
D I A B E T E S  &  M E T A B O L I S M  J O U R N A L

This is an Open Access article distributed under the terms of the Creative Commons At-
tribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) 
which permits unrestricted non-commercial use, distribution, and reproduction in any 
medium, provided the original work is properly cited.

Copyright © 2014 Korean Diabetes Association� http://e-dmj.org

Diabetes Metab J 2014;38:426-436

Therapeutic Approaches for Preserving or Restoring 
Pancreatic β-Cell Function and Mass
Kyong Yeun Jung*, Kyoung Min Kim*, Soo Lim
Department of Internal Medicine, Seoul National University Bundang Hospital, Seoul National University College of Medicine, Seongnam, Korea

The goal for the treatment of patients with diabetes has today shifted from merely reducing glucose concentrations to preventing 
the natural decline in β-cell function and delay the progression of disease. Pancreatic β-cell dysfunction and decreased β-cell 
mass are crucial in the development of diabetes. The β-cell defects are the main pathogenesis in patients with type 1 diabetes and 
are associated with type 2 diabetes as the disease progresses. Recent studies suggest that human pancreatic β-cells have a capacity 
for increased proliferation according to increased demands for insulin. In humans, β-cell mass has been shown to increase in pa-
tients showing insulin-resistance states such as obesity or in pregnancy. This capacity might be useful for identifying new thera-
peutic strategies to reestablish a functional β-cell mass. In this context, therapeutic approaches designed to increase β-cell mass 
might prove a significant way to manage diabetes and prevent its progression. This review describes the various β-cell defects 
that appear in patients with diabetes and outline the mechanisms of β-cell failure. We also review common methods for assessing 
β-cell function and mass and methodological limitations in vivo. Finally, we discuss the current therapeutic approaches to im-
prove β-cell function and increase β-cell mass.
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INTRODUCTION

Type 1 diabetes mellitus (T1DM) is characterized by an abso-
lute deficit of pancreatic β-cells caused by autoimmune-medi-
ated destruction, whereas insulin resistance and abnormal in-
sulin secretion are central to the development of type 2 diabe-
tes mellitus (T2DM). In patients with T2DM, the pancreas re-
sponds initially by expanding the mass of β-cells and increas-
ing insulin secretion to compensate for the increased metabolic 
demand [1]. However, when this compensation is not enough, 
blood glucose concentrations increase, leading to decreased 
β-cell mass and dysfunction [1]. Thus, the reduction of β-cell 
mass is a common feature of both T1DM and T2DM. In gen-
eral, pancreatic β-cell functions decrease up to approximately 
50% of normal at the time of diagnosis of T2DM [2]. In autop-

sy studies on patients with T2DM, the β-cell mass was found to 
be only about 40% to 60% that of control subjects [1,3]. Previ-
ous studies have reported that β-cells have a capacity for in-
creased proliferation in response to increased insulin demands 
[4-6]. This aspect of their physiology might be useful for iden-
tifying new therapeutic strategies to delay the progression of 
diabetes. Decreased β-cell mass in patients with diabetes might 
be improved through pancreatic transplantation or intraportal 
transplantation of isolated islets [7]. However, such procedures 
are associated with both surgical morbidity and the adverse ef-
fects of chronic immunosuppression [8]. Therefore, there is a 
need for alternative approaches for increasing functional β-cell 
mass in patients with diabetes.
  In this review, we will outline the common defects in β-cell 
mass and potential mechanisms of β-cell failure. Commonly 
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used methods for assessing β-cell function and mass will be 
described. Finally, we will discuss current therapeutic ap-
proaches for increasing β-cell mass.

