 

output 
increase 

in UF

UF – ultrafiltration; WRF – worsening renal function; SC – standard care; NT-proBNP – N-terminal brain natriuretic peptide; PCWP – pulmonary capillary 
wedge pressure; EF – ejection fraction.
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the results of EUPHORIA and showed that UF patients 
at the 90 day follow-up had fewer rehospitalizations due 
to HF, rehospitalizations, rehospitalization days, and un-
scheduled visits. No sCr changes at 90 days and a lower 
incidence of episodes of hypokalemia were also observed 
in the study group. The authors suggested that the lack 
of an association between net fluid loss and sCr levels can 
imply a loop diuretics contribution to renal dysfunction, 
which propels HF progression.27

One small, randomized study, ULTRADISCO, was per-
formed by Giglioli et al.28 Patients were assigned to UF and 
SC groups, and were monitored using PRAM29 – a device 
that allows investigators to conduct noninvasive measure-
ments of hemodynamic variables. The UF group received 
the procedure at a protocol-based rate, adjusted to SBP 
(SBP < 100 mm Hg meant an UF rate of 100 mL/h; 100 mm 
Hg < SBP < 110 mm Hg meant an UF rate of 200 mL/h; 
SBP > 110 mm Hg meant an UF rate of 300 mL/h). The du-
ration of the procedure was left to the discretion of the phy-
sician. Patients treated with UF had a greater decrease 
in parameters such as N-terminal proBNP (NT-proBNP) 
and aldosterone. Arterial pressure parameters remained 
unchanged during the UF procedure and decreased signifi-
cantly after diuretics infusion, suggesting a better hemody-
namic stability with UF treatment. A number of cardiac pa-
rameters also showed greater improvement in the UF group 
(stroke volume index, cardiac index, cardiac power output, 
cardiac cycle efficiency, systemic vascular resistance).

The CARRESS-HF was the most concerning study pub-
lished to date, and raised many doubts about the safety and 
efficacy of UF. One hundred and eighty-eight patients were 
enrolled in this study, equally distributed across the phar-
macotherapy and UF arms. All of the participants were 
hospitalized because of HF, had worsened renal function 
(defined as increase of sCr ≥ 0.3 mg/dL within 12 weeks be-
fore or 10 days after admission) and signs of hypervolemia. 
Diuretics were not administered during the UF treatment. 
The UF rate was configured to 200 mL/h in every patient; 
however, it could be slowed or discontinued by the physi-
cian. No protocol for implementing changes in UF was 
provided. Patients assigned to the pharmacotherapy arm 
were administered diuretics in doses adjusted to achieve 
production of 3–5 L of urine daily. The SCr change and 
weight loss at 96 h after randomization were the primary 
endpoints. A greater increase in sCr levels was observed 
in the UF group, but there were only non-significant differ-
ences seen in weight loss. In addition, a higher percentage 
of UF patients had serious adverse effects.20

The results and methodology of the CARRESS-HF study 
raised major concerns. First, 39% of the UF group received 
diuretics instead of UF (9%), or received diuretics after 
the UF was stopped (30%). Clearly, these procedures can 
strongly impair the assessment of adverse effects in both 
groups. In addition, therapy in the diuretics group was 
titrated based on urine output, while the UF rate was man-
dated to be 200 mL/h for every patient in this group. Such 

a rigid approach to UF without recalibrating the circuit 
to the clinical situation remains controversial.30 A recent 
per-protocol analysis of the CARRESS-HF trial has shed 
additional light on the shortcomings of this study.31 This 
protocol analysis revealed that UF group patients, who ac-
tually received their randomized treatment, had a signifi-
cantly higher net fluid loss and reduction of weight. The UF 
treatment was also associated with lower serum sodium 
levels. This analysis also confirmed a higher level of sCr 
in the UF group. However, recent studies have shown that 
a transient increase in sCr can be the result of better decon-
gestion and a decrease in renal flow, and can even predict 
a better outcome.32 Moreover, 90% of the UF group was 
not properly decongested at the assessment of the primary 
endpoint.1 At 96 h after start of the therapy, only 32% of UF 
patients were still included in the study compared to 80% 
in the diuretic group, and reasons for the withdrawal of pa-
tients from the UF group were likely not clinically driven.33 
Another problem with the trial was the adjustment of UF 
rates, which was primarily set at  200  mL/h. The  per-
protocol analysis showed that these rates were actually 
much lower and, more importantly, the timing of the ad-
justments is a matter of concern. Common consensus, 
stemming from the Frank–Starling law, suggests using 
high UF rates at the beginning of the procedure in order 
to achieve the highest possible transfer from the interstitial 
space and then reducing the rate in the case of hypotonia 
or other complications. The opposite approach can lead 
to suboptimal decongestion and deteriorate prognosis, 
which is what was observed in the CARRESS-HF study, 
where, in contrast to the results of UNLOAD, the 60-day 
outcome did not differ in both arms.1

The results of the CARRESS-HF trial encouraged inves-
tigators to conduct another study where the UF rate would 
be adjustable. The CUORE trial was a small, single-cen-
ter study where 56 patients were randomized into 2 arms 
– SC and UF. The participants were observed for 1 year 
and rehospitalization for CHF was the primary endpoint. 
The control group was treated with loop diuretics ac-
cording to guideline recommendations, and the UF group 
received up to 2 sessions of UF, and up to a cumulative 
fluid removal >2 L. The physicians were encouraged not 
to exceed 75% of initial weight increase. An interesting ob-
servation in this study is that diuretic administration was 
maintained in both groups. The time and rate of UF was 
left to discretion of the treating physician. Peripheral and 
pulmonary edema, and the New York Heart Association 
Functional Classification (NYHA) stage improved simi-
larly in both groups. Doses of furosemide, hospitalization 
time and absolute body weight reduction did not differ. 
At the six-month follow-up, average body weight, renal 
function and furosemide dose did not change compared 
to discharge in the UF group, while these variables wors-
ened in the control group. The BNP levels were also reduced 
in the UF group, but remained unchanged in the control 
group. Four hospitalizations occurred in the UF group, 
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whereas 30 were observed in the control group.34 The re-
sults of the CUORE trial are consistent with UNLOAD 
and indicate that that a prolonged protective effect of UF 
can last for up to 6 months. The authors of the CUORE 
study also suggested that decongestion is not the only key 
to outcome improvement. As the amount of the fluid re-
moved was similar in both groups, the improvement may 
be attributable to the quality of the withdrawn fluid.

The promising results of the CUORE study prompted 
researchers to carry out larger, randomized control trials 
with adjustable diuretic and UF doses.35 The AVOID-HF 
is the most recent randomized multi-center study. This 
study was designed to randomize 810 HF hospitalized pa-
tients and was prematurely finished with 224 patients.36 
One hundred and sixty-five patients were observed until 
the end of follow-up. The study included ADHF patients 
who presented with symptoms of fluid overload.37 Patients 
were evaluated at 30, 60 and 90 days following discharge. 
Doses of loop diuretic in the pharmacological arm and UF 
rates in the UF arm were established on the basis of a pro-
tocol prepared by the investigators.37 The supply of di-
uretics was stopped during UF. The time to a HF-related 
event, defined as HF rehospitalization, unscheduled visits, 
or emergency treatment with intravenous loop diuretics 
or UF, was the primary endpoint. Due to the relatively short 
length of the study, significant differences in the survival 
curves were not observed. At  90  days post-treatment, 
25% of the UF group and 35% of the pharmacotherapy 
group experienced a HF event. However, the suggested 
37% risk reduction in HF events in the UF group did not 
reach statistical significance. The UF group also exhibited 
a greater net fluid loss. Weight loss at 72 h, total weight 
loss during hospitalization, time to freedom of conges-
tion, and the percentage of patients free from congestion 
at discharge did not reach statistical significance, albeit 
greater improvement was noticed in the UF group. Within 
30 days after discharge, patients in the UF group had, per 
day at risk, fewer rehospitalizations for HF, fewer HF re-
hospitalization days, lower rehospitalization rates due 
to a cardiovascular (CV) incident, fewer rehospitalization 
days due to a CV incident, and fewer rehospitalizations 
due to a CV incident. The findings of the AVOID-HD trial 
are consistent with the UNLOAD results and confirm that 
early UF, implemented before WRF, has a beneficial, pro-
longed effect on decongestion.36

There were also several smaller and less known studies 
conducted. The first of them, conducted by Hanna et al.,19 
included 36 patients. The primary endpoint for this study 
was a decrease in pulmonary artery wedge pressure less 
than 18 mm Hg for 4 consecutive hours. The results con-
firmed the findings from larger studies. The UF group 
tended to reach the primary endpoint faster than the phar-
macotherapy group, achieved a greater weight reduction 
and a higher total volume was removed, and their hospi-
talization was shorter. Kidney function, biomarkers and 
adverse events did not differ.

Another study, conducted by  Hu et  al.,38 enrolled 
100 patients with ADHF. Patients were randomized into 
2 groups: early UF (n = 40) or torsemide plus tolvaptan 
(n = 60). The UF rate and duration of the procedure was 
managed by the physician. The  initial UF rate was set 
to 200–300 mL/h and then reduced. On the 4th day after 
initiation of the treatment, UF was terminated and UF pa-
tients received torsemide with tolvaptan at the same mean 
dose that was administered to the pharmacotherapy group. 
At day 3, UF patients exhibited greater weight loss and 
a urine increase. After 8 days, patients who received UF 
presented with increased weight loss and urine output, and 
decreased BNP levels, NYHA scores, jugular venous pulse 
scores, and inferior vena cava diameters. No differences 
in re-admissions and mortality at 1 and 3 months follow-
up were observed; however, the three-month readmission 
rate was lower in the UF group, which may have reached 
statistical significance in a larger study.

Two meta-analyses were also conducted to  evaluate 
the value of UF therapy among acute HF patients. The first 
included 7 articles and 771 patients,39 and showed that UF 
leads to greater weight loss, fluid removal and better HF 
rehospitalization rates, with comparable effects on renal 
function. The UF, however, did not have impact on mor-
tality. A more recent meta-analysis, carried out in 2020, 
included 8 trials and 801 participants. The results showed 
greater fluid removal and weight loss, and lower incidence 
of worsening HF and rehospitalizations for HF, without 
effects on renal function and all-cause mortality.40 Re-
grettably, neither of these studies evaluated the incidence 
of adverse effects, such as catheter related infections, filter 
clotting, etc.

Proper time of initiation 
and selection of patients

Precisely distinguishing patients who will benefit from 
UF remains a challenge. The high cost and potential ad-
verse effects restrict the use of UF as a global method for 
fluid management in HF patients. The current American 
and European cardiology guidelines do not provide clear 
information regarding who should undergo this procedure, 
suggesting that it should be restricted to patients with re-
sistance to diuretics therapy.41,42 The American guidelines 
do indicate that UF may be considered to alleviate symp-
toms in patients with fluid overload (level of evidence B), 
while the European guidelines focus more on the aspect 
of renal failure and propose that UF should be considered 
in patients with congestion and AKI (level of evidence C). 
The aforementioned guidelines also suggest the follow-
ing criteria to help qualify patients for UF: hyperkalie-
mia >6.5 mmol/L, pH < 7.2, serum urea level >25 mmol/L, 
and sCr > 3.4 mg/dL.

The lack of a clear definition for diuretic resistance cre-
ates additional issues. Ter Maaten et al.14 have proposed 
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a three-part definition for diuretic resistance which in-
cludes persistent congestion despite administration 
of >80 mg of furosemide per day, amount of excreted so-
dium below 0.2% of filtered load, and failure to excrete 
at least 90 mmol of sodium within 72 h of 160 mg furo-
semide given twice daily. Notwithstanding this defini-
tion, persistent congestion with diuretic resistance implies 
a severe outcome and UF can serve as a rescue therapy.

