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Abstract 

Type 2 diabetes (T2DM) is characterized by insulin resistance and β-cell dysfunction. 
Because patients with T2DM have inadequate β-cell mass (BCM) and β-cell dysfunc-
tion worsens glycemic control and makes treatment difficult, therapeutic strategies to 
preserve and restore BCM are needed. In rodent models, obesity increases BCM about 
3-fold, but the increase in BCM in humans is limited. Besides, obesity-induced changes 
in BCM may show racial differences between East Asians and Caucasians. Recently, the 
developmental origins of health and disease hypothesis, which states that the risk of 
developing noncommunicable diseases including T2DM is influenced by the fetal envir-
onment, has been proposed. It is known in rodents that animals with low birthweight 
have reduced BCM through epigenetic modifications, making them more susceptible to 
diabetes in the future. Similarly, in humans, we revealed that individuals born with low 
birthweight have lower BCM in adulthood. Because β-cell replication is more frequently 
observed in the 5 years after birth, and β cells are found to be more plastic in that period, 
a history of childhood obesity increases BCM. BCM in patients with T2DM is reduced by 
20% to 65% compared with that in individuals without T2DM. However, since BCM starts 
to decrease from the stage of borderline diabetes, early intervention is essential for β-cell 
protection. In this review, we summarize the current knowledge on regulatory factors of 
human BCM in health and diabetes and propose the β-cell–centric concept of diabetes to 
enhance a more pathophysiology-based treatment approach for T2DM.
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Diabetes can be broadly classified into type 1 diabetes 
(T1DM) caused by autoimmune disorder and type 2 dia-
betes (T2DM) with insulin resistance and β-cell dysfunc-
tion. Although it is widely known that T1DM is caused by 
a marked decrease in β-cell mass (BCM) because β cells are 
destroyed and insulin deficiency leads to marked hypergly-
cemia, studies on human pancreatic tissue have revealed 
that patients with T2DM also have inadequate BCM [1]. 
Judging from the pathological changes in T2DM, it is ne-
cessary to develop therapeutic and preventive approaches 
to protect β cells and maintain BCM, which is controlled 
within a narrow range of 0.6 to 1.2  g [2], rather than 
simply focusing on lowering blood glucose level [3-5]. Over 
the past 2 decades, it has been revealed that human BCM is 
regulated and changed by various conditions and situations 
even before the onset of T2DM, by analyzing pancreatic 
tissue obtained at autopsy and surgery. Furthermore, the 
mechanisms by which β cells increase or decrease have also 
been investigated. As β-cell fate has been investigated in de-
tail, it has become clear that the regenerative capacity of β 
cells is somewhat limited in humans and that it is important 
not to overload β cells by reviewing diet and exercise habits 
and losing weight to protect them.

This review summarizes the mechanisms by which BCM 
is increased or decreased. In addition, we detail situations 
and conditions that affect BCM, including T2DM, and dis-
cuss treatment strategies fulfilling a β-cell–centric approach.

Regulation and Turnover of Human β-Cells

β-cell Apoptosis

It is known that the rate of decrease in BCM caused by 
the duration of T2DM is very small, 1.5% per year [6]. 
Therefore, although it is very difficult to accurately measure 
cell death, the decrease in BCM is caused by an imbalance 
between cell death and neogenesis/replication [6].

β-cell apoptosis, a type of programmed cell death, is one 
of the possible mechanisms of β-cell loss. Pancreatic tissue 
cultured with a high concentration of glucose showed in-
creased apoptosis and expression of proapoptotic genes 
such as Bad, Bid, and Bik [7], indicating that glucotoxicity 
is a trigger for apoptosis [8]. One cause of glucose tox-
icity is chronic oxidative stress [9,10]. Glucose produces 
reactive oxygen species (ROS) through oxidative phos-
phorylation, and when the ROS concentration exceeds 
the physiological range as a result of hyperglycemia, it can 
cause tissue damage including β cells, which are especially 
susceptible to oxidative stress due to poor intrinsic antioxi-
dant defenses [11]. Specifically, when β cells are attacked by 
ROS, mitochondrial dysfunction occurs and signaling that 
normally links glucose metabolism and insulin secretion is 

disrupted [12,13]. Furthermore, hyperglycemia induces the 
production and release of inflammatory cytokines such as 
IL-1β, which exerts β-cell toxicity [14]. When the process 
of glucose intolerance leads to overnutrition, lipids depos-
ited in non-adipose tissue are not effectively oxidized, and 
their product, ceramide, increases nitric oxide production 
and causes apoptosis of pancreatic β cells [15]. In other 
words, β-cell loss may be secondary to ectopic lipid depos-
ition and lipotoxicity.