DECREASED β-CELL FUNCTION AND MASS 
IN PATIENTS WITH DIABETES

T1DM is characterized by autoimmune-mediated β-cell destruction, 
whereas T2DM is characterized by insulin resistance and a progres-
sive decline in β-cell function. Moreover,  β-cell dysfunction is now 
considered to be a precipitating event in the development of T2DM 
[9]. Clearly, β-cell dysfunction is crucial in the development of diabe-
tes because it cannot occur without an impairment in insulin secre-
tion [9]. β-Cells are able to compensate for insulin resistance for many 
years before the onset of diabetes. However, if this compensation is 
inadequate, blood glucose levels increase and eventually diabetes de-
velops.
  In addition to β-cell dysfunction, it has also been suggested 
that deficits in β-cell mass are critical in the progression of both 
T1DM and T2DM. T1DM is clearly associated with autoim-
mune-mediated β-cells death and a reduction in β-cell mass 
[10]. However, it is controversial whether β-cell mass is de-
creased in patients with T2DM [11,12]. An autopsy study has 
shown that patients with T2DM have decreased β-cell mass 
compared with age- and body mass index-matched nondiabet-
ic individuals [12].
  The importance of reduced β-cell mass in the development 
of diabetes is supported by several lines of evidence. First, there 
is a ~99% deficit in mass in patients with long-standing T1DM 
[10] and a ~65% deficit in those with long-standing T2DM [1]. 
Second, surgical reduction of β-cell mass led to the develop-
ment of diabetes in humans as well as in animal models [4,13]. 
Third, the typical metabolic defects of patients with T2DM such 
as impaired insulin secretion and insulin resistance can be 
mimicked in animals by a progressive loss of β-cells [14]. 
Fourth, despite the overt presence of insulin resistance, hyper-
glycemia can be improved by restoration of β-cell mass through 
pancreatic transplantation [15]. These findings support the idea 
that reduced β-cell mass as well as β-cell dysfunction both con-
tribute to the development and progressive course of DM.

ASSESSING β-CELL MASS 

There are several limitations in the medical visualization of 
β-cell mass. Pancreatic islets are small structures (200 μm in 

diameter) dispersed throughout the pancreas [16]. Endoge-
nous β-cells constitute only 1% to 2% of the total cell volume 
in pancreatic tissue [16]. Furthermore, there are no significant 
differences in density and echogenicity between the exocrine 
and endocrine pancreatic tissues [16]. These obstacles have so 
far hampered the reliable quantification of β-cell mass.
  There are few studies on human β-cell mass because it is 
difficult to obtain pancreatic tissues. Limited autopsy studies 
have demonstrated that β-cell mass is decreased in patients 
who died with T2DM [1]. One study revealed that the relative 
β-cell volume is decreased in both obese and lean human pa-
tients with T2DM compared with nondiabetic controls [1]. 
However, the measured β-cell mass at autopsy is not the func-
tional β-cell mass because of the lack of measured correlations 
with glycaemia, insulinaemia, or β-cell function.
  Differences in pancreatic volume and fat content between 
normal subjects and patients have been measured after differ-
ent durations of T2DM [17]. Pancreatic volume and fat were 
measured by 64-slice multidetector-row computed tomogra-
phy. The pancreatic volume was smaller and pancreatic fat con-
tent was increased in patients with T2DM than the normal 
subjects. The pancreatic volume and fat accumulation in the 
pancreas were positively associated with biochemical parame-
ters reflecting pancreatic β-cell function [17].
  Although obtaining human pancreatic tissue in humans is 
challenging, noninvasive imaging approaches have been ap-
plied to determine the functional mass of β-cells in living sub-
jects. These approaches have relied on the specific labeling of 
β-cells using enzymes, cell receptors, or surface structures that 
are predominantly or exclusively expressed on β-cells [16]. A 
number of different β-cell markers, including glucagon-like 
peptide-1 (GLP-1) receptors, sulfonylurea receptors, vesicular 
amine transporter 2, and gangliosides have been used as targets 
for labeling [16]. In addition, these labeling can be detected by 
radionuclide imaging such as positron emission tomography 
or magnetic resonance imaging [16]. However, β-cell markers 
for clinical use require high specificity and stability as well as 
high-resolution imaging. To date, none of these markers has 
provided approximations of β-cell mass with sufficient sensi-
tivity and specificity to justify their routine application in hu-
mans.
  Because of the lack of reliable routine methods to determine 
β-cell mass in humans, indirect testing of β-cell function could 
be a suitable alternative. Functional tests of insulin secretion are 
based on the assumption that the amount of insulin secreted is 
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proportional to the β-cell mass [16]. Although, insulin secre-
tion might well change independently from β-cell mass, indi-
rect testing of β-cell function currently represents the most re-
liable method of estimating β-cell mass in humans. In human 
experiments, the acute insulin response (AIR) to glucose, AIR 
to arginine, and, maximal AIR to arginine were significantly 
correlated with estimates of β-cell mass, with r values of ~0.80 
[18].