Another issue is the time of the implementation of RRT 
in the context of renal function. The ELAIN trial compared 
early and delayed initiation of RRT in patients with stage 
2 AKI. Patients were randomized to receive an immediate 
initiation of RRT (hemodiafiltration) or to wait until ab-
solute indications occurred, or AKI progressed to stage 3. 
Patients in the early group had decreased all-cause mortal-
ity at 90 days compared to the delayed group (39.3% com-
pared to 54.7%, p = 0.03).43 However, the findings of this 
study have to be treated with caution because of the dif-
ferent RRT modality and the distinct population of pa-
tients. Nonetheless, the results suggest that RRT should 
be implemented sooner than later in in diuretic-resistant 
renal worsening patients. Moreover, these studies did not 
include sufficient data about the use of UF in patients with 
different types of HF or valvular heart disease.

Choosing the most effective 
protocol

Selection of the most effective UF protocol and deciding 
its duration raises many doubts among clinicians. The car-
diological, nephrological and intensive care medicine 
guidelines of European and American scientific associa-
tions do not propose a consistent protocol for UF, espe-
cially for patients with ADHF. The unique standards that 
have been recommended by Kidney Disease: Improving 

Global Outcome and European Society of Intensive Care 
Medicine, are tailored for patients with AKI and suggest 
using an effluent volume of 20–25 mL/h/kg for post-di-
lution CRRT44 and a 20 mL/kg/h clearance rate for small 
solutes.45 Additional information about the recommenda-
tions proposed by these guidelines is shown in Table 3. Due 
to the different clinical constellations of ADHF patients 
in comparison to AKI group, these instructions need to be 
treated with caution.

Studies have clearly shown that UF parameters have to be 
tailored precisely for every patient. The CARRESS-HF 
trial, where same rate was used for all patients, manifested 
no difference in the weight loss and rehospitalizations, 
with a higher increase in sCr in the UF patients group. 
Conversely, the UNLOAD, ULTRADISCO, CUORE, and 
AVOID-HF studies, where parameters were adjusted 
by the physician or were protocol-based, showed that UF 
patients had fewer rehospitalizations or that their hemo-
dynamic parameters were improved in comparison to SC 
group, with no difference in sCr. Interestingly, the mean 
UF rates used in the UNLOAD, CUORE and AVOID-HF 
trials were higher than in the CARRESS-HF study, sug-
gesting that the outcome for sCr in these studies should be 
worse. This can be explained by the adjustment of the pro-
tocol; not tailoring procedure parameters can create 
a situation where some groups of patients are excessively 
dehydrated, leading to hypovolemia, and others remain 
congested due to lower than needed fluid removal.33 Fur-
thermore, protocol analysis of the CARRESS-HF study31 
showed the that the mean UF rates provided in the study 
were 83 mL/h, 140 mL/h, 107 mL/h, and 70 mL/h for every 
sequencing 24 h period, respectively. The UF rates should 
be maximized at the beginning of the procedure and then 
maintained or reduced. This conclusion stems from 2 ra-
tionales. The first derives directly from the Frank–Star-
ling law. The process of refilling intravascular space from 

Table 3. Guidelines-based recommendations from European, American, Canadian, and Japanese scientific associations on the fields of cardiology, 
nephrology and intensive care

Association Information about UF in ADHF Level of evidence

European Society of Cardiology
May be considered in refractory congestion/Should be 

considered in refractory volume overload and AKI
IIbB/IIaC

American College of Cardiology Foundation/American Heart 
Association

May be considered for fluid overload to alleviate 
symptoms/May be considered for refractory 

congestion
B/C

Canadian Cardiovascular Society
Not recommended for the routine use in intractable 

congestion
Weak recommendation, 

low-quality evidence

Japanese Circulation Society
Patients with renal dysfunction and refractory 

congestion should receive CRRT, all modalities have 
equal evidence level

IIbB/IIaC

European Renal Association – European Dialysis and Transplant 
Association; Kidney Disease Improving Global Outcome; Canadian 
Society of Nephrology; Japanese Society of Nephrology; European 
Society of Intensive Care Medicine; Society of Critical Care 
Medicine; Canadian Critical Care Society; The Japanese Society 
of Intensive Care Medicine

No guidelines for ADHF patients –

UF – ultrafiltration; ADHF – acute decompensated heart failure; AKI – acute kidney injury; CRRT – continuous renal replacement therapy.
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the interstitium decreases with the amount of removed 
fluid. Hence, the UF rate should be maintained or reduced 
during the procedure in order to allow the plasma refilling 
rate to keep up with the fluid removal rate. Proceeding 
in such a fashion preserves volume depletion and hypoten-
sion, and leads to better decongestion, which should be 
primary target of the treatment as the incomplete decon-
gestion is associated with worse outcomes.32,46,47 Indeed, 
in the CARRESS-HF study, 90% of the patients were not 
properly decongested. In other studies, where dehydration 
was increased, improvement of the outcome, in the context 
of rehospitalizations, has been observed.27,34,36 Secondly, 
such low rates of UF can cause a higher incidence of filter 
clotting,48 and the percentage (36% of patients) of filter 
clotting in the CARRESS-HF study was unprecedented 
in comparison to other studies.

At  the time of  the writing of  this article, 1 random-
ized controlled trial had used loop diuretics during UF. 
The CUORE trial investigated UF patients with no di-
uretic gap, in a one-year follow-up, and reported a reduc-
tion in HF rehospitalizations and a non-significant trend 
towards lower mortality in comparison to the SC group. 
A diuretic holiday is suspected to reverse the breaking 
phenomenon and to reduce diuretic-induced neurohor-
monal activity, thus making such an approach controver-
sial.26 Nevertheless, the process of the braking phenom-
enon is not fully understood. It is probable that some of its 
components, such as the proliferation of distal convoluted 
tubule, which is documented in rats,49 can be irreversible 
or irreversible by the short period of time of the diuretic 
holidays. Future studies, like three-arm randomized con-
trol trials with SC, UF only and UF with diuretics, may 
be worth considering. Presuming that a diuretic holiday 
is beneficial for ADHF patients, the idea of implementing 
regular, preventive UF for patients with congestive HF 
should be investigated, especially given the potential re-
duction of hospitalizations shown in previous studies and 
the high cost of in-patient care.1

Targets for decongestion

A number of different methods to evaluate the proper 
level of decongestion have been proposed. The most basic 
is the assessment of dry weight with an attempt to reach 
it exactly or a pre-specified percentage of it. This approach 
was used in the CUORE trial.34 Increased central venous 
pressure, which was identified as threat for renal function, 
and is a neurohormonal, inflammatory and endothelial 
cell activator,3 can also constitute a target for a treatment. 
For obvious reasons, the invasive measurement of central 
venous pressure cannot be applied for every UF patient. 
However, it can be approximated using ultrasonography 
by  measuring the  collapsibility index of  inferior vena 
cava.50 It must be noted, however, that the reliability of this 
measurement can be limited by respiratory mechanics, 

ventilation with positive pressure, elevated pulmonary ar-
tery pressure, valvular disease, and the skill of the physi-
cian performing the examination. The safety and efficacy 
of evaluating pulmonary artery pressure by the implant-
able wireless device CARDIOMEMS has been confirmed 
in a CHAMPION trial,51 and has been shown to reduce 
HF hospitalizations.

Monitoring therapy and preventing 
volume depletion

Online monitoring of hematocrit is the obvious method 
for preventing volume depletion during UF. This tech-
nique has been successfully used in the CUORE trial.34 
Limits that would automatically stop the UF procedure 
due to an excessive hematocrit increase can also be pro-
grammed. While hematocrit assessment can help esti-
mate volume loss, many factors including position change 
or bleeding can interfere with measurement of this pa-
rameter. Attempts to use whole body bioimpedance to as-
sess tissue hydration have also been successful,52 but this 
technique is not yet popular in clinical practice. A recent 
study has shown that the µCor system, which was tested 
on patients undergoing dialysis, part of whom suffered 
from HF, can assess thoracic fluid using radiofrequency.53 
Regrettably, none of the aforementioned methods are com-
pletely satisfactory.

Concerns about renal function 
during UF

The CARRESS-HF study reported a higher increase 
in sCr in the UF group compared to the diuretic group. 
Moreover, 16% of UF termination cases in this trial were 
caused by an increase in sCr. This finding seems to sug-
gest that UF is associated with worsening renal function. 
However, there are many studies concluding that this 
approach can be justifiable in 2 dimensions. First, an in-
crease in sCr in patients being decongested can be caused 
by number of different factors, and the increase should be 
judged in conjunction with the particular clinical constel-
lation. The associations between increased sCr and renal 
tubular damage are also questionable. The ROSE-AHF 
trial examined the correlations between sCr and markers 
of tubular damage such as neutrophil gelatinase associated 
lipocalin (NGAL), N-acetyl-β-D-glucosaminidase (NAG) 
and kidney injury molecule-1 (KIM-1), and reported only 
low correlations.47 Another study suggests that the evalu-
ation of renal function through the prism of creatinine 
levels in decongested patients with ADHF can be mislead-
ing. Instead, this study proposed assessing spot urinary 
sodium levels, as decreases during the therapy were predic-
tive of worse outcomes.12 Furthermore, in the DOSE trial, 
an increase in sCr was found to be a predictor of better 
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outcomes in HF patients during decongestion.32 A pos-
sible explanation for this finding is that the increase of sCr 
is due to better decongestion. The ROSE-HF also showed 
that that an increase in NGAL, NAG and KIM-1 was as-
sociated with improved survival. This finding suggests that 
some degree of tubular injury is acceptable in an endeavor 
to reach maximal decongestion. On the other hand, there 
are papers that suggest that a NGAL increase is not asso-
ciated with volume depletion, so it could be more precise 
parameter than creatinine to evaluate kidney function 
during UF.54 The essential thing about considering UF 
in ADHF in the context of renal function is to use a clini-
cal-based approach. There is a major shortfall in evidence 
to prove beyond any reasonable doubt that transient WRF 
during the UF treatment is sufficient to abandon the ther-
apy. Hence, the decision continue or discontinue therapy 
should be made individually in every case.

Conclusions

Ultrafiltration is a safe and effective method for decon-
gestion in patients with ADHF. The effectiveness of this 
therapy for removing fluid, reducing HF events and de-
creasing the number of subsequent hospitalizations has 
been demonstrated in a number of clinical trials. The role 
of diuretic treatment as a standard therapy is unquestioned. 
However, UF can also serve as an alternative method for 
diuretic-resistant patients, without greater concern for 
a worsening of renal function.

Ultrafiltration obviously still needs to be carefully ex-
amined. An  issue that is essential for future successful 
treatment with this method is the creation of precise algo-
rithms for qualification and the selection of patients who 
will benefit from this procedure. Another issue that needs 
to be addressed is the timing of the implementation of UF 
in the context of renal function. Assessment of glomeru-
lar and tubular injury, and the use of specific biomarkers 
during UF, should also be further evaluated. There are 
also concerns regarding the best UF protocol to use for 
fluid overload patients and the role of diuretic use during 
the procedure needs more study. Ultrafiltration has multiple 
theoretical benefits such as not contributing to electrolyte 
abnormalities, diminishing neurohormonal and RAAS ac-
tivation, and possibly reversing the “braking phenomenon”. 
The results of numerous trials show its safety and efficacy 
in fluid removal, and suggest a potential beneficial clinical 
effect in reducing the number of HF rehospitalizations. 
This trend requires further carefully designed trials to be 
confirmed. The prospects of implementing regular, preven-
tive UF for HF congestive patients are distant, but worth 
imagining. The effects of this treatment on cardiovascular 
and all-cause mortality also have to be investigated in larger 
studies. In addition, the incidence, severity and management 
of adverse effects, such as thrombotic events, bleeding and 
filter clotting, require more precise investigation.
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Abstract
The paper summarizes the current knowledge about the influence of SARS-CoV-2 on the thyroid gland and 
benign thyroid diseases, with emphasis on the situation in Poland. Based on the latest scientific literature 
published up to May 1, 2021 and the PubMed, Google Scholar, EMBASE and Web of Science database 
searches, keywords related to SARS-CoV-2 and its impact on the thyroid gland and benign thyroid diseases 
were searched. COVID-19-related thyroid disorders include non-thyroid syndrome, hypothyroidism and 
thyrotoxicosis. The authors paid special attention to the treatment of thyroid disease during the pandemic. 
The emphasis was on radioiodine therapy, which is of high clinical value due to the lower risk of neutropenia 
or agranulocytosis. It is currently unknown whether COVID-19 may lead to de novo thyroid dysfunction 
or if it can aggravate an existing thyroid disease. Patients with uncontrolled thyrotoxicosis are in a risk group 
for complications (e.g., cytokine storm) from any infection (especially from SARS-CoV-2 infection). Moreover, 
this group of patients should receive more extensive care, bearing in mind the neutropenia from taking 
antithyroid drugs, which may mask the symptoms of COVID-19.
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Introduction

