Increasing beta cell mass to treat diabetes mellitus
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Abstract

Finding a radical cure for diabetes has reached paramount importance in medicine due to the widespread
prevalence of the disease. A substantial reduction in insulin-secreting beta cells is evident in diabetes.
The failure of cyclin-dependent kinases (CDKs) and cyclins to access the nucleus is responsible for quiescence
or senescence in human and rodent beta cells. The augmentation of beta cell proliferation is supposed
to reverse diabetes. This concept has inspired the discovery of newer drugs that encourage the proliferation
ofbeta cells. Although itis a rational step towards a cure for diabetes, the differences in biochemical pathways
in rodents and human beta cells pose difficulty in promoting the proliferation of human beta cells. Primarily,
itis mandatory to clearly understand the intracellular pathways involved in the proliferation of beta cells so as
to pave the way for therapeutic interventions. There are several intrinsic factors that trigger the proliferation
of beta cells. Furthermore, it is also obvious that the early death of beta cells due to oxidative stress-related
uprequlation of pro-apoptotic genes also predisposes individuals to diabetes mellitus. Polyphenols, exendin 4,
histone deacetylase inhibitors, glucagon-like peptide 1, phenyl pyruvic acid glucoside, and several flavonoids
reduce the early apoptosis of beta cells partly through their role in the reduction of oxidative stress. A better
understanding of intracellular pathways, the identification of specific mitogens, the induction of beta cell
proliferation, and the inhibition of apoptosis may help us treat diabetes mellitus through an increase in beta
cell mass.
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Introduction

There is a pronounced rise in the prevalence of diabetes
mellitus around the world. The number of diabetic patients
is expected to rise to 300 million globally by 2030.! Dia-
betes mellitus is a chronic metabolic abnormality char-
acterized by persistent hyperglycemia. There are 2 main
types of this disease: type 1 diabetes mellitus (DMT1) and
type 2 diabetes mellitus (DMT2). DMT1 emerges from
autoimmune reactions that result in the destruction of beta
cells.?2 DMT2 is a chronic ailment. An unhealthy diet and
a sedentary lifestyle are the prime risk factors for DMT?2.
Other risk factors include obesity, reduced physical activ-
ity, and a genetic predisposition.® DMT?2 results from either
areduction in the secretion of and/or an emergence of re-
sistance to insulin in the body.* The autoimmune destruc-
tion of beta cells is accountable for the decline in insulin
secretion. Beta cells are mostly found in the islet; however,
they make up only about 2% of the pancreas. Beta cells are
highly susceptible to hyperglycemia and become dysfunc-
tional or even damaged by glucotoxicity.”

The damage to beta cells is further aggravated by a high-
fat diet, resulting in lipotoxicity. An autopsied pancreas
model from DMT?2 subjects revealed a 30% decline in the
number of beta cells in DMT2 individuals compared
to healthy adults.® The decrease in beta cells contributes
to an increased death rate. Transplantation of the pancreas
and beta cell replacement therapy have been investigated
for the cure of DMT2. Although very promising, these
procedures pose some serious obstacles and offer a limited
scope of implementation.” Another promising approach for
the treatment of diabetes is to enhance the proliferation
of beta cells through drugs. Table 1 shows the advantages
and disadvantages of pancreas transplantation and beta
cell replacement therapy.

Another approach in treating diabetes is to increase beta
cell mass. However, the induction of beta cell proliferation
was not possible in the past. Several studies have been
carried out in the past decade, making it feasible thanks
to an improved understanding of intracellular pathways.®
Adult human beta cells have an incredibly low rate of pro-
liferation (about 1%). There is a lack of specific mitogens

Table 1. Comparison of modern curative approaches to treating diabetes

Pancreatic islets transplant | Replacement of beta cell

Advantages: Advantages:
- independence of insulin - independent of insulin
- decrease in secondary — less invasive

complications
- prevention of hypoglycemia

- abundant supply of beta cells
- simple therapy

Disadvantages:
- shortage of donors
— auto-immunity
- allo-immunity - risk of cancer
- toxicity of immunosuppressive - ethical considerations
drugs - autoimmunity
- poor quality control

Disadvantages:
- functionally immature beta cells
- poor response to glucose
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that induce the proliferation of only beta cells without in-
ducing generalized proliferation. The proliferation of cer-
tain growth factors may pose a risk of oncogenesis through
the stimulation of undesired proliferation.’ In this review,
we discuss the advancements and hindrances in the pro-
liferation of beta cells. This review also highlights several
factors that trigger the proliferation and inhibit the apop-
tosis of beta cells.