POTENTIAL MECHANISMS IN DECREASED 
β-CELL MASS AND DYSFUNCTION

Regulation of β-cell mass appears to involve a balance between 
the dynamic process of β-cell mass expansion, through replica-
tion and neogenesis, and loss via apoptosis (Fig. 1) [19]. Dis-
ruption in the pathways of β-cell formation or an increased rate 
of β-cell death  can result in a decrease in β-cell mass [1]. An 
autopsy study suggested that the frequency and rate of β-cell 
apoptosis was increased significantly in patients with T2DM, 
whereas the rate of replication of β-cells was normal [1]. This 
imbalance between apoptosis and regeneration of pancreatic 
β-cells is poorly understood, but several mechanisms have been 
proposed as triggers for the increased loss [20]. Thus, in an en-
vironment of metabolic overload and insulin resistance, β-cells 
initially activate compensatory pathways to improve insulin se-
cretion, but they eventually initiate several pathological pro-
grams that synergistically promote β-cell dysfunction and 
apoptosis [20]. These pathological programs include glucotox-

icity, lipotoxicity [21], and oxidative stress. Other potential fac-
tors leading to β-cell death are endoplasmic reticulum (ER) 
stress [22], inflammatory stress, amyloid stress, and loss of islet 
cell integrity [20]. However, these mechanisms and the timing 
of diabetes onset at a given levels of β-cell loss vary between in-
dividuals and are influenced by factors such as genetic suscep-
tibility [20].

THERAPEUTIC APPROACHES FOR 
MAINTAINING β-CELL MASS IN PATIENTS 
WITH DIABETES

Some evidence suggests that β-cells have capacity for increased 
proliferation in response to increased insulin demand. In ro-
dents, β-cell replication  increased by 2.8-fold after partial pan-
createctomy [4] and by 2.5-fold during pregnancy [5]. The 
overall capacity for β-cell replication  in humans is much lower 
than in rodents, but it can increase by 50% in subjects with 
obesity [1]. Both insulin secretion and β-cell mass increase 
during pregnancy [6]. Given the important role of β-cell mass 
in the development of diabetes, their capacity for regeneration 
could be used to identify a therapeutic agent for reestablishing 
a functional β-cell mass.
  Current antidiabetic medications aim at decreasing glucose 
levels, either by improving insulin secretion in the remaining 
β-cells (using insulin secretagogues), by improving the response 
to insulin in target tissues (using insulin sensitizers), or by re-
placing the missing insulin (using exogenous insulin treat-

Fig. 1. Regulation of the pancreatic β-cell mass dynamics. 