Coronavirus disease 2019 (COVID-2019) is an acute re-
spiratory infectious disease caused by SARS-CoV-2 (severe 
acute respiratory syndrome corona virus 2). As evidenced, 
both SARS-CoV-2 and SARS-CoV spike (S) glycoproteins 
found on the envelope of the virus demonstrate affinity 
toward human angiotensin-converting enzyme 2 (ACE2). 
The carboxypeptidase ACE2 was identified as the entry 
host cell receptor for SARS-CoV-2.1,2 The world first heard 
of COVID-19 on January 3, 2020, when Chinese officials 
reported to the World Health Organization (WHO) about 
anomalous pneumonia affecting 44 patients in Wuhan 
(Hubei Province) and it was recognized as a “public health 
emergency of international concern”.3 The first cases were 
vendors in the Huanan seafood market. A series of illnesses 
initiated a pandemic of the disease, in which the so-called 
“cytokine storm” and, consequently, multi-organ damage 
occurs.4 COVID-19 has become a considerable threat, espe-
cially among the elderly, including those with chronic dis-
eases (diabetes, heart diseases, respiratory diseases, cancer) 
and pregnant women. Despite the various precautions taken 
by people (face masks, face shields, self-isolation, zoning), 
the SARS-CoV-2 virus causing COVID-19 spread at a geo-
metric rate.5–11 Because of the global increase in morbid-
ity, coronavirus disease 2019 was recognized as a global 
pandemic by the WHO on March 11, 2020.12 Severe acute 
respiratory syndrome (SARS) is an infectious condition 
caused by the SARS-CoV virus, belonging to the Corona-
viridae family.8,13 SARS-CoV-2 has been found in the re-
spiratory system (trachea, lungs), skeletal system (spine), 
digestive system (pancreas, liver, stomach, small intestine), 
distal convoluted renal tube, sweat glands, endocrine system 
(parathyroid, pituitary, adrenal gland), and central nervous 
system (cerebrum). It has not been detected in the heart, 
aorta, cerebellum, lymph node, bone marrow, esophagus, 
muscle, spleen, ovary, uterus, testis, and thyroid gland.14–16

Objectives

The purpose of this article is to present the latest data 
on the impact of COVID-19 on the thyroid gland (with 
emphasis on benign thyroid disease) based on a review 
of the current literature. 

Methodology

A literature search has been conducted with PubMed, 
Google Scholar, EMBASE, and Web of Science (most recent 
literature search: May 1, 2021) using the following search 
terms: “thyroid disease and COVID-19 (SARS-CoV-2)”, “au-
toimmune thyroid disease and coronavirus”, “antithyroid 
therapy and COVID-19”, “COVID-19 and hypothalamic-pitu-
itary-adrenal axis”, and “COVID-19 and clinical implications”.

SARS-CoV-2 and the hypothalamic–
pituitary–thyroid axis and thyroid 
hormones

It has been observed that an infection caused by SARS-
CoV-2 impacts the nervous system by affecting the cra-
nial nerves and resulting in the loss of the senses of smell 
and taste.16 A retrospective analysis by Chen et al.17 in 50 
COVID-19 patients showed that the serum levels of thy-
roid-stimulating hormone (TSH) and total triiodothyro-
nine (T3) were significantly lower compared to the con-
trol group (n = 54). The decrease in TSH levels observed 
in COVID-19 patients was caused by chronic stress with 
coexisting hypoxemia. Secondly, glucocorticoids were ad-
ministered to 62% of patients at a dose of 57.3 mg of meth-
ylprednisolone per day. Moreover, the serum concentra-
tions of T3 and TSH were lower in patients with more 
severe the course of COVID-19 (p < 0.001). However, no 
correlation was found between the severity of the disease 
and the concentration of total thyroxine (T4). No signifi-
cant differences were found in the recovered patients be-
tween TSH and TH (thyroid hormones) levels in the con-
trol group, and affected by COVID-19.

Research by Wang et al.13 found that COVID-19 exten-
sively damages the  thyroid gland (follicular, epithelial, 
parafollicular cells). The observations of Wei et al. were 
conducted on the endocrine cells in the adenohypophysis 
of SARS-CoV-2-infected patients (autopsies, n = 5), where 
the reduced staining intensity of immunoreactivity and posi-
tive TSH cells (including growth hormone and adrenocorti-
cotropic hormone) were observed, while an increase in signal 
intensity was observed in the case of prolactin, luteiniz-
ing hormone, and follicle-stimulating hormone. It is likely 
that the COVID-19 infection changes TSH secreting cells 
in the pituitary (the endocrine cells of the adenohypophy-
sis).18 Apart from destroying the thyroid cells, this inhibits 
the activity of deiodinase type I (D1) (resulting from the eu-
thyroid sick syndrome, ESS), and downregulation at the hy-
pothalamic–pituitary–thyroid (HPT) axis level is observed.

It has been reported by Ur et al.19 that SARS-CoV-2 can 
spread through nerve axons (the facial nerve, the glos-
sopharyngeal nerve, the  vagus nerve) due to  the  high 
expression of ACE2 and the high levels of the virus that 
are present in the oropharyngeal region. These nerves 
are located in the nucleus tractus solitarius (NTS). They 
facilitate the  spread of  the  infection to  NTS and lead 
to a cytokine storm damaging the cholinergic transmitter 
of the cholinergic anti-inflammatory and hypothalamic–
pituitary–adrenal (HPA) pathway. During the cytokine 
storm caused by SARS-CoV-2, increased levels of interleu-
kin (IL)-6, IL-7, tumor necrosis factor (TNF), the soluble 
form of the α-chain of the IL-2 receptor, and inflammatory 
chemokines (CCL2, CCL3, CXCL10) are observed.20

The impact of SARS-CoV-2 on TSH secreting cells is sig-
nificant, leading to decreased concentrations of TSH and, 
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thus, the observed disturbance of the pituitary endocrine 
axis feedback loops. The changes to the TSH secreting 
cells could occur through 4 mechanisms: direct dam-
age to the pituitary gland by SARS-CoV-2; an  indirect 
mechanism – the influence of pro-inflammatory cyto-
kines14,16–18,21,22 and the  so-called “cytokine storm”;19 
chronic stress caused by hypoxia; and the impact of the cer-
tain group of pharmaceuticals such as glucocorticoids (in-
cluding methylprednisolone).21,22

In addition, expression of the SARS-CoV-2 ACE 2 recep-
tor in thyroid follicular cells was increased; it was observed 
in minimal amounts in  the hypothalamus as well.22–26 
The serum ACE level was directly correlated with 3,5,3′-T3 
and T4,26 which suggests it could be useful for exploring 
peripheral thyroid hormone action. Moreover, the study 
by Rotondi et al.27 has shown that as the messenger RNA 
(mRNA) encoding for the ACE2 receptor is  expressed 
in thyroid follicular cells, the thyroid then becomes a po-
tential target for SARS-CoV-2 entry.

COVID-19 and euthyroid 
sick syndrome

Severe respiratory infection caused by  SARS-CoV-2 
is  associated with ESS, known as  low T3 syndrome 
or non-thyroidal illness syndrome (NTIS),14,15 which dis-
rupts the HPT axis, leading to hypothalamitis (central 
hypothyroidism).16–18 The mechanism of the emergence 
of ESS as a severe systemic disease can be distinguished 
as 2 phases: phase I – acute (inhibition of  the activity 
of D1 resulting in reduced conversion of T4 to T3, in-
creased metabolism of  TH and decreased production 
of TH-binding proteins (e.g., albumin and thyroid-bind-
ing globulin), reduction of pulsatile TSH secretion); and 
phase II – chronic, in which there is a decrease in thyro-
tropin-releasing hormone (TRH) secretion (which results 
in the lowering of TSH and an insufficient supply of calo-
ries) and TSH (an increase in the levels of IL-6 and IL-18 
cytokines and TNF-α).15,17 In our opinion, neurological 
disorders (behavioral disorders, speech, olfactory disor-
ders, taste disorders), which occur during the infection, 
but are nonetheless transient, can be compared to the “Po-
lar T3 Syndrome” which occurs among “long-term explor-
ers” in Antarctica.28 Indeed, in extreme cold, so much T3 
is required to regulate body temperature that the brain 
is left with a less than an adequate supply making it slow, 
forgetful, unfocused, and moody. One of the most sig-
nificant effects that it is advisable to note is neurological 
functions, including Polar explorers’ speech, which tends 
to fail frequently.

Recent research by Lui et al.29 demonstrated that NTIS 
may be present in patients with severe COVID-19 symp-
toms as well as in patients with mild or moderate cases, 
who do not always require intensive care. The same re-
searchers have shown that patients with NTIS had lower 

free triiodothyronine (fT3)/free thyroxine (fT4) and an in-
direct index of deiodinase activity converting T4 to T3.15 
However, it was observed that the inflammatory markers 
(C-reactive protein (CRP) and erythrocyte sedimentation 
rate) and serum enzymatic markers of tissue damage (as-
partate aminotransferase and lactate dehydrogenase) were 
increased, whereas cycle threshold values did not change. 
A previous retrospective study found that patients who 
died from COVID-19 had lower fT3 on admission than 
those who survived.30,31

COVID-19 and autoimmune 
thyroid disease

Nowadays, it is assumed that for the occurrence of auto-
immune thyroid disease (AITD), including Graves’ disease 
(GD) and Hashimoto thyroiditis (HT), coexisting endoge-
nous factors such as genetic, intrathyroidal and exogenous 
(environmental) play a pivotal role. Some of the factors 
that may induce an immune response typical of GD are: 
iodine overdose, pregnancy (especially in the postpartum 
period), certain medications, radioiodine (RAI) therapy, 
tobacco smoke, stress, and bacterial and viral infections 
(including Epstein–Barr, hepatitis C virus (HCV) and 
parvoviruses).32–35

The AITD, which may manifest itself in the form of hy-
pothyroidism or hyperthyroidism, does not require pa-
tients to mandatory self-isolate during the pandemic 
unless associated with idiosyncratic drug-induced 
neutropenia (IDIN) or post-antithyroid drugs (ATDs) 
– agranulocytosis.35 In the case of IDIN, the help of an en-
docrinologist should be immediate, which, in the current 
situation in Poland, when healthcare professionals are 
involved in  fighting the COVID-19 pandemic, might 
be significantly challenging. Therefore, nowadays, iso-
tope therapy (which will be discussed in detail later) 
is highly appreciated by professionals. Also, the frequent 
checkups that the patients then need to undergo both 
in hospital and at the clinic additionally expose patients 
to potential SARS-CoV-2 infection. Moreover, as Dwora-
kowska and Grossmann.36 described, patients with IDIN 
belong to  the high-risk group. In  the UK, it has been 
reported that discussions with employers from various 
work environments are ongoing. This has a significant 
impact on employees who need to self-isolate (and pos-
sibly work from home) and those patients who have 
to continue to go to work, with the emphasis on warning 
patients taking antithyroid medications about the pos-
sible adverse effects of  IDIN and recommending that 
they should seek immediate medical attention even for 
a fever or a sore throat.