Cell cycle cascade

Human beta cells contain cyclin-dependent kinases
(CDKs) and transcription factors (E2F). These molecules,
like most adult cells, direct the entry of beta cells into
the cell cycle. On the other hand, beta cells also exhibit
several factors that resist the entry of beta cells into the
cell cycle, such as CDK inhibitors and pocket proteins (i.e.,
p107, p130, and pRb).}%! Mitogenic stimuli do not result
in the proliferation of beta cells due to the inhibitory fac-
tors of the cell cycle. However, the overexpression of the
positive factors directs the progression of beta cells in the
cell cycle.!? The reversal of diabetes in diabetic mice was
more pronounced in mice transplanted with human islets
overexpressing cyclins and CDKs than those transplanted
with normal human islets.!® It has also been found that the
shRNA system of lentivirus silences cell cycle inhibitor
p57KIP2, and thus allows entry into the cell cycle.® More-
over, mutations in cell cycle inhibitor and tumor suppres-
sor genes may render them inoperative and may culminate
in the hyperplasia of endocrine cells.!*

Cell cycle-associated molecules are usually located
in the nucleus of cells. However, human beta cells, con-
tain more G1 and S molecules in the cytoplasm rather
than the nucleus, as observed by subcellular fractionation
and immunocytochemistry studies. The overexpression
and movement of cyclins, CDKs, and cell cycle inhibitors
— and their movement inside and outside the nucleus —
contribute to the induction of beta cell replication, as con-
firmed by static immunocytochemistry and CDK-tagged
live cells. Beta cells in rats also exhibit similar processes.
For instance, CDK2 is abundantly found in the cytoplasm
of non-proliferating rodent beta cells; however, it is located
in the nucleus of proliferating insulinoma cells.’® There-
fore, it can be inferred that the failure of CDKs and cyclins
to access the nucleus is responsible for the quiescence or
senescence in human and rodent beta cells.

Intracellular signaling pathways

Pancreatic beta cells have all the necessary cell cycle
molecules that play a pivotal role in the proliferation of beta
cells. However, the response of cell cycle machinery to mi-
togens is yet unclear. There is a need to further explore the
exact cell signaling pathways so as to assess the reason for
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the nonproliferation of beta cells in response to growth
factors and to some particular nutrients capable of induc-
ing proliferation.'® This knowledge gap may be attributed
to the complexity of methods of isolating and refining hu-
man beta cells and difficulties in their long-term preserva-
tion. The activation of protein kinase B, protein kinase C,
or intracellular Ca?* by gamma-aminobutyric acid or glu-
cose induces the proliferation of human beta cells.!® The in-
hibition of glycogen synthase kinase 3 (GSK3) also induces
proliferation.!” Some studies have revealed other signaling
pathways involved in the proliferation of beta cells, such as
the PI3K and IRS2 signaling pathways, activated by insulin
or IGFs, and the MAP-kinase signaling pathway, activated
by PDGE.!8 Several efforts have been made to manipulate
the signaling molecules for the induction of beta cell pro-
liferation. However, the ultimate rate of proliferation was
insignificant. For instance, lithium-induced inhibition
of GSK3p increased the rate of proliferation up to three-
fold; however, the ultimate changes were insignificant,
increasing from 0.17% to 0.71%.!7 On the whole, it can be
assumed that the mitogenic signaling pathways are difficult
to ameliorate and the currently-known mitogens exhibit
only a weak effect on the activation of the cell cycle.

Human and rodent beta cells

Rodent and mammalian beta cells share the broad prin-
ciples of beta cell biology. Rodent beta cells, therefore, have
been extensively investigated.!® Human and rodent beta
cells show marked differences in cell function and pat-
terns of gene expression owing to diverse metabolic and
nutritional demands. For instance, GLUT-2 is a chief glu-
cose transporter in rodent beta cells; however, GLUT-1
performs this function in humans.?® Rodents exhibit
2 insulin genes — InsI and Ins2 — whereas humans have
only one insulin gene (INS). An absolute congenital loss
of beta cells and, ultimately, neonatal diabetes arises due
to mutations in NEUROG3 (which encodes the transcrip-
tion factor neurogenin 3) in rodents. In humans, these
mutations are linked to malabsorption and diarrhea due
to damaged enteroendocrine cells.?! These mutations have
variable effects on beta cell function and contribute to con-
genital diabetes and an altered response to hyperglyce-
mia in adults. It is further revealed that NEUROGS3 is not
critical for the proliferation of human beta cells.?? MAFB
(a transcription factor) is present in human beta cells and
absent in rodents.? Table 2 shows the differences in rodent
and human beta cells due to which both species respond
differently to different mitogens.