β-Cell mass expansion β-Cell mass loss

Replication
Cell death
(Apoptosis)

β-Cell 
dedifferentiation

Neogenesis
β-Cell mass
dynamics

Non β-cell 
precursors

Hypertrophy



429

Preservation of β-cell function and mass  

Diabetes Metab J 2014;38:426-436http://e-dmj.org

ment). A major concern in the treatment of patients with T2DM 
is to identify a therapeutic agent that can prevent the gradual de-
clines in β-cell function and mass. Debate is ongoing as to the 
potential effects of oral hypoglycemic agents on β-cell death  and 
proliferation. Some drugs have been proposed to accelerate 
β-cell loss (e.g., glibenclamide and glyburide) [23], while other 
drugs such as peroxisome proliferator-activated receptor-gam-
ma (PPARγ) agonists, GLP-1 receptor agonists, dipeptidyl pepti-
dase-4 (DPP-4) inhibitors, glycogen synthase kinase 3β (GSK3β) 
inhibitors, or G protein-coupled receptor 40 (GPR40) agonists 
have been suggested to protect β-cell function [16]. The effects 
of current and future anti-diabetic drugs on β-cell function and 
mass in animal and human data have been summarized in the 
Table 1.

PPARγ agonists
Mode of action 
Thiazolidinedione (TZD) is a synthetic ligand of PPARγ, which 

is a member of the nuclear hormone receptor family and con-
tributes to many biological processes such as glucose homeo-
stasis, lipid metabolism, and cellular proliferation and differen-
tiation [24]. PPARγ regulates expression of the gene encoding 
prodifferentiation transcription-factor pancreas duodenum 
homeobox-1 (PDX-1) in β-cells [25]. TZDs are known to im-
prove insulin sensitivity and preserve β-cell function, and sev-
eral mechanisms have been proposed (Fig. 2). First, stimula-
tion with PPARγ agonist upregulates PDX-1 expression and in-
creases glucose transporter 2 (GLUT2) and glucokinase ex-
pression levels in β-cells [26]. Second, TZD reduces the intra-
cellular levels of toxic lipid metabolites and reverses lipotoxicity 
[27]. TZD prevents the cytostatic effect of free fatty acids 
(FFAs) as well as FFA-induced inhibition of PPARγ and insulin 
mRNA expression levels, while restoring glucose-mediated in-
sulin release and pancreatic islet hormone content [27]. Third, 
TZD increases insulin sensitivity in muscle and liver [24]. 
Thus, treatment with TZD can improve β-cell function via a 

Table 1. Therapeutic approaches for maintaining β-cell function and mass in animal and human data

Agents Mode of action in β-cell Animal data Human data

PPARγ agonists Upregulate Pdx-1 expression [25]
Increase insulin gene transcription,  
   GLUT2, and glucokinase [26]
Reverse lipotoxicity [27]

Reduced oxidative stress [28]
Inhibited β-cell apoptosis [29]
Increased β-cell mass and function 
   [28,29]

Slow the rate of loss of β-cell function 
   and improve insulin sensitivity in 
   ADOPT trial [23], ACT NOW study 
   [30], PIPOD, and TRIPOD study [31] 

GLP-1 analogues Enhance glucose-stimulated insulin 
   secretion [33]
Act as a growth factor by promoting 
   β-cell proliferation and inhibiting 
   β-cell apoptosis [33] 
Stimulate insulin gene expression and 
   biosynthesis [34]
Attenuate ER stress [35]

Increased β-cell mass [36]
Modulated the expression of β-cell 
   specific genes [37]
Inhibited β-cell apoptosis [38] 

Improved insulin secretory capacity and 
   insulin sensitivity [39]
Reduced proinsulin to insulin ratio [40]
Restore 1st and 2nd phase insulin 
   secretion [41]

DPP-4 inhibitors Inhibit the incretin degrading enzyme 
   DPP-4 [32]
Increase the bioavailability of active 
   GLP-1 [42]

Increased β-cell mass and pancreatic 
   insulin content [42,43]
Enhanced insulin secretion [42]

Improved β-cell function [44,45]

GSK3β inhibitors Regulate glycogen metabolism by 
   inhibiting glycogen synthase [48]
Inhibit ER stress induced β-cell 
   apoptosis [51]
Improve β-cell function by preserving 
   β-cell transcriptional factor Pdx1 [52]

Enhanced insulin signaling [53]
Improved insulin resistance [53]
Increased β-cell mass [54]