It is now mandatory that patients with COVID-19 symp-
toms and coexisting GD and hyperthyroidism stay at home 
to self-quarantine for at least 10 days, which is no different 
to people with no coexisting thyroid dysfunction.
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With decreasing numbers of healthcare professionals 
available in hospital facilities to help minimize the spread 
of the virus, one solution is to carry out online consulta-
tions using phone or video calls (telemedicine). European 
Thyroid Association (ETA)37 and American Thyroid As-
sociation (ATA)38 guidelines currently exist for the di-
agnosis and management of thyroid diseases; however, 
as Dworakowska and Grossmann36 state, some analogies 
and helpful tips on how to treat patients can be drawn 
from the experience of rheumatologists; such analogies 
also apply to autoimmune diseases, including, for ex-
ample, rheumatoid arthritis.39 According to Figueroa-
Parr et al.40 and Dworakowska and Grossmann,36 pa-
tients suffering from COVID-19 with coexisting AITD 
are not included in the high-risk group. There has been 
no evidence that patients with AITD are more likely 
to be infected by SARS-CoV-2 or are at risk of develop-
ing the more severe COVID-19 disease.25,36 However, 
according to Boelaert et al.,41 patients with Graves’ oph-
thalmopathy (GO), who actively undergo active immu-
nosuppressive therapy, may be particularly at risk.

Hypothyroidism

Treating hypothyroidism during the COVID-19 pan-
demic has not changed significantly. Therefore, substitu-
tion of levothyroxine (L-T4) at the same dose (the same 
as the usual treatment) is recommended.40,42 However, 
it should be noted that in the era of the COVID-19 out-
break in Poland, access to an endocrinologist and diag-
nostic tests may be difficult. In Poland and other Euro-
pean countries, patients with COVID-19 symptoms are 
recommended a new form of consultation, e.g., 1) online 
chat, 2) via email, 3) phone, and, from January 1, 2020, 
4) electronic prescriptions.6

The problem of neonatal screening for congenital hypo-
thyroidism is different, as these tests need to be carried 
out with special care, and any delays in performing them 
should be avoided.43

Decreased serum TSH levels are observed among preg-
nant women of  all populations. However, differences 
between ethnic and racial groups have been observed. 
A study conducted in Europe and the US showed that 
the upper reference limit for serum TSH concentration 
is 2.5 mU/L in the 1st trimester and 3.0 mU/L in the 2nd and 
3rd trimester.44,45 However, a study conducted in China 
on 4800 women who were between 7 and 12 weeks preg-
nant, found that the upper reference limit only changed 
from 5.31 mU/L to 4.34 mU/L.45 Thus, we can conclude 
that with the rise in COVID-19 cases, the therapy for hy-
pothyroid disease for pregnant and postpartum women 
should be individualized, but according to the guidelines 
of the ATA, the L-T4 dose should be increased by 2 tables 
of the same dose weekly.44 Thus, thyroid function tests 
should be measured according to the population-based 
and trimester-specific reference ranges.44,45

Hyperthyroidism

A recent study (retrospective analysis) conducted 
by Lania et al.46 in 287 consecutive patients (94 females 
and 193 males) showed a relationship between a high risk 
of thyrotoxicosis and the SARS-CoV-2 infection. Addi-
tional publications support an association between CO-
VID-19 infection and overt and subclinical thyrotoxicosis, 
as well as with subacute thyroiditis.47,48 COVID-19 may ex-
acerbate GD.17,49 A cohort study carried out by Khoo et al.50 
observed a small transient decrease in serum TSH and fT4 
levels (which could also be considered to mimic hyperthy-
roidism) in patients with COVID-19 infection. However, 
the most likely explanation of this would be the nonthy-
roidal illness syndrome observed in some of the patients.

For the treatment of hyperthyroidism, antithyroid drugs 
(ATDs), including thiamazole (methimazole – MMI) and 
propylthiouracil (PTU), remain the first choice. In addi-
tion, RAI therapy is an alternative method, especially for 
multiple focal lesions, when a patient refuses to consent 
to strumectomy and agranulocytosis after ATDs. In excep-
tional circumstances, performing a strumectomy should be 
considered in the case of GO disease or in toxic nodular goi-
ter after achieving euthyroidism when a malignant process 
is suspected. However, we must be aware of the adverse effect 
of ATDs, such as IDIN (neutrophil count of <1.0 × 109/L) 
or agranulocytosis (<0.5 × 109/L), which occurs in 0.2–0.5% 
of cases.46,51,52 Also, IDIN patients may have similar symp-
toms to patients with COVID-19 disease, such as a fever, 
mouth ulceration, a flu-like illness or a sore throat. Hence, 
it might be questionable whether, in view of this situation, 
patients should stay at home and undergo self-isolation 
or if they should visit an endocrinologist or general prac-
titioner. Zhou et al.53 found that 50% of patients who died 
of COVID-19 had neutropenia which exacerbated the sever-
ity of the disease. Additionally, the authors observed that 
advanced age, high d-dimer levels (greater than 1 μg/mL) and 
high Sequential Organ Failure Assessment (SOFA) scores 
may help clinicians with earlier identification of patients 
with a poor prognosis. Currently (and also before the global 
COVID-19 pandemic), an urgent full blood count measure-
ment is  recommended to check for IDIN and changing 
the drug, e.g., MMI to PTU, or discontinuing ATD treat-
ment in neutropenic patients, as well as informing the patient 
about the results.54 On the other hand, COVID-19 infection 
alone can often lead to lymphopenia and thrombocytopenia. 
Therefore, the additional problem arises of what to do with 
a COVID-19 patient who has also developed thyrothoxicosis? 
Can ATDs be started in the hospital setting or given at home 
when RAI cannot be used due to COVID-19 infection?50–54

Pregnant women with hyperthyroidism

Pregnant women with hyperthyroidism should take 
special precautions against COVID-19, especially in later 
pregnancy, as  the  severe symptoms requiring hospital 
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admission are relatively uncommon in young women of re-
productive age.55 The standard therapy methods should 
be followed, i.e., PTU is recommended in the 1st trimester 
of pregnancy (through to 16 weeks), followed by a switch 
to MMI (a dose ratio of 1:20, i.e., MMI 5 mg/day = PTU 
50 mg twice daily) using the lowest dose of ATD possible.44 
However, the physician should inform such patients about 
the potential teratogenic effects of MMI53 and aplasia cu-
tis,43 as well as where methimazole/carbimazole embry-
opathy syndrome coexists with dysmorphic facies,57–60 
channel or esophageal atresia, abdominal wall defects (e.g., 
umbilicocele) and other defects (i.e., of the urinary tract, 
eyes, and ventricular septum).61–64 It should be noted that 
while we can use block replace regimens (BRRs) in adults 
or children, this therapy method is prohibited in pregnant 
women. In pregnant women with COVID-19 infection, 
a higher susceptibility to both maternal and fetal immune 
complications has been observed.65 It has been demon-
strated that COVID-19 may exacerbate as well as trigger 
autoimmune thyroid diseases, especially GD.17,49

Rules for treating hyperthyroidism during 
the pandemic

Antithyroid drugs
Titration therapy remains the treatment of choice (MMI 

or PTU). However, due to the COVID-19 pandemic and 
the lack of access to specialists in Poland and other coun-
tries, one of the recommended therapies is the BRR method 
introduced by Weetman et al. in 1994.66 Until now, this 
therapy method, widely used in the UK, has not been so 
widespread in Poland but only used by older and more ex-
perienced endocrinologists. The BBRs are especially rec-
ommended for patients at baseline or with recurrent thy-
rotoxicosis (regardless of etiology, e.g., GD with or without 
GO, toxic multinodular goiter and amiodarone-induced 
thyrotoxicosis).66,67 For adults, when the serum fT4 con-
centration is at the upper normal limit of 30 pmol/L (fT4 
ULN – 30 pmol/L), treatment should begin with 20 mg 
carbimazole or 15 mg methimazole. In the case of fT4 levels 
of 30–60 pmol/L or >60 pmol/L, the starting point should 
be a double dose (40 mg carbimazole/30 mg methimazole). 
At  the same time, the patient must be informed about 
any side effects such as  liver dysfunction, neutropenia, 
agranulocytosis, or congenital disabilities. After 4 weeks 
of the treatment, TH levels should be checked while con-
tinuing ATDs (40 mg carbimazole/30 mg methimazole) 
at the same dose for all patients. At the same time, L-T4 
should be added (75 µg if body weight (BW) ≤55 kg, and 
100 µg if BW > 55 kg). The exact algorithm for therapeutic 
management in both adults and children is presented in the 
publication by Boelaert et al.41

Thyroidectomy
The  indications for performing surgery have not 

changed; only the pandemic itself, unfortunately, delays 

the  implementation of  this procedure. A delay of a  few 
months does not seem to be life-threatening for patients. Al-
ternatively, RAI therapy could be another treatment option.

Radioiodine therapy
Oral administration of RAI therapy is used to treat be-

nign thyroid disease, which includes autoimmune hyper-
thyroidism (GD, mild GO), solitary hyperfunctioning thy-
roid nodule, toxic multinodular goiter (Plummer’s disease), 
toxic adenoma (Goetsch’s disease), and non-toxic goiter 
(patients with a large retrosternal goiter).68 In Poland, RAI 
deliveries to departments of endocrinology in Poznań and 
Lublin were only suspended for 3 weeks due to COVID-19, 
which did not negatively impact the wellbeing of patients. 
To date, these departments have been following the usual 
ways of working from before the global pandemic. How-
ever, to minimalize risk for our patients, we have slightly 
modified our protocol. We have stopped performing radio-
iodine uptake (RAIU), both in 5 and 24-hour time point 
(which allowed us to shorten the waiting time for treat-
ment and thus reduce the number of patients). Patients 
were admitted to hospital for 1 day, during which all re-
quired laboratory tests were performed, including those 
for thyroid-stimulating hormone (TSH), TH (fT4, fT3), and 
thyrotropin receptor autoantibodies (TRAb) titers, as well 
as 99mTc thyroid scintigraphy and thyroid ultrasound.

We followed the same practices from before the pan-
demic, excluding the RAI treatment, based on our 20 years 
of experience and the European Association of Nuclear 
Medicine guidelines, in line with the words of Stokkel et al.: 
“Uptake measurements are not absolutely required when 
fixed activities are used”.69 It is noteworthy that our depart-
ment (in Poznań) is the oldest center in Poland where RAI 
therapy is in use, being performed for the first time in 1956. 
We used the following fixed treatment regimen (fixed ac-
tivity): from 5 (185 mBq) to 10 mCi (370 mBq) to treat GD 
or mild GO; 15 mCi (555 mBq) for toxic adenoma; from 10 
(370 mBq) to 20 mCi (740 mBq) to treat toxic multinodular 
goiter; and in patients with large retrosternal goiter activ-
ity, 20 mCi (740 mBq) (3 times at intervals of 3 months 
– total activity 60 mCi = 2220 MBq) was administered.

However, the epidemic influenced the more frequent use 
of ablative rather than fixed activity. Fixed activity often 
requires repeated doses, which nowadays is inconvenient 
for both patients and physicians. It should be emphasized 
that in the pandemic era, hypothyroidism after RAI treat-
ment is the goal of our therapy and not a complication 
(studies in preparation). Based on our experience, the use 
of RAI therapy is of increasing importance in the global 
COVID-19 era, for example, in  the case of  IDIN after 
ATDs. In patients with GD, increased morbidity and mor-
tality is observed,69,70 although RAI itself does not increase 
the death rate.71 However, there are still concerns regarding 
the influence of RAI therapy on the risk of malignancy.72

Currently (as  already mentioned), we  use RAI more 
frequently as  the  first-choice therapy, mostly because 
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of  the common adverse effect of ATDs – neutropenia 
(which also occurs in patients infected with SARS-CoV-2) 
– and, due to the long waiting time to see a specialist. 
While hypothyroidism after RAI therapy is not an adverse 
effect but a therapeutic objective about which a family doc-
tor can safely advise, IDIN after ATDs, however, is a dif-
ficult challenge even for an experienced endocrinologist 
and nuclear physician. There is currently no scientific evi-
dence that patients after RAI therapy or thyroidectomy are 
more likely to become infected with any virus, including 
the SARS-CoV-2 virus.