The islets of Langerhans house 80% of the beta cells
in rodents and make up the islet core. However, these islets
in humans contain only 50% beta cells scattered throughout
the islets. There is also a significant difference in beta cell
proliferation in both species. Beta cells proliferate at a max-
imum rate of 2% at any point throughout human life.?%2°
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Table 2. Differences in human and rodent beta cells

Parameter | Human | Rodent
Major glucose transporter GLUT-1 GLUT-2
Insulin gene INS Inst, Ins2
NEUROG3 non-essential essential
MAFB (transcription factor) present absent
B cellsinislets 50% 80%
Position of 3 cells in islets scattered ?\Zkgours
Proliferation at any point during life 2% 10-30%

GLUT-1 - glucose transporter type 1; GLUT-2 - glucose transporter type 2;
INS - insulin gene; Ins1 — insulin 1 rodent gene; Ins2 — insulin 2 rodent
gene; NEUROG 3 - encoding the transcription factor neurogenin-3; MAFB
- musculoaponeurotic fibrosarcoma oncogene homolog b.

However, the peak rate of proliferation is considerably
higher in rats and ranges from 10% to 30%.2° Most stud-
ies employed beta cell originating from juvenile rodents 2
to 3 months of age for regeneration experiments. However,
regeneration experiments in humans employed beta cells
that were mainly obtained from individuals 40—50 years
old.

A large number of the interventions made in rats (such
as obesity, high-fat diets, partial pancreatectomy, genetic
models of insulin resistance, pregnancy, growth factors,
mitogenic agents [such as placental lactogen, prolactin,
glucose, hepatocyte growth factor, betatrophin, exendin 4,
glucagon-like peptide (GLP1), epidermal growth factor (EGF),
insulin-like growth factors (IGFs), osteocalcins, gastrin,
and platelet-derived growth factor (PDGR)] and some other
molecules, such as purinergic agonists, glucokinase activa-
tors, adenosine kinase inhibitors, and dihydropyridines)
have been proven to be capable as strong proliferation ac-
tivators.”” However, these interventions were ineffective
in humans in inducing proliferation owing to the differ-
ences in age and other intrinsic factors.?® Consequently,
there is a clear need to comprehend the biological differ-
ences in both species so that the findings in rat models may
be implemented in the treatment of humans.

Hindrances in the proliferation
of beta cells

The primary feature of human pancreatic beta cells
is an incredibly small basal proliferation index (0.1-0.2%)
and a poor response to almost all mitogenic stimuli
(0.3-0.5%). Studies revealed that 99.9% of pancreatic beta
cells are quiescent. However, the number of quiescent beta
cells is reduced to 99.5% during mitogenic stimulation.
Adult human beta cells exhibit resistance to mitogenic
stimuli. Nevertheless, the proliferation rate during the
early years of life is incredibly low (about 2%) even when
there is a maximum proliferation of beta cells. The reason
behind the low proliferation rate of the beta cells is unclear.
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It has been speculated that the adult beta cells were replica-
tively senescent (a condition in which cells cannot enter the
cell cycle due to a high activity of cell cycle inhibitory mol-
ecules like p16INK4a, p18INK4c, p27KIP1, p53, p57KIP2
p21CIP1, and others).” This explanation is not satisfactory,
as the cell cycle can be induced by an increased expression
of cyclins and CDKs or by the activation of other positive
signaling pathways. These cyclins and CDKs cannot get
entry into the nucleus of these pancreatic beta cells, which
keeps them in quiescence.!’

An age-related alteration in the epigenetic makeup of the
replicative machinery culminates in senescence. The loss
of EZH2 (enhancer of zeste homolog 2) and BMI1 (a poly-
comb complex protein) results in an increased expression
of p16INK4a and other CDK inhibitors. Age-related deple-
tion of the receptors for mitogenic and platelet-derived
growth factor may also render adult beta cells gradually
unresponsive to mitogenic stimuli.?® However, the pres-
ence of GLP 1 and HGF receptors involved in the stimula-
tion of mitogenic signaling pathways of rodent and adult
human beta cells suggests the need to further investigate
the age-related and species-specific deviations in intracel-
lular signaling pathways.3!