The formation of islet amyloid, a hallmark of the patho-
logical changes in T2DM, is caused by the aggregation of 
islet amyloid polypeptide (IAPP; also called amylin) se-
creted by β cells, along with insulin [16]. It has been shown 
that the aggregation process of IAPP causes cytotoxicity, 
resulting in apoptosis of β cells in in vitro studies [17]. In 
particular, IAPP oligomers, which are generated from IAPP 
monomers, are known to cause β-cell-specific toxicity and 
consequently diabetes [18,19]. A study of human pancre-
atic islets also showed that β-cell apoptosis was signifi-
cantly associated with both an increase in islet amyloid and 
a decrease in fractional β-cell area (BCA), defined as the 
area occupied by β cells in a cross-section of the pancre-
atic parenchyma [16]. Excessive levels of glucose, free fatty 
acids, and IAPP trigger endoplasmic reticulum stress in β 
cells, which also induces β-cell failure [20].

Recently, dedifferentiation has been proposed as an-
other possible mechanism of β-cell loss [21,22], but it has 
been indicated that its effects are limited in humans [23].

β-cell Neogenesis and Replication

There are 2 main processes of β-cell expansion; β-cell 
neogenesis by pancreatic progenitor cells and/or ductal 
precursor cells and replication from existing β cells [24]. 
β-cell growth occurs during the neonatal period in rodents 
and is primarily derived from the replication of preexisting 
β cells, and there is skepticism regarding the possibility 
that it originates from the development of new β cells (ie, 
neogenesis) [25]. An increased replication rate of β cells is 
also involved mainly in rodents in the process of a compen-
satory increase in BCM induced by partial pancreatectomy 
[26], short-term glucose infusion [27], or obesity [28]. In 
addition, a recent report suggests that endogenous repair 
of existing β cells, a process that normalizes β-cell function 
and structure, may act to prevent the progression of T2DM 
independently of these mechanisms in mild glucose intoler-
ance, as long as it is promptly resolved [29].

In contrast, replication of β cells in humans is quite 
limited. At birth, β-cell replication is observed at a fre-
quency of about 2% to 2.5% (ie, by double staining for 
insulin + Ki67), but by 5 years of age, it is observed at best 
at about 0.5%, and it becomes almost absent in adults [24, 
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30]. Furthermore, there are a few reports suggesting the in-
volvement of increased β-cell replication in the process of a 
compensatory increase in BCM to increase insulin secretion 
in adulthood [31, 32]. In humans, shortening of telomeres 
limits replication and causes replicative aging, but this does 
not occur in rats, and replication is not impaired for several 
generations even when telomerase is ablated in mice [33]. 
These factors are considered to account for the differences 
in β-cell replication between humans and rodents.

β-cell replication peaks during the neonatal period, 
whereas neogenesis (insulin and CK-19 double-positive 
cells and/or pancreatic ductal CK-19-positive cells) peaks 
earlier, during the fetal period [24]. Although the rate of 
postnatal β-cell neogenesis is low, it has been reported that 
neogenesis is accelerated under the conditions of obesity 
and insulin resistance requiring increased insulin secretion 
in adulthood [1, 34]. Therefore, the process of β-cell com-
pensation to maintain glucose homeostasis has been sug-
gested to involve β-cell neogenesis rather than replication 
in adult humans. β-cell turnover has also been found to 
be a process of neogenesis rather than replication in adult 
nonhuman primates (vervet monkeys) [35].