Glucocorticoids and immunosuppressive  
and biological therapy

Patients with GO treated with immunosuppressants 
(mycophenolate, azathioprine), biological agents (tepro-
tumumab, rituximab and tocilizumab) or glucocorticoids 
(GCs) belong to vulnerable populations, and are at particu-
larly higher risk from coronavirus.73 These patients are 
advised to self-isolate for as long as possible.74,75

It  is evidenced that GCs can affect serum TSH levels 
in humans. A study by Samuels and McDaniel76 has shown 
that the physiological dose of hydrocortisone plays a piv-
otal role in the daily variations of serum TSH levels, with 
lower levels in the morning and higher levels at night.77 
The impact of GCs on TSH is still uncertain. One possible 
hypothesis is that GCs can directly inhibit TSH-releasing 
factor in the hypothalamus. John et al.78 demonstrated that 
dexamethasone seems to suppress TSH release from thy-
rotropes in a protein kinase C-dependent manner through 
the  protein annexin  1. The  GS receptors are located 
in the TRH neurons of male rats.72 Moreover, a straight-
forward evidence shows that high-dose GCs may decrease 
TRH mRNA expression in the paraventricular nucleus 
of the hypothalamus in humans.79 It is worth noting that 
the routine use of corticosteroids in COVID-19 patients 
complicates the diagnosis of thyroid function and the in-
terpretation of  some reports. As previously suggested, 
even low doses of corticosteroids can make interpretation 
of TSH levels much more difficult.80

A British study performed by the RECOVERY Collab-
orative Group81 demonstrated that dexamethasone could 
increase survival rates among hospitalized COVID-19 pa-
tients receiving either invasive mechanical ventilation 
or oxygen alone. However, no change in the survival rates 
was observed among those receiving no respiratory sup-
port. Hence, in the most recent WHO guidelines on drugs 
for COVID-19,82 systemic corticosteroids were recom-
mended in patients with acute and critical COVID-19 but 
not in patients with mild COVID-19 symptoms.

Rituximab is an anti-CD20 antibody which depletes 
B  cells and became a  second-line therapy for people 
with GO.83 Whereas the risk of opportunistic infections 
is higher in the long term, follow-up trials of rituximab 
in rheumatoid arthritis show that the risk is likely to be 
minimal in  those patients with GO who are receiving 

low doses of this drug.84 Teprotumumab (an insulin-like 
growth factor1 (IGF1) receptor inhibitor) has recently 
been approved as a therapy for moderate-to-severe GO. 
Preliminary data have shown that no significant increase 
in the rate of infections was observed in patients on tepro-
tumumab.84 It could be an interesting alternative to GCs 
during the  COVID-19 pandemic, but unfortunately, 
the high costs and low availability can limit the number 
of patients who may take advantage of this therapy.

To  reduce the  signs of  ophthalmopathy, especially 
in times of a global pandemic, it is essential and advisable 
to strictly discontinue cigarette smoking and reinforce 
recommendations, including selenium supplementation.85 
Patients with GO may be more susceptible to develop-
ing symptomatic forms of COVID-19 (where SARS-CoV 
mRNA expression has been found).86

Limitations

The main limitation of our study is that no follow-up 
data were available to analyze the effects of COVID-19 
specifically on the thyroid gland. Secondly, the mecha-
nism by which COVID-19 affects thyroid gland function 
is not well understood and requires further investigation 
at the molecular level. Thirdly, it is necessary to observe 
the disease for a longer period to determine whether it in-
creases the incidence of autoimmune diseases of the thy-
roid gland (GD and HT). However, there are already pre-
liminary meta-analyses that deal with this issue.

Conclusion

In  conclusion, COVID-19 can be called the  plague 
of the 21st century, and we may have to live with it un-
til the end of our existence; perhaps, it will be the norm 
to take precautionary measures. It is currently unknown 
whether COVID-19 may lead to de novo thyroid dysfunc-
tion or at least aggravate an existing thyroid disease. There 
is no scientific evidence that people with poorly controlled 
thyroid disease are at higher risk of viral infections. How-
ever, it  is  likely that patients with uncontrolled thyroid 
dysfunction, especially those with thyrotoxicosis, may be 
at higher risk of complications (e.g., cytokine storm) from 
any infection. It should be noted that this group of pa-
tients should receive more extensive care, bearing in mind 
the neutropenia after ATDs, which may mask the symp-
toms of COVID-19 infection. The COVID-19 pandemic 
has slightly changed our approach to the BRRs method, 
which is not commonly used in Poland. As already noted, 
the role of RAI therapy in the global pandemic has become 
of greater importance, especially when taking neutrope-
nia into account – the adverse effect of ATDs, which may 
mask the symptoms of COVID-19 disease caused by SARS-
CoV-2. It should be emphasized that special precautions 
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during the global COVID-19 pandemic should be taken for 
patients with GO undergoing immunosuppressive medica-
tion and pregnant women with hyper- and hypothyroidism.

The COVID-19 pandemic has changed health provision 
drastically. The use of telemedicine could, in certain situa-
tions, lead to improved access to care, shortening waiting 
times to see a specialist as well as minimalizing the risk 
of person-to-person transmission of COVID-19. As a re-
sult, the burden on healthcare systems could be reduced, 
but we must remember that this solution is not ideal and 
there can be a risk of misdiagnosis.
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Abstract
Background. Autologous platelet-rich plasma (PRP) injection is an alternative but widely accepted method 
for the treatment of degenerative changes in tendon attachments known as enthesopathies. The PRP is con-
sidered a safe source for high concentrations of the growth factors involved in the healing process. Despite 
initial promising outcomes, many recent studies report conflicting results for this treatment. This may be due 
to differences in the concentrations of platelets and growth factors in PRPs obtained using different methods.

Objectives. The aim of this study was to compare PRP preparation systems in terms of morphotic compo-
nents and selected growth factors to find the most appropriate procedure for the treatment of enthesopathies.

Materials and methods. Whole blood samples from 6 healthy male volunteers were collected. Using 
different commercial kits (Mini GPS III System, Arthrex ACP, and Xerthra, Dr. PRP), 4 PRPs were prepared 
from the blood of each participant. All samples were analyzed for the content of morphotic components 
and the following growth factors: transforming growth factor-β1 (TGF-β1), epidermal growth factor (EGF), 
vascular endothelial growth factor (VEGF), and platelet-derived growth factor AA (PDGF-AA).

Results. The Mini GPS III produced PRP with the highest concentration of platelets and white blood cells 
(WBC) compared to the other systems included in the study. Significant differences in the levels of EGF and 
PDGF-AA were found only between the Mini GPS III and Arthrex ACP. There was positive correlation between 
the content of platelets and the levels of PDGF-AA and EGF. The red blood cells (RBC) concentration positively 
correlated with PDGF-AA, EGF and VEGF.

Conclusions. This study showed differences between the morphotic components and levels of selected 
growth factors in PRP obtained with the different preparation methods. Due to insufficient data, we cannot 
argue for or against any of the studied protocols for the treatment of enthesopathy. Further studies on a larger 
population are required to validate our results.

Key words: platelet-rich plasma, growth factors, platelet-derived growth factor, enthesopathy
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Background

Enthesopathies are degenerative changes in  the  site 
of tendon attachment to the bone. This disease can affect 
many different sites in the human body. The most common 
and best described are changes in the attachment of wrist 
extensors or flexors to humeral epicondyles, the Achilles 
tendon, patellar tendon, suprascapular tendon, or plantar 
fascia.1 The main symptoms reported by patients include 
local pain and limitations in sport, work and daily activi-
ties. The cause of the disease still remains unclear. How-
ever, the most widely accepted theory is the accumulation 
of microinjuries resulting from repeated overloads that 
exceed the body’s compensatory capacity. The change 
in  the  dogma of  the  inflammatory nature of  this dis-
ease was the result of numerous histopathological stud-
ies that found disorganized tissue and neovessels within 
the  involved tendon, but only few inflammatory cells. 
In many cases, symptoms resolve spontaneously and prop-
erly selected exercises help prevent them in the future. 
 Unfortunately, some cases turn into a chronic condition 
that is very difficult to treat, and sometimes only surgical 
excision of the affected tissue can lead to improvement.

Due to  the  lack of  effective therapy, many different 
methods have been proposed, and autologous platelet-rich 
plasma (PRP) is one of the most promising treatments.1–3 
For this procedure, the patient’s blood is collected and 
centrifuged to isolate the platelet-rich part of the plasma. 
This plasma is then administered into the affected tissue, 
typically by local injection. The α-granules of platelets con-
tain significant amounts of cytokines involved in tissue 
healing.4 It is expected that PRP containing a platelet con-
centration above the baseline will contain a significantly 
higher concentration of important cytokines, chemokines 
and growth factors.5 Numerous in vitro studies have shown 
that these biologically active components play a key role 
in tissue repair by stimulating proliferation, chemotaxis, 
cell differentiation, and angiogenesis.4,6,7

The  acceleration of  natural tissue healing processes 
by  PRP administration was expected to  revolutionize 
the treatment of injuries and chronic degenerative diseases 
like enthesopathy. Other diseases in which the natural bal-
ance between anabolic and catabolic processes is disrupted 
are also candidates for PRP treatment. Positive clinical 
outcomes have been reported for various conditions in-
cluding bone nonunions, osteonecrosis, difficult-to-heal 
wounds, osteoarthritis, and sports injuries.8–12

The enthusiastic adoption of this method began to wane 
with the increasing appearance of studies showing con-
flicting results.12–14 A major problem with this body of re-
search is the lack of a standardized definition for PRP. 
Many manufacturers have released commercially avail-
able kits for the easy preparation of PRP in an outpatient 
setting.8,15 These kits differ from each other in various 
parameters, such as the amount of material collected from 
the patient, the type of anticoagulant used, the structure 

of the separator, the length and speed of centrifugation, 
the method of extraction and activation, the assumed con-
centration of platelets and leukocytes in final product, and 
its consistency.16–19 These differences have made it almost 
impossible to compare the results of studies where PRP was 
prepared according to different protocols.

The answer to the above problem should be a reliable 
classification system for PRP. One of the classification sys-
tems designed to standardize the nomenclature is based 
on the content of fibrin and leukocytes in the PRP. In this 
system, 4 main classes of autologous PRPs are identified 
— PRP with a low content of leukocytes (P-PRP), PRP with 
a high content of leukocytes (L-PRP), platelet-rich fibrin 
with a  low content of  leukocytes (P-PRF), and platelet-
rich fibrin with a high content of  leukocytes (L-PRF).20 
However, these divisions do not include the concentration 
or the absolute number of platelets. Another classification 
system proposed to improve the comparison of results 
from different publications is the PAW system. This sys-
tem is based on the 3 most important components of PRP: 
the absolute number of platelets, the method of their acti-
vation and the leukocyte content.21

The classification systems mentioned above do not solve 
all the problems connected with studies on PRP. The mul-
tiplicity of variables still makes it almost impossible to pre-
dict the content of different growth factors in PRP.

Objectives

The  main goal of  this study is  to  compare the  PRP 
preparation systems available on the local market in terms 
of morphotic components and selected growth factors.

The results of such an analysis are essential for selecting 
the most appropriate procedure for daily clinical practice 
and for further research on the treatment of degenerative 
conditions. Regarding legal issues, only those systems that 
are officially registered for the treatment of enthesopathy 
were included in the study. However, our results can be help-
ful in decision-making for all conditions treated with PRP.

Materials and methods

Study design and setting

This controlled laboratory study was conducted at Wro-
claw Medical University, Poland, in the Diagnostic Labora-
tory for Teaching and Research by clinicians and labora-
tory researchers. All procedures on human participants 
were conducted in accordance with the ethical standards 
of Wroclaw Medical University (Poland) and with the 1964 
Helsinki Declaration and its later amendments. The study 
was approved by the local bioethics committee (Ethics 
Committee of Wroclaw Medical University, 30.03.2020, 
approval No. KB 163/2020).
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Participants

Six healthy male volunteers similar in age were asked for 
a whole blood donation. The number of participants in-
cluded reflects the preliminary nature of the study.  Criteria 
for inclusion in the study were an age of 27–28 years, ab-
sence of significant disease and conditions that could affect 
the blood morphotic components, at least 2 weeks with-
out taking any drug that may interfere with the function 
of platelets, and a non-smoking status.