Mitogens for proliferation

A rational therapeutic approach to treating diabetes
is the promotion of insulin secretion through encouraging
the proliferation of beta cells. A key challenge in promoting
the proliferation of beta cells is to enhance their prolifera-
tion without increasing the generalized proliferation rate.”
It is evident from the previous studies that glucose has the
potential to promote human and rodent beta cell prolifera-
tion under both in vitro and in vivo conditions.?? Gluco-
kinase (GK) metabolizes glucose after its uptake into beta
cells. It is the rate-limiting step of glycolysis. Glycolysis
increases ATP concentration, which results in the closure
of ATP-sensitive potassium channels (KATP) and causes
a depolarization of the cell membrane. This depolarization
results in the opening of voltage gated Ca?* channels, and
an ultimate increase in intracellular Ca** level triggers the
exocytosis of insulin. Several studies have demonstrated
that glucose-induced proliferation also occurs through this
glucose-triggered insulin secretion pathway. Several stud-
ies have shown the link between glucokinase activation
and beta cell proliferation. This renders glucokinase an ap-
pealing target for interventions to promote proliferation.
Glucokinase activators exhibit a conservation of beta
cell mass in rat models.3* Intracellular Ca?* functions as
a physiological regulator of the glucose-triggered insulin
secretion pathway. It is also evident that dihydropyridine
derivatives activate L-type Ca* channels to promote the
proliferation of beta cells.> Beta cells also proliferate due
to calcium-dependent phosphatase calcineurin, the nucle-
ar factor of the activated T cell (NFAT) pathway. Table 3
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Table 3. List of the chemicals that enhance the proliferation rate and
reduce beta cell apoptosis resulting in the conservation of beta cell mass

Nature Proliferation Apoptosis
of chemicals enhancer inhibitors
GKA
calcium signaling
Small molecules N/A
adenosine signaling
WS6
insulin insulin
lactogen signaling estrogen
Hormones
incretin incretin
betatrophin triiodothyronine
resveratrol
PPAG
Phytochemicals N/A flavonoids
glutathione peroxidase
mimetics

GKA - glucokinase activator; N/A - not applicable; WS6 — compound
name with molecular formula C29H31F3N603; PPAG — phenylpropenoic
acid.

lists the molecules involved in the conservation of beta cell
mass through an enhancement of the proliferation rate and
a reduction in the apoptosis of beta cells.

A nonspecific adenosine receptor agonist (NECA) was
identified as a potent enhancer of beta cell proliferation
through a zebra fish whole-body screen in regenerating
conditions. NECA acts through the beta cell surface ad-
enosine receptor A2« and its proliferative and hypoglyce-
mic action has been demonstrated in diabetic mice. These
observations suggest a possible link between glucose me-
tabolism and adenosine signaling via a glucose-induced
increase in intracellular ATP concentration that, in turn,
enhances beta cell proliferation in a paracrine fashion.°
ATP depletion in dying cells exhibits adenosine as a stress
signal. This signal enhances beta cell proliferation follow-
ing tissue damage.?” It is also evident from the studies that
the inhibition of nuclear adenosine kinase activity may
induce beta cell proliferation selectively in rodent diabetic
models.?® WS6 effectively stimulates beta cell prolifera-
tion in both rodent and human islets dose-dependent-
ly. Additionally, there is a variety of growth factors and
hormones that increase proliferation, such as incretins,
insulin, parathyroid hormone related protein (PTHRP),
PDGF, IGFs, EGF, and hepatocyte growth factor (HGF).*
Gastric inhibitory polypeptide (GIP) and GLP1 are secreted
from the gut and reduce the blood glucose level efficiently
through multiple signaling pathways, including beta cell
proliferation. GLP1 receptor agonists are extensively used
for the management of diabetes and increase the secretion
of insulin by binding to their receptors on beta cells.*°

GLP1 receptor agonists and DPP4 inhibitors exhibit beta
cell proliferation in rodent models. However, there is no
evidence that either of these would be effective in diabetic
patients. Moreover, it has also been found that incretin
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therapy may induce pathological lesions with a high risk
of oncogenicity.*! Beta cells proliferate as a result of in-
creased insulin demand in conditions such as pregnan-
cy, obesity, and insulin resistance. These conditions are
helpful in the identification of several hormones involved
in beta cell mass expansion. The concentration of placental
lactogen and prolactin increases during pregnancy and
these hormones are involved in the proliferation of beta
cells.*? It has been established that the lactogen-induced
proliferation of beta cells is accomplished through the
production of the neurotransmitter serotonin in the islet
tissues.*® Consequently, modulation in serotonin signaling
may be helpful in controlling hyperglycemia. In addition,
prolactin stimulates the proliferation of beta cells by sup-
pressing menin levels.** Menin inhibitors have also been
developed and evaluated for their potential to induce pro-
liferation. It is further necessary to identify and investigate
the related drugs to enhance the proliferation of beta cells.