–

GPR40 agonists Induce insulin secretion by modulating 
   G protein-coupled receptor involved 
   in free fatty acid [55]

Enhanced glucose-dependent insulin 
   secretion with elevation of Ca2+ [57]
Decreased glucose and insulin level [58]

Increased insulin secretion [59]

PPARγ, peroxisome proliferator-activated receptor-gamma; GLUT2, glucose transporter 2; ADOPT, A Diabetes Outcome Progression Trial; 
ACT NOW, Actos Now for Prevention of Diabetes; PIPOD, Pioglitazone In Prevention Of Diabetes; TRIPOD, TRoglitazone In the Prevention 
Of Diabetes; GLP-1, glucagon-like peptide-1; ER, endoplasmic reticulum; DPP-4, dipeptidyl peptidase-4; GSK3β, glycogen synthase kinase 3 β; 
GPR40, G protein-coupled receptor 40. 
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variety of mechanisms.

Animal studies
Several studies have demonstrated the effect of PPARγ ago-
nists on reducing β-cell mass and alteration of β-cell function 
in animal models of T2DM. In a db/db mouse model, long-
term treatment with pioglitazone reduced oxidative stress and 
thereby preserved β-cell mass [28]. In a Zucker diabetic fatty 
(ZDF) rat model, rosiglitazone reduced net β-cell death, and 
increased β-cell mass by levels almost twice that of the un-
treated control group [29]. These results support the idea that 
treatment with TZD has the potential to preserve β-cell mass.

Human studies
Several clinical studies have shown that TZD is effective in im-
proving and preserving β-cell function. In the Actos Now for 
Prevention of Diabetes (ACT NOW) study, pioglitazone de-
creased the rate of conversion of subjects from having impaired 
glucose tolerance (IGT) to T2DM by 72% and significantly im-
proved insulin sensitivity and β-cell function [30]. Development 
of diabetes mellitus in Hispanic women with gestational diabetes 
mellitus was decreased by 52% to 62% in the TRoglitazone In 
the Prevention Of Diabetes (TRIPOD) and Pioglitazone In Pre-

vention Of Diabetes (PIPOD) studies [31]. In the A Diabetes 
Outcome Progression Trial (ADOPT) study, treatment with 
rosiglitazone slowed the rate of loss of β-cell function and im-
proved insulin sensitivity more than did either metformin or 
glyburide [23]. In summary, TZD enhances β-cell function and 
insulin sensitivity in patients with diabetes.

GLP-1 agonists
Mode of action 
GLP-1 is an incretin hormone secreted from enteroendocrine 
L cells in the distal ileum and colon [32]. GLP-1 has distinct ac-
tions on β-cells (Fig. 3). First, it enhances glucose-stimulated 
insulin secretion through activation of cyclic adenosine mono-
phosphate (cAMP). Increased cAMP upregulates protein ki-
nase A (PKA) and exchange protein activated by cAMP, which 
leads to rapid increases in intracellular calcium and insulin 
exocytosis in a glucose-dependent manner [33]. Second, GLP-
1 acts as a growth factor by promoting β-cell proliferation and 
inhibiting β-cell apoptosis [33]. GLP-1 promotes epidermal 
growth factor receptor transactivation, which leads to the acti-
vation of phosphatidylinositol-3 kinase and its downstream ef-
fectors [34]. Activation of kinase cascades leads to the activa-
tion or repression of gene transcription and finally stimulating 

Fig. 3. Regulation of the pancreatic β-cell by glucagon-like pep-
tide-1 (GLP-1). GLUT2, glucose transporter 2; K-ATP, ATP-sen-
sitive potassium channel; TCA, tricarboxylic acid; EGFR, epider-
mal growth factor receptor; VDCC, voltage-dependent calcium 
channels; PI3K, phosphatidylinositol-3 kinase; IRS, insulin re-
ceptor substrate; PKC, protein kinase C; MAPK, mitogen-acti-
vated protein kinase; ER, endoplasmic reticulum; cAMP, cyclic 
adenosine monophosphate; PKA, protein kinase A; AC, adenyl-
ate cyclase; Epac, exchange protein activated by cAMP.