Data sources and measurement

Approximately 75 mL of whole blood was collected from 
each participant under aseptic conditions and immedi-
ately divided into 5 samples. First, ~2 mL was transferred 
to a tube with ethylenediaminetetraacetic acid (EDTA) and 
then analyzed for morphotic components using an auto-
matic laboratory analyzer (Mindray BC-5150; Shenzhen 
Mindray Bio-Medical Electronics Co., Ltd, Shenzen, China). 
The 4 remaining blood samples from each participant were 
used to prepare 4 different PRPs according to the proto-
cols provided by the manufacturers. Four commercial PRP 
systems that were available on the local medical market 
were chosen as they are frequently used for the treatment 
of  orthopedic conditions. The  systems used included 
the  Arthrex Autologous Conditioned Plasma (ACP) Double 
Syringe system (Arthrex Inc., Naples, USA), the Mini GPS 
III Platelet Concentration system (Biomet Inc., Warsaw, 
USA), the Xerthra PRP kit (Biovico Sp. z o.o., Gdynia, Po-
land), and Dr. PRP (Rmedica, Seoul, South Korea).

The  Arthrex ACP Double Syringe system required 
13.5  mL of  whole blood collected into a  specially de-
signed double-syringe system within 1.5 mL ACD-A added 
as an anticoagulant. The samples were spun at 1500 rpm 
for 5 min in a dedicated centrifuge provided by the local 
distributor. After centrifugation, conditioned plasma in 
a volume of 4 mL was transferred to the inner syringe 
in the double-syringe system and was ready to use.

The Mini GPS III Platelet Concentration system has 
a specially designed valve for automatic PRP separation. 
After mixing 27 mL of whole blood with 3 mL of ACD-A 
anticoagulant, the samples were placed in a separator and 
spun at 3200 rpm for 15 min in a dedicated centrifuge pro-
vided by the local distributor. The platelet-poor plasma was 
then removed and about 3 mL of leukocyte-rich (LR)-PRP 
was collected into a new sterile syringe.

The Xerthra PRP kit required 13.5 mL of whole blood 
that was mixed with 1.5  mL of  3.13% sodium citrate 
as an anticoagulant. The samples were spun at 3500 rpm 
for 5 min in a dedicated centrifuge provided by the local 
distributor, transferring plasma into the neck of the tube 
and removing platelet poor plasma 1.5 mL of leukocyte-
poor (LP)-PRP was then collected into a new sterile syringe.

Whole blood in a volume of 18 mL mixed with 2 mL 
of 3.13% sodium citrate was transferred into the Dr. PRP 

tube. The samples were then spun for 4 min at 3100 rpm 
in a dedicated centrifuge provided by the local distributor. 
Following this, the piston in the device was used to sepa-
rate the plasma from the red blood cells (RBC) by moving 
it into the neck of the tube. After removing platelet poor 
plasma, LP-PRP in a volume of 3 mL was collected into 
a new sterile syringe.

All 24 samples of prepared plasma were analyzed for 
the  content of  morphotic components using an  auto-
matic laboratory analyzer (Mindray BC-5150). The count 
and concentration of white blood cells (WBC), RBC and 
platelets were evaluated immediately after collection 
of the samples. Platelet capture efficiency (PCE) was cal-
culated using the following formula:

obtained PRP volume [mL] × platelets concentration  
in PRP (G/L)/whole blood collected volume [mL] 
× platelets concentration in whole blood (G/L).

Following collection, 1 mL of each PRP sample was placed 
into an Eppendorf polypropylene tube and went through 
the platelet activation process developed by Zimmermann 
et al.22 The activation procedure involved freezing at −80°C 
for 30 min, followed by thawing to room temperature for 
another 30 min and freezing for a second time at −80°C. 
The samples were then stored at −80°C until further analysis.

Before cytokine measurement, the PRP samples were 
thawed completely at  room temperature and spun for 
5 min at 2.5 rpm using a Micro Star 17 centrifuge (VWR 
International Company, ThermoElectron LED, Langen-
selbold, Germany). A custom-designed bead-based multi-
plex immunoassay that uses fluorescence-encoded beads 
and flow cytometry (LEGENDplexTM; BioLegend, San 
Diego, USA) was used to quantify the following platelet 
growth factors: transforming growth factor-β1 (TGF-β1, 
free active), epidermal growth factor (EGF), vascular endo-
thelial growth factor (VEGF), and platelet-derived growth 
factor-AA (PDGF-AA). The concentration of a particular 
cytokine was determined by means of a standard curve 
generated during the performance of the test. The analy-
ses were done according to the manufacturer’s instruc-
tions. The samples were acquired on CyFlow SPACE and 
a CyFlow CUBE flow cytometer (Sysmex-Partec, Görlitz, 
Germany) by applying a 488 nm laser with a 536/40 (BP) 
filter for the PE fluorochrome, and a 638 nm laser with 
a 675/20 (BP) filter for the APC fluorochrome. The results 
were analyzed with LEGENDplexTM Data Analysis Soft-
ware v. 8.0 (Vigene Tech Inc., Carlisle, USA).

All data obtained and analyzed in this study are quanti-
tative. To avoid bias in the obtained results, all PRP samples 
were made with the same great care.

Statistical methods

All data were analyzed using STATISTICA v. 13.3 soft-
ware (StatSoft Inc., Tulsa, USA). Due to the lack of con-
firmation of  to a normal distribution, as assessed with 



M. Dejnek et al. Comparison of PRP preparation systems760

the Shapiro–Wilk test, nonparametric methods were used 
(Kruskal–Wallis one-way analysis of variance (ANOVA) 
with Dunn’s post hoc test and Spearman’s correlation). Sta-
tistical significance was established at the level of p < 0.05.

Results

Study participants

Six volunteers, aged 27.8 ±0.4 years, met the criteria for 
inclusion and were enrolled in the study. The average body 
mass index (BMI) of the volunteers was 25.82 ±2.12 kg/m². 
Each participant signed an informed consent form.

Main results

Whole blood count

The distribution of the cellular components of whole 
blood samples collected from all participants are included 
in Table 1. All results were in the range of normal physi-
ological values.

Concentration of platelets

The  platelet concentrations for the  PRP samples are 
illustrated in  Fig. 1. Only 1 single sample of  PRP de-
livered by  Xerthra PRP kit had a  lower concentration 
of  platelets than baseline. The  highest platelet con-
centration was produced with the Mini GPS III System 
(1266.33 ±347.96 × 109/L), and the lowest with Arthrex 
ACP (395 ±110.15 × 109/L). Statistical analysis showed 
a significant difference between the 2 systems mentioned 
above (p = 0.003), and between the Mini GPS III and Xer-
thra PRP kits (513.67 ±255.99 × 109/L; p = 0.04). There 
was no significant difference when compared to Dr. PRP 
(504.83 ±106.29 × 109/L; p > 0.05).

PCE

The PCE results are illustrated in Fig. 2. The highest 
PCE score was obtained from the Mini GPS III system 
(53.76 ±6.66%), and the lowest from the Xerthra PRP kit 

(23.50 ±13.13%). The Mini GPS III System provided a sig-
nificantly higher PCE then the Xerthra PRP kit (p = 0.001) 
and Dr. PRP (33.68 ±8.78%; p = 0.02). Although the PCE 

Fig. 1. Platelet concentration in PRP obtained using different systems

A – Arthrex ACP; B – Mini GPS III System; C – Xerthra PRP kit; D – Dr. PRP.

Fig. 2. Platelet capture efficiency in PRP obtained using different systems

A – Arthrex ACP; B – Mini GPS III System; C – Xerthra PRP kit; D – Dr. PRP.

Table 1. Whole blood characteristics from all participants (NR 1–6)

Blood parameter
Participant

Mean
NR1 NR2 NR3 NR4 NR5 NR6

RBC [1012/L] 4.69 4.47 4.97 5.82 5.5 5.04 5.08 ±0.46

Platelets [109/L] 171 288 244 226 364 264 259.5 ±59.09

WBC [109/L] 4.79 5.62 7.22 6.5 7.64 6.19 6.33 ±0.95

Neutrophils [109/L] 2.52 3.01 4.13 3.34 4.37 2.97 3.39 ±0.66

Lymphocytes [109/L] 1.79 1.83 2.41 2.44 2.53 2.53 2.26 ±0.32

Monocytes [109/L] 0.34 0.4 0.53 0.49 0.54 0.45 0.46 ±0.07

Eosinophils [109/L] 0.11 0.34 0.11 0.18 0.17 0.21 0.19 ±0.08

Basophils [109/L] 0.03 0.04 0.04 0.05 0.03 0.03 0.04 ±0.01

RBC – red blood cells; WBC – white blood cells.
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obtained from the Arthrex ACP kit (44.66 ±2.65%) was 
lower than that for the Mini GPS III and higher than that 
for the Xerthra PRP and Dr. PRP kits, the differences were 
not statistically significant (p = 0.061, p = 0.22, p = 1, 
respectively).

Concentration of WBC

The WBC concentrations for the PRP samples are illus-
trated in Fig. 3. The highest concentrations of WBC were ob-
tained with the Mini GPS III system (34.81 ±9.59 × 109/L), 
and it was the only system that produced a WBC con-
centration above the whole blood baseline level. Statis-
tical analysis showed significant differences when com-
paring Mini GPS III to Arthrex ACP (0.78 ±0.73 × 109/L; 
p = 0.02) and Dr. PRP (0.50 ±0.59 × 109/L; p = 0.001), but 
not to the Xerthra PRP kit (1.91 ±1.87 × 109/L; p = 0.16).

Concentration of RBC

The RBC concentrations for the PRP samples are il-
lustrated in Fig. 4. One of  the goals of producing PRP 
is  to  separate it  from plasma containing RBC. Hence, 
the RBC concentration in PRP can be treated as a mea-
sure of  purification. The  Mini GPS III System de-
livered PRP with the  highest concentration of  RBC 
(1.48 ±0.88 × 1012/L), which was significantly higher than 

Arthrex ACP (0.04 ±0.06 × 1012/L; p = 0.045), the Xer-
thra PRP kit (0.02 ±0.01 × 1012/L; p = 0.04) and Dr. PRP 
(0.01 ±0.01 × 1012/L; p = 0.004). No significant differences 
were found between the other systems.

Concentration of growth factors

All obtained growth factor concentrations are in-
cluded in  Table 2. Statistical analysis showed that 
the  Mini GPS III System compared to  Arthrex ACP 
delivered PRP with significantly higher levels of  EGF 
(364.1 ±180.16 pg/mL compared to 107.37 ±95.12 pg/mL; 
p = 0.04) and PDGF-AA (98,698 ±23,843.58 pg/mL com-
pared to 33,172.5 ±13,266.38 pg/mL; p = 0.02). There were 
no significant differences among the other systems and 
growth factors.

Correlation between growth factors  
and morphotic components

All Spearman’s correlations are presented in Fig. 5. There 
was a  significant positive correlation between platelet 
concentration and both EGF and PDFG-AA (Spearman’s 
R values 0.46 and 0.58, respectively). A significant positive 
correlation was also observed between the WBC concen-
tration and PDFG-AA (Spearman’s R value 0.51). The RBC 
concentration was also significantly positively correlated 

Fig. 4. Red blood cells concentration in PRP obtained using different 
systems

A – Arthrex ACP; B – Mini GPS III System; C – Xerthra PRP kit; D – Dr. PRP.

Fig. 3. White blood cells concentration in PRP obtained using different 
systems

A – Arthrex ACP; B – Mini GPS III System; C – Xerthra PRP kit; D – Dr. PRP.

Table 2. Concentration of growth factors in PRP obtained using different systems

System
Growth factor

TGF-β1 [pg/mL] EGF [pg/mL] VEGF [pg/mL] PDGF-AA [pg/mL]

Arthrex ACP 58.12 ±76.92 107.37 ±95.12 138.88 ±189.52 33172.5 ±13266.38

Mini GPS III System 31.72 ±17.26 364.1 ±180.16 456.06 ±301.51 98698 ±23843.58

Xerthra PRP kit 45.97 ±59.60 161.20 ±125.34 288.61 ±364.54 54565.43 ±43241.12

Dr. PRP 30.18 ±25 223.48 ±173.63 187.58 ±134.90 41400.6 ±18537.8

TGF-β1 – transforming growth factor-β1; EGF – epidermal growth factor; VEGF – vascular endothelial growth factor; PDGF-AA – platelet-derived growth 
factor-AA. 
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with the levels of EGF, VEGF and PDGF-AA (Spearman’s 
R values 0.51, 0.53 and 0.57, respectively). No significant 
correlation was found between TGF-β1 and any PRP mor-
photic component.