Inhibition of beta cell apoptosis

Apoptosis is the hallmark of beta cell loss and plays a piv-
otal role in the progression of DMT2.%> A high fat diet
contributes mainly to beta cell apoptosis owing to oxida-
tive stress associated with glucotoxicity and lipotoxicity.
Studies have revealed the upregulation of pro-apoptotic
genes in response to oxidative stress resulting in cell
death.*® Several compounds causing elevated glucose up-
take by the muscle and fat tissues also exerted positive
effects on beta cell survival. Likewise, some compounds
with antioxidant potential also proved helpful in the pre-
vention of apoptosis.*’

Polyphenols present in natural products may be used
as anti-apoptotic agents due to their high antioxidant po-
tential. Flavonoids (genistein, anthocyanins, and epigallo-
catechin gallate) and other polyphenolic compounds (like
stilbene and resveratrol) prevent the apoptosis of beta cells
through a reduction of oxidative stress. These compounds
also exhibit a potential to modulate anti-apoptotic and pro-
apoptotic proteins present in the beta cells.*® It has been
found that phenyl pyruvic acid glucoside (PPAG) protects
patients from hyperglycemia and increases the beta cell
mass in rodents.?

PPAG and several flavonoids have antioxidant poten-
tial. These compounds also cause an upregulation of Bcl-2
which prevents apoptosis.®® Inflammation, along with
gluco-lipotoxicity, plays a vital role in beta cell death
in DMT2. Interleukin 1 (IL-1) signaling is found to be in-
volved in the pathogenesis of DMT2.5! Resveratrol prevents
the IL-18-induced dysfunction of pancreatic beta cells.>

Histone deacetylase inhibitors (HDACI) can be utilized
in the management of diabetes as these chemicals sup-
press IL-1f3 signaling. HDACi also block cytokine-induced
apoptosis in streptozotocin-induced diabetes.> Likewise,
exendin-4 protects cytokine-induced beta cell apoptosis.>*

1313

Additionally, exendin-4 also diminishes gene expression
in response to stress in the endoplasmic reticulum of par-
tially pancreatectomized rats.>> GLP1 may expand beta cell
mass in leptin receptor-deficient mice through a reduction
of oxidative stress.>®

GLP1 also exhibits an anti-apoptotic effect in isolated
human islets.”” Numerous rodent models reported a higher
susceptibility to developing diabetes in male animals than
in their female counterparts.®® Therefore, it is suggested
that gonadal hormones also play a significant role in the
development of the disease. Estrogen-receptors (ERs) ex-
pressed in human and rodent beta cells include ERa, ER$3,
and G protein-coupled ERs. These receptors also contribute
tobeta cell survival. It is evident that estrogen reduces oxida-
tive stress and lipotoxicity-associated loss of beta cells.>8>
Additionally, estrogen also protects beta cells against
pro-inflammatory cytokines. Triiodothyronine (T3),
a thyroid hormone, also exhibits an anti-apoptotic effect
through the modulation of pro- and anti-apoptotic factors
like Bcl-XL, Bcl-2, Bad, Bax, and caspase 3.%°

Conclusions

On the basis of this discussion, it can be concluded that
physiological stimuli may enhance the proliferation of beta
cells in order to conserve beta cell mass. Several small
molecules have shown the potential to induce proliferation,
which warrants further investigation in order to explore
their exact mechanism of action and to optimize them.
Numerous phytochemicals that are capable of reducing
the apoptosis of beta cells to conserve beta cell function
have also been introduced. Several mitogens increase the
proliferation of beta cells in rodents; they are, however,
unable to induce proliferation in human beta cells due
to various intrinsic and nutritional factors. It is necessary
to further develop and select more appropriate experi-
mental models to test mitogens for beta cell proliferation.
Likewise, it is also necessary to develop an appropriate
non-invasive method to assess beta cell mass.
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