lnsulin secretion↑

lnsulin 
synthesis↑

β-Cell proliferation↑
β-Cell apoptosis↓

ER stress↓

Transactivation

β-Cell

Fig. 2. Regulation of the pancreatic β-cell by peroxisome prolif-
erator-activated receptor-gamma (PPARγ). RXR, retinoid X re-
ceptor; GLP-1R, glucagon-like peptide-1R; PI3K, phosphati-
dylinositol-3 kinase; IRS, insulin receptor substrate; PDX-1, pan-
creas duodenum homeobox-1; GLUT2, glucose transporter 2.
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β-cell mass expansion [34]. Third, GLP-1 promotes insulin gene 
expression and biosynthesis, which increases the expression of 
the transcription factor Pdx-1 and the binding of this factor to 
the insulin gene promoter [34]. Fourth, GLP-1 attenuates ER 
stress via activation of PKA and preserves β-cell function and 
survival [35]. Therefore, these activities of GLP-1 suggest that it 
has the potential to reverse diabetes-associated defects in the 
failing β-cell.

Animal studies
Several studies of rat models have suggested that GLP-1 ago-
nists influence the development of β-cell mass and improve 
β-cell function. In glucose-intolerant Goto-Kakizaki rats, treat-
ment with GLP-1 increased both the pancreatic insulin content 
and β-cell mass [36]. GLP-1 is also capable of modulating the 
expression of islet β-cell-specific genes [37]. In Wistar rats, the 
age-dependent decline in β-cell function and the subsequent 
impairment in glucose tolerance were reversed by GLP-1 ad-
ministration [37]. In this animal model, GLP-1 treatment acti-
vated transcription of the genes encoding insulin and glucoki-
nase, as well as GLUT2 [37]. This was associated with an ex-
pansion of β-cell mass via islet cell neogenesis. Furthermore, 
there is strong evidence to suggest that GLP-1 receptor activa-
tion can protect β-cells from apoptosis [38]. Thus, infusion of 
GLP-1 into ZDF rats promoted β-cell growth and inhibited 
apoptosis [38]. Islets of Langerhans from GLP-1-treated rats 
had significantly fewer apoptotic nuclei [38]. These results sup-
port the idea that treatment with GLP-1 has the potential to 
preserve the β-cell mass and function in animal models.

Human studies
A 6-week subcutaneous infusion of GLP-1 in patients with 
T2DM produced substantial improvements in insulin secreto-
ry capacity and insulin sensitivity, with a reduction in the he-
moglobin A1c (HbA1c) level of 1.2% [39]. In another study of 
patients with T2DM, the addition of exenatide to classic oral 
antidiabetic agents resulted in an average 1.0% reduction in the 
HbA1c [40]. This study showed that an improvement in glyce-
mic control was associated with a reduced proinsulin-to-insu-
lin ratio, suggesting a beneficial effect on the β-cells [40]. Treat-
ment with exenatide also restored first-phase insulin secretion 
and augmented second-phase insulin secretion when infused 
intravenously along with glucose in patients with T2DM [41]. 
In summary, treatment with GLP-1 enhances insulin secretory 
function as well as insulin sensitivity in patients with diabetes.

DPP-4 inhibitors
DPP-4 and mode of action of its inhibitors
Endogenous GLP-1 is rapidly degraded by the enzyme DPP-4, 
resulting in an active plasma half-life time of only a few min-
utes [32]. DPP-4 is a ubiquitous membrane-spanning cell-sur-
face aminopeptidase widely expressed in many tissues [32]. 
DPP-4 preferentially cleaves peptides with a proline or alanine 
residue in the second amino terminal position. DPP-4 inhibi-
tors block the incretin-degrading function of DPP-4, thereby 
increasing the bioavailability of active GLP-1, which results in 
enhanced consumption-related insulin secretion. DPP-4 in-
hibitors mimic many of the actions ascribed to GLP-1 receptor 
agonists, including stimulation of insulin production and in-
hibition of glucagon secretion, and preservation of β-cell mass 
by stimulating cell proliferation and inhibiting apoptosis [32].