Discussion

As expected, the current study showed differences be-
tween PRP produced with the use of various commercial 
kits. These findings confirm the results of other studies 
that have been summarized in a recent systemic review.19 
However, it is important to point out that these differences 
do not determine the possible clinical superiority of any 
of the described systems.

All kits used in the current study produced PRP with 
an average platelet concentration above the whole blood 
baseline level. For unexplained reasons, 1 PRP sample 
obtained using the Xerthra PRP system had a platelet 
concentration below the baseline level. The Mini GPS III 
System produced the highest platelet concentration in rela-
tion to the whole blood baseline level (×4.84 ±0.6), while 
the lowest concentration was generated with the Arthrex 
ACP system (×1.51 ±0.09). These 2 systems are among 
the most studied and others have reported similar results 

for platelet concentrations.17,19,23,24 The Xerthra PRP kit 
and Dr. PRP were able to concentrate platelets in similar 
manner (×2.11 ±1.18 and ×2.02 ±0.53, respectively).

Both too low and too high a platelet concentration can 
reduce the chances of a good therapeutic response. Platelet 
levels below the baseline are not sufficient to induce a sig-
nificant response and a concentration above ×6 may slow 
down the repair processes.21 Graziani et al. concluded that 
platelet concentrations of approx. 2.5 times greater than 
native blood achieved a maximum effect on osteoblast 
and fibroblast proliferation in vitro. In addition, higher 
dosages 3.5 times above baseline could lead to some ad-
verse events.25 Various studies have also reported differ-
ent ideal therapeutic platelet concentrations. While some 
authors recommend a  platelet concentration of  about 
1000 × 103/mL, others consider a number >200 × 103/mL 
as sufficient.26,27 According to this latter definition of PRP, 
all samples included in this study met the criteria.28

In  the  current study, there were significant correla-
tions observed between platelet concentration and both 
EGF and PDGF-AA, but no correlations with VEGF and 
TGF-β1. These results are somewhat different from what 
has been reported previously. For example, Magalon ob-
served significant correlations between platelet dose and 
all growth factors examined (VEGF, EGF, PDGF-AB, and 

Fig. 5. Spearman correlations between morphotic components and growth factors in PRP samples
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TGF-β1).17 Similarly, Sundman also reported positive sig-
nificant correlations between platelets and both TGF-β1 
and PDGF-AB.29

Significantly higher concentrations of WBC were de-
livered by the Mini GPS III system as it  is designed for 
LR-PRP production. The mean concentration of WBC pro-
duced by this system was 5.55 ±1.65 times above the base-
line in whole blood. The mean content of neutrophils and 
leukocytes were distributed almost equally (15.72 ±8.11 
× 109/L and 15.99 ±2.96 × 109/L, respectively). Similar re-
sults have been observed in previous studies.17–19,23,24,29 Ar-
threx ACP, Xerthra PRP kit and Dr. PRP delivered LP-PRP 
with a WBC concentration much lower than the baseline 
level. According to the literature, the presence of leuko-
cytes in PRP could affect the levels of important growth 
factors such as VEGF and EGF, and may also have anti-
bacterial or immune-regulating effects.17,18,30 While we did 
not observe a correlation between WBC and both VEGF 
and EGF, a positive correlation with PDGF-AA was found. 
This finding has not been reported in previous research, 
likely because PDGF-AA is not a frequently analyzed cyto-
kine. In vitro studies have shown a potential negative effect 
on the healing of tendon structures due to the high content 
of proteinases and hydrolases in WBC, especially in neu-
trophils.29,31–33 In vivo studies do not confirm this effect; 
however, when planning the therapy for enthesopathies, 
one should take into consideration the possible stimulation 
of catabolic processes by a high content of leukocytes.15,21

An efficient PRP preparation procedure should remove 
RBC as much as possible, as their presence is considered 
as the sign of impurity. This is likely the reason why the most 
studies do not analyze the correlation between RBC and 
growth factors. Our results showed a significant correlation 
between RBC concentration and levels of growth factors 
such as EGF, VEGF and PDGF-AA. The strength of correla-
tion was moderate (Spearman’s R value between 0.51 and 
0.57) but still worthy of further analysis in a larger popula-
tion. Among the tested PRP preparation kits, the Mini GPS 
III System produced a significantly higher RBC contamina-
tion compared to other systems. This may be one of the fac-
tors behind the higher growth factor content in PRP ob-
tained by the Mini GPS III System in other studies.17,19 
Arthrex ACP, Xerthra PRP kit and Dr. PRP delivered PRP 
with an almost undetectable RBC concentration.

Limitations

To date, numerous studies have already shown the di-
versity in the morphotic components and growth factor 
content in PRP obtained various using methods. However, 
systems such as the Xerthra PRP kit and Dr. PRP were 
tested here for the first time. There are many more com-
mercially available systems for PRP preparation than those 
included in the study. Even if we chose the most popular 
systems, it does not allow the results to be transferred 
to other systems, and they have to be evaluated separately.

As this is a preliminary study, we decided to examine 
only a few selected growth factors. Many other cytokines, 
chemokines and growth factors released by platelets are 
also involved in tissue healing. The task for future research 
is to study all of the cytokines that play a key role in re-
generative processes. On the other hand, even a precise 
determination of the cytokine content does not allow one 
to predict clinical effects in vivo. Therefore, it will be nec-
essary to evaluate how differences in PRP characteristics 
affect living tissues.

Due to the lack of confirmation to a normal distribution 
for most of the data, nonparametric methods were used 
for statistical analyses. This lack of confirmation was likely 
due to the small sample size used, and extension to a larger 
group of participants may provide more reliable results.

Conclusions

The  current study showed a  wide heterogeneity 
in the characteristics of autologous PRPs produced by vari-
ous commercial kits. Based on the obtained results and 
previous studies, the correlation between the concentra-
tion of desired growth factors and morphotic components 
remains unclear. Due to insufficient data, we cannot argue 
for or against use of any of the mentioned protocols for 
the treatment of enthesopathy. Further studies on a larger 
population that examine a wider variety of cytokines are 
required to validate our results. Future research should 
also focus on both the in vitro and in vivo biological effects 
of PRP produced by different preparation protocols to es-
tablish the effects of different concentrations of the various 
growth factors on tissue healing.
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Abstract
Background. According to the National Cancer Registry, 3486 people (1744 men and 1742 women) were 
diagnosed with pancreatic adenocarcinoma in Poland in 2018, resulting in 4908 deaths (2396 men and 
2512 women). The only chance of successful treatment is through surgical resection, which is possible 
in only 20–30% of patients (stage I, II and some stage III cases).The remaining 70–80% of patients are those 
with stage III and IV disease, for whom resection is not possible. Mean survival in these patients is approx. 
10.4 months (stage III). In the recent decade, an innovative method called electroporation, which involves 
destabilization of the cell membrane, has been established. This process can be reversible (RE) or irreversible 
(IRE), and leads to cell death. The ability to change membrane permeability has led to the development of novel 
methods involving electrochemotherapy (ECT) and calcium electroporation (CaEP) to treat solid tumors.

Objectives. In this study, both ECT and CaEP will be used to treat pancreatic cancer patients with poor 
prognosis. For each patient, the best “therapeutic moment” for the procedure will be selected based 
on the therapeutic protocol.

Materials and methods. Patients will receive reversible and irreversible electroporation (control arm-
group A), CaEP (active arm-group B), or ECT with intravenous and intratumoral administration of bleomycin 
(active arm-group C) randomized 1:1:1.

Results. The primary endpoints will be progression-free survival (PFS) and patients’ quality of life (QOL) 
assessed using the EORTC-PAN 26 scale. Secondary endpoints will be patient overall survival (OS), body 
weight, pain level, and levels of biomarkers such as Ca 19-9.

Conclusions. The Irreversible Electroporation, ELectrochemotherapy and Calcium electroporation (IREC) 
study is necessary to examine the safety and efficiency of irreversible electroporation, electrochemotherapy 
and calcium electroporation in pancreatic cancer treatment.

Key words: pancreatic cancer, electroporation, electrochemotherapy, calcium electroporation
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Introduction

Pancreatic cancer is a global problem with increasing in-
cidence, high mortality-to-incidence ratio, lack of screen-
ing tools, and few effective forms of treatment.1–3 The five-
year survival rate does not exceed than 7–8% and most 
patients are diagnosed at stage III or above, which means 
the tumor cannot be resected.1 As a result, this diagnosis 
is practically a death sentence for the patient. Contempo-
rary treatment regimens for patients with stage III or IV 
pancreatic cancer are based on systemic treatment with 
the FOLFIRINOX regimen or regimens based on nab-
paclitaxel and gemcitabine.4–7 These regimens have been 
shown to be more effective than the previous regimens 
in terms of overall survival (OS) by several weeks, and 
on this basis they are considered superior and registered 
for clinical use.

Due to the anatomical location of the pancreas, the use 
of conventional local ablative therapy has not proven effec-
tive due to the thermal effect and the possibility of damag-
ing large vessels and bile ducts. One method that has begun 
to be used in pancreatic cancer treatment is electropora-
tion.8,9 This involves the placement of electrodes and the ad-
ministration of short electrical pulses (up to 100 μs) with 
electric field strengths in the range of 1500– 3000 V/cm. 
The cell membrane is either reversibly rearranged, which 
potentially increases its permeability to drugs, including 
chemotherapeutics (reversible electroporation – RE), or cell 
death occurs due to apoptosis (irreversible electroporation 
– IRE).10–13 This method has started to be used in pancre-
atic,14 liver15 and prostate cancer treatments.16 The IRE has 
been shown to be effective in palliative treatment of pancre-
atic cancer.17 Notably, it has proved so effective that it has 
found its way into the British National Institute for Health 
and Clinical Excellence (NICE) standards for the treatment 
of melanoma and head and neck cancers. A protocol for 
its use, in combination with chemotherapy (CTH), is also 
described in the European Standard Operating Procedures 
of Electrochemotherapy (ESCOPE) for the treatment of cu-
taneous and subcutaneous lesions.18

In investigations of electroporation, this method has 
begun to be combined with chemotherapeutics. The ef-
ficacy of this method has been demonstrated both in vi-
tro and in vivo, even reducing drug toxicity to healthy 
cells.19–25 This has led to the emergence of the new field 
of electrochemotherapy (ECT). The drugs used in ECT in-
clude bleomycin and cisplatin, which can be administered 
intravenously or intratumorally.26 It has been calculated 
that the cytotoxicity of chemotherapeutics to tumor cells 
increases 700–1000 times when used with IRE, along with 
a reduction in toxicity to the patient.27–33

Calcium ion electroporation (CaEP) is another recent ad-
vance in the treatment of solid tumors. Calcium is internal-
ized into tumor cells in excessive amounts due to regulatory 
mechanisms being disrupted by electroporation, resulting 
in cell necrosis through an adenosine triphosphate (ATP) 

deficit, which fails to be replenished.34–40 It has also been 
demonstrated that ECT induces an immune response.32 
Treatment with CaEP and ECT stimulate the  immune 
system to such an extent that it induces an “abscopal ef-
fect”, i.e., remission of distant lesions not treated with ECT 
or IRE.22,27–32 Moreover, ECT “breaks” chemo-resistance 
in solid tumors by using a vascular effect and “trapping” 
the chemotherapeutic agent in the region of the tumor.25,33 
This concept has been shown to be efficacious and is used 
as a standard treatment of skin and subcutaneous cancers. 
In addition, there is currently a study underway to apply 
this method to colorectal cancers. In the course of our re-
search, we have applied this method to patients with pan-
creatic cancer, which was published as the first application 
of its kind in the world.41

Bleomycin was selected as the most active chemothera-
peutic agent. Originally, belomycin in ECT was used 
for treatment of head and neck cancer, melanoma, basal 
cell carcinoma (BCC) skin lesions, squamous cell car-
cinoma (SCC), and braest cancer. It has since become 
the standard of care for skin diseases with bleomycin 
as the recommended chemotherapeutic agent.42–46 Other 
chemotherapeutic agents that have been tested for effi-
cacy in vitro include daunorubicin, doxorubicin, etopo-
side, paclitaxel, gemcitabine, 5-fluorouracil, carboplatin, 
and cisplatin. While daunorubicin, etoposide, and pacli-
taxel were reported to be ineffective in vitro, cisplatin 
and bleomycin were found to be the most effective.31,47 
Bleomycin was also found to be the most effective drug 
in ECT for pancreatic cancer in vitro while also increas-
ing the immune response of the body.38,48,49 Furthermore, 
in an animal model, ECT with bleomycin was shown 
to be effective in the treatment of pancreatic cancer.21,50 
The results of studies involving patients with stage III 
pancreatic cancer are encouraging; however, the number 
of procedures performed is small,51 and the results are 
similar to studies on the efficacy of ECT for metastatic 
liver lesions.42,52,53

The ECT and CaEP are evolving therapies for which 
there are few studies involving only a small number of re-
cruited patients. However, these treatments enable person-
alized medicine, are feasible for older patients, and offer 
hope of treatment to patients whose prognosis is already 
poor upon diagnosis. Since 2018, a project entitled “Elec-
trochemotherapy of solid tumors of the gastrointestinal 
tract: research on the application of electrochemotherapy 
in pancreatic cancer with unresectable or oligometastatic 
lesions” has been conducted at the Wroclaw Medical Uni-
versity, Poland, after receiving approval from the Bioethics 
Committee (approval No. KB-330/2018).

IREC project assumptions

The project entitled “Effects of calcium electropora-
tion, electrochemotherapy and irreversible electroporation 
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(CaEP, ECT and IRE) on quality of life and progression-free 
survival in patients with pancreatic cancer” aims to answer 
questions about the efficacy of electroporation (group A) 
compared with CaEP (group B) and ECT with bleomycin 
(group C) in patients with unresectable pancreatic cancer. 
The safety of these 3 treatments will be compared, as well 
as their efficacy measured as progression-free survival 
(PFS) and OS. Another important factor being investigated 
is patients’ quality of life (QOL) after surgery, which will 
be assessed using the EORTC-PAN 26 scale.

If a patient is qualified for the treatment, their data will 
be entered into the Case Report Form (CRF) system and 
the procedures will be performed at the 2nd Department 
of General Surgery and Surgical Oncology of Wroclaw 
Medical University or at a partner center possessing the re-
quired equipment and levels of staff experience on a re-
ferral basis. Data on the treatment and hospital stay will 
be entered into the system. Data will include information 
regarding both the procedure and hospital stay. The inclu-
sion and exclusion criteria are listed in Table 1. Patients 
will receive follow-up at the center where the procedure 
was performed for consultation and imaging examination 
at 1 month, 3 months and 6 months after treatment, and 
then every 6 months thereafter. Examinations are per-
mitted as part of the drug program, as well as measure-
ment of hemoglobin (Hb) [g/dL], Ca 19-9 [U/mL], protein 
levels [g/L], and albumin [mg/mL]. Patients will be assessed 
as part of a clinical trial, with examinations ending upon 
patient death or the end of the project.

In order to jointly implement the planned project, collab-
oration has been established with Dr. Julie Gehl (Depart-
ment of Clinical Oncology and Palliative Care, Zealand 
University Hospital, Roskilde, Denmark), who is a pioneer 
and specialist in CaEP. Doctor Gehl will contribute human 
and organizational resources to the project under the con-
ditions specified in the agreement or partnership contract.

Study eligibility and IREC inclusion 
and exclusion criteria

The study group (Table 1) includes non-pregnant pa-
tients over the age of 18 years with unresectable pancreatic 
cancer (stage III), which represents the largest population 

at the time of diagnosis, as well as patients who have un-
dergone resection but have had local recurrence. Histo-
pathological confirmation of the malignancy is required, 
although intraoperative examination is permissible. A le-
sion infiltrating the superior mesenteric vein exceeding 
180% of the circumference of the celiac artery, superior 
mesenteric artery, hepatic artery, or aorta is considered 
unresectable. Furthermore, patients require computed 
tomography (CT) scans not more than 30  days prior 
to joining the study. Patients with cardiac arrhythmias 
or pacemakers/defibrillators are disqualified due to poten-
tial device failure and synchrony of the NanoKnife device 
with the P wave of the electrocardiogram (ECG). Patients 
allergic to bleomycin or with pulmonary fibrosis are also 
excluded due to bleomycin administration in group C.

Patients with stage IV disease will not be eligible for 
the program due to the previous experience of the center 
and latent frailty syndrome.

Project implementation

After providing informed consent to participate in this 
study, patients will be randomized to 3 groups:
• group A: patients undergoing IRE;
• group B: patients undergoing CaEP. After electropora-

tion, patients will be administered an appropriate dose 
of intratumoral calcium ions (CaCl2) calculated with rela-
tion to tumor volume; or
• group C: patients undergoing electrochemotherapy 

with intravenous and intratumoral administration of bleo-
mycin at a dose of 15,000 IU/m2 as a bolus over 30–60 s, 
approx. 8–28 min before the electroporation procedure, 
and simultaneously intratumorally at 1000 IU/mL at a dose 
of 1000 UI/cm2 in lesions less than 1 cm and 250 UI/cm2 
in lesions larger than 1 cm3.

All procedures will be performed under general anesthe-
sia and following the administration of muscle relaxants 
to negate potential muscle spasm when the pulse is admin-
istered. A single dose of intravenous antibiotics will also 
be given perioperatively. The procedure will be carried out 
using the conventional percutaneous method. Due to com-
plaints of postoperative pain, patients will be administered 
additional epidural anesthesia during the procedure, which 

Table 1. Inclusion and exclusion criteria for the IREC project

Inclusion criteria Exclusion criteria

•	age	over	18 years
•	histopathologically	confirmed	adenocarcinoma	of the pancreas	(intraoperative	examination	possible)
•	WHO	performance	status	(ECOG)	0,	1	or 2
•	written	informed	consent
•	lesion	defined	as unresectable	(infiltration	of mesenteric	vein	or portal	vein	exceeding180	degrees	or its	

thrombosis, infiltration of the hepatic artery, celiac artery or superior mesenteric artery) on abdominal CT 
not older than 30 days (stage III), or patients after resection with local recurrence of the neoplastic process

•	tumor	size	not	larger	than	6 cm	on a CT	scan	not	older	than	30 days
•	patients	undergoing	chemotherapy	or patients	with	a “de	novo”	diagnosis	of pancreatic	cancer

•	pregnant	women
•	patients	with	pacemakers
•	patients	with	rhythms	other	than	sinus	

rhythm on ECG
•	patients	allergic	to bleomycin
•	patients	with	pulmonary	fibrosis

WHO – World Health Organization; ECOG – Eastern Cooperative Oncology Group; CT – computed tomography.
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will be maintained for 72 h. In the case of patients with gas-
trointestinal obstruction or hyperbilirubinemia, palliative 
procedures (by-pass) will be performed at the same time.

During the hospital stay, patients will be monitored daily 
for any deterioration in condition by analyzing morphol-
ogy and Ca19-9, amylase and lipase levels. Patients will be 
treated with analgesics, anticoagulants and fluid therapy 
according to the recognized standards and individual pa-
tient’s needs. Discharge will take place when their clinical 
condition stabilizes. Following hospital discharge, all pa-
tients will be referred to a clinical oncologist for systemic 
treatment in accordance with the guidelines.

Patient monitoring

Patients will be assessed as part of the clinical trial for 
12 months. Each follow-up examination will consist of:
• physical examination (body weight, body mass index 

– BMI);
• health assessment according to World Health Orga-

nization (WHO);
• pain assessment according to visual analogue scale 

(VAS);
• QOL according to European Organization for Research 

and Treatment of Cancer (EORTC) QLQ-PAN 26 scale;
• Hb level;
•  total protein level;
• serum albumin level;
• Ca19-9 marker level.
Imaging examinations utilizing abdominal CT or mag-

netic resonance imaging (MRI) will be performed 
at 1 month, 3 months, 6 months, and 1 year following treat-
ment. Patient asessment schedule is presented in Table 2. 
As the majority of systemically treated patients in the drug 
programs already have imaging examinations scheduled, 
these can be used as follow-up examinations. If they are 
not scheduled, imaging will be prescribed by the examiner.

Analysis of the obtained results 
and conclusions of the IREC study

The results obtained in this non-commercial clinical 
trial will be compared with the results of patients who did 
not receive electroporation for the treatment of pancreatic 
cancer. Retrospective analyses will be allowed for compari-
son, but only for the group treated with the same chemo-
therapeutic regimens used as part of the current standard 
of care, namely, FOLFIRINOX, gemcitabine and nab-pacli-
taxel regimens. The PFS and QOL will be compared. One 
interesting result will be the OS of both groups. At pres-
ent, the mean OS for stage III pancreatic cancer patients 
is 8–10 months from the time of diagnosis. Treatment 
with electroporation, CaEP or ECT has been performed 
in the 2nd Department of General Surgery and Surgical 
Oncology at Wroclaw Medical University in 15 patients 
at various stages, achieving a mean survival of 26 months 
from diagnosis; notably, 7 of these patients are still alive.

Three of  the  primary outcomes are: 1)  assessment 
of improvements in QOL using the EORTC QOL-PAN26 
scale; 2) reduction of pain on the VAS; and 3) increases 
in body weight and protein and albumin levels as indica-
tions of patient well-being. Quality of life will be compared 
between patients who have undergone ablation and those 
who have not.

A number of secondary studies will be included as part 
of this project, including the determination of the Ca19-9 
marker for predicting the best “therapeutic moment” and 
the efficacy of electroporation, CaEP and ECT. Groups A, 
B and C will be compared to each other in terms of safety 
of use and routes of administration of bleomycin and Ca2+ 
ions. The comparison will include administration safety 
and dose. Secondary studies will also include any relevant 
postoperative complications measured on the Clavien–
Dindo scale and the length of hospitalization.

On the basis of data concerning malignant progression 
(stage, tumor size and tumor location) and co-morbidities 

Table 2. Patient assessment chart for the IREC project

Parameter 1 month 3 months 6 months 12 months

Clinical examination X X X X

BMI X X X X

Body weight [kg] X X X X

Health according to WHO X X X X

Pain according to VAS X X X X

EORTC QLQ-PAN 26 X X X X

Hb level [mg/dL] X X X X

Protein level [g/dL] X X X X

Albumin level [g/dL] X X X X

Ca 19-9 market level [U/mL] X X X X

CT/MRI X X X X

BMI – body mass index; WHO – World Health Organization; VAS – visual analogue scale; CT – computed tomography; MRI – magnetic resonance imaging; 
EORTC – European Organization for Research and Treatment of Cancer.
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using the  Charlson Comorbidity Index, we  will select 
a group of patients from those we believe will benefit most 
from the treatments. Patients will be individually ana-
lyzed in terms of the best “therapeutic moment” which, 
in the future, may be important in relation to new stan-
dards of management and the inclusion of this method 
as part of the treatment regimen for pancreatic cancer.

The effectiveness of the method will be assessed using ab-
dominal MR and/or abdominal CT. The control methods will 
be compared and the most effective will be selected. The char-
acteristic changes after IRE and their predictive value for OS 
and PFS will also be assessed. Overall, this study will evaluate 
the effectiveness and safety of IRE, CaEP and ECT with bleo-
mycin in the treatment of non-resectable pancreatic cancer. 
It will also address the question of which of these methods 
is the safest and most effective, and at which point during treat-
ment a patient should be qualified for this procedure. The IREC 
project may contribute to the inclusion of a new therapeutic 
method in the treatment regimen for pancreatic cancer.
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