Animal studies
Treatment with DPP-4 inhibitors improved glucose tolerance, 
stimulated insulin secretion, reduced glucagon secretion, and 
increased pancreatic β-cell mass in rodents [42,43]. Islets isolat-
ed from inhibitor-treated animals showed enhanced GLUT2 
expression and glucose-stimulated insulin secretion after 8 
weeks of treatment [42]. In that study, DPP-4 inhibitors caused 
an 8-fold increase in insulin content and an increase in the 
number of small islets and β-cells [42]. In another study using a 
model of high fat diet-induced obesity, insulin secretion was 
improved and prevented extensive peri-insulitis after 11 months 
of vildagliptin treatment. These results suggest that DPP-4 in-
hibitors improve β-cell function, promote β-cell mass expan-
sion, and stimulate insulin biosynthesis.

Human studies
Assessment of the insulin response to a mixed meal by mathe-
matical model analysis indicated that vildagliptin would im-
prove β-cell function in the short (28 days) and long term (52 
weeks) [44,45]. After 52 weeks of vildagliptin treatment, insu-
lin secretion and insulin sensitivity during meal ingestion in-
creased [44]. The early β-cell response, calculated as the insu-
linogenic index, and the postprandial area under the curve of 
insulin and glucose levels were improved by DPP-4 inhibitors 
in several trials [46,47]. In summary, evidence suggests that 
DPP-4 inhibitors improve pancreatic islet cell function in hu-
mans based on both static and dynamic parameters.
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GSK3β inhibitors
Role of GSK3 in diabetes and mode of action of its inhibitors 
GSK3β is a serine/threonine protein kinase involved in numer-
ous cellular processes including glycogen metabolism [48]. 
Glycogen metabolism is important for glucose homeostasis. 
The level of blood glucose is largely determined by the rate at 
which glucose is taken up by skeletal muscle and liver and con-
verted into glycogen, and by the rate at which it is produced by 
the liver [49]. During this process, GSK3β is a downstream tar-
get of insulin-activated signaling and is an important enzyme 
involved in the control of glycogen metabolism [48]. Glycogen 
synthase, the rate-limiting enzyme for glycogen synthesis, is a 
GSK3β substrate and GSK3β inhibits its activity by inducing its 
phosphorylation. Conversely, insulin promotes dephosphory-
lation and activation of glycogen synthase by suppressing GSK3 
activity, and this is mediated through the activation of phos-
phatidylinositol kinase-3 and its downstream target, protein ki-
nase B (Fig. 4) [50]. GSK3β is also involved in ER stress-in-
duced β-cell apoptosis in the pancreas [51]. Moreover, GSK3β 
contributes to β-cell dysfunction by modulating the transcrip-
tional factor Pdx-1 [52]. 

Animal studies
In several experimental studies with animal models of diabetes, 
treatment with GSK3β inhibitors has shown to enhance insulin 
signaling and improve insulin resistance [53]. Furthermore, re-
cent animal data showed that inhibiting GSK3β in the pancreas 
leads to increased β-cell mass [54]. Based on these findings, in-

hibiting GSK3β could be a novel therapeutic strategy for the 
treatment of patients with T2DM, not only by enhancing insu-
lin sensitivity, but also by improving insulin secretion.

GPR40 agonists
Role of GPR40 in diabetes and mode of action of agonists 
GPR40, or the FFA receptor 1, is a GPR involved in FFA-induced 
insulin secretion [55]. GPR40 is highly expressed in pancreatic 
β-cells [55]. It was found to play an important role in regulating 
glucose-stimulated insulin secretion [55]. GPR40 may be cou-
pled with the α-subunit of the Gq family of G proteins (Gqα) 
and activates phospholipase C (PLC) (Fig. 5). In turn, PLC hy-
drolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into the 
inositol 1,4,5-triphophate (IP3) and diacylglycerol (DAG). Cyto-
solic IP3 triggers release of calcium, whereas DAG activates PKC 
[56]. Subsequently, GPR-mediated increase in intracellular calci-
um may be linked to insulin release [55]. GPR40 has drawn 
much attention as a potential therapeutic target in managing pa-
tients with diabetes.

In vitro studies
In both human and rat islets, TAK-875, a GPR40 agonist, en-
hanced glucose-induced insulin secretion in a glucose-depen-

Fig. 5. Regulation of the pancreatic β-cell by G protein-cou-
pled receptor 40 (GPR40). GLUT2, glucose transporter 2; K-
ATP, ATP-sensitive potassium channel; TCA, tricarboxylic 
acid; VDCC, voltage-dependent calcium channels; PLC, phos-
pholipase C; DAG, diacylglycerol; PKC, protein kinase C; IP3, 
1,4,5-trisphosphate; PIP2, 4,5-bisphosphate; ER, endoplasmic 
reticulum; cAMP, cyclic adenosine monophosphate; PKA, 
protein kinase A; Epac, exchange protein activated by cAMP; 
AC, adenylate cyclase; GLP-1, glucagon-like peptide-1.

β-Cell 

Fig. 4. Insulin-induced inactivation of glycogen synthase ki-
nase 3 β (GSK3β). IRS, insulin receptor substrate; PI3K, phos-
phatidylinositol-3 kinase. 
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dent manner [57]. This insulin-secretory effect was correlated 
with the elevation of Ca2+ concentrations in β-cells. Long-term 
treatment with low doses of GW-9508—another GPR40 ago-
nist—decreased circulating glucose and insulin levels signifi-
cantly, which resulted in improvements in glucose intolerance 
in high fat diet-induced diabetic mice [58].

In vivo studies
There have been two phase II clinical trials with GPR40 ago-
nists. The first study showed that administration of TAK-875 to 
patients with T2DM improved glucose homeostasis by increas-
ing insulin secretion [59]. The second study with 426 patients 
randomly assigned to TAK-875, placebo, or glimepiride treat-
ment groups showed significant reductions in HbA1c levels 
from baseline in the TAK-875 (6.25 to 50 mg) and glimepiride 
(4 mg) treatment groups compared with the placebo group at 
week 12 [60]. These data suggest that GPR40 agonists might 
have a therapeutic role in preserving β-cell function. However, 
further clinical trials with TAK-875 have been recently sus-
pended because it was found to be associated with elevated lev-
els of liver enzymes.

CONCLUSIONS

The treatment of patients with T2DM should aim not only to 
control glucose levels, but also to prevent the gradual decline in 
β-cell function and decrease in β-cell mass. These alterations are 
common features of both T1DM and T2DM. Several studies 
have reported that β-cells have the capacity for increased prolif-
eration in response to an increased demand for insulin. Given 
the important role and plasticity of the overall β-cell mass, ther-
apeutic strategies aimed at preserving β-cell mass and function 
will have significant clinical impact on the severity of complica-
tions associated with both types of diabetes.
  In this review, we have discussed potential therapeutic agents 
that maintain or restore β-cell mass and function and have 
summarized their modes of action based on studies in animals 
and humans. However, there are limitations in the visualization 
of β-cell mass in living humans and there are no direct imaging 
methods for quantifying β-cell mass. Therefore, methods for 
the indirect testing of β-cell function might offer suitable alter-
natives. In conclusion, the onset of both T1DM and T2DM is 
closely associated with insulin secretory dysfunction and sig-
nificant loss of functional β-cell mass. A better understanding 
of the assessment of β-cell mass and protective mechanisms for 

improving β-cell function and mass will be helpful for modulat-
ing the natural progression of these diseases.
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