Factors Influencing Human β-Cell Mass

Birthweight

In 1991, Hales et al first reported an inverse relationship 
between birthweight and incidence of T2DM [36]. Since 
then, there have been a series of reports that people born 
with low birthweight have a higher incidence of future 
T2DM [37-45]. The idea that the environment during the 
prenatal period influences the risk of noncommunicable 
diseases in the future is called the developmental origins of 
health and disease hypothesis [46,47]. Recent reports have 
revealed that epigenetic modification such as DNA methy-
lation, histone modification, and microRNA interaction is 
involved in fetal undernutrition [48,49]. In rodent models 
with low birthweight caused by intrauterine malnutrition, 
it is known that microRNA interaction causes changes in 
the cell cycle and a decrease in BCM, leading to glucose in-
tolerance [50]. In addition, genetic variants that predispose 
to T2DM might also reduce birthweight [51]. Especially, 2 
loci that are associated with low birthweight (CDKAL1 and 
HHEX-IDE) have been shown to significantly impair β-cell 
function [52,53]. Taken together, these results suggest that 
individuals born with low birthweight are at increased risk 
of future T2DM because of potentially low β-cell function 
and BCM even in humans. We have recently reported that 
nondiabetic adults born with low birthweight have lower 
BCA and islet size and that birthweight is a determinant of 
BCM not only in rodents but also in humans [54]. In the 

fetal period, BCM is known to increase due to an increase 
in islet size rather than islet density, which is defined by the 
number of islets in the pancreatic parenchyma [55], but this 
is expected to be insufficient in low birthweight infants. We 
also revealed that birthweight was correlated with β-cell 
neogenesis (ie, density of insulin-positive duct cells), ra-
ther than replication. Pancreatic duct cells can convert to β 
cells even in adults [56], and these results together suggest 
that being born with low birthweight reduces the ability to 
produce β cells throughout life. Individuals born with low 
birthweight subsequently have lower BCM, which might 
explain, in part, the relationship between low birthweight 
and higher risk of developing T2DM in the future.

Postnatal Growth

Referring to Scammon’s growth curve, the general type of 
growth, such as organ formation, is complete at the age of 
20, but steep growth is observed in the first 3 years of life 
and at puberty. Regarding the growth process of β cells, 
Meier et al studied in detail the process from birth to adult-
hood using pediatric specimens obtained at autopsy [30]. 
They reported that in early infancy, the pancreas consists 
of abundant small clusters of β cells and single β cells, but 
by 10 weeks of age, the small clusters of β cells have in-
creased in size and typically occupy encapsulated islet-like 
structures. Thereafter, during the process of β-cell growth 
until the age of 20, islet size increases, although islet density 
gradually decreases [30,57]. In this process, BCA decreases 
from nearly 3% in infancy to about half that at 20 years, 
but the pancreatic volume increases 10s of times during this 
period. Therefore, BCM increases from at most 40 mg to 
approximately 1 g, with an increase in β-cell number from 
5 million to 1 billion, as the size of individual β cells does 
not change during the growth process [30,57]. Interestingly, 
because both β-cell neogenesis and replication are highest 
in fetal life and decrease with age and β-cell apoptosis is 
rarely observed during growth, unlike the growth curve, 
β-cell growth is highest in infancy and decreases during 
adolescence and adulthood, with no secondary acceler-
ation during puberty when secondary body growth occurs 
[24,30,58].

Aging

There are conflicting results regarding the changes in BCM 
with aging. We have previously reported that pancreatic 
mass reaches a plateau around the age of 20 years and then 
gradually decreases from about 60 years [59,60]. The most 
prominent change in pancreatic morphology with aging is 
atrophy of the exocrine pancreas and decrease in volume 
of the pancreatic parenchyma as fibrosis and fat infiltration 
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increase [32,60]. Hence, although BCA increases with age, 
BCM, expressed as the product of BCA and pancreatic par-
enchymal mass, does not change between the age of 20 
and 100  years. Regarding β-cell turnover, although the 
frequency of β-cell replication was very low, subjects with 
advanced age did not show any change from that in the 
younger group [32].

However, Mizukami et al revealed that BCM peaked be-
tween the ages of 20 and 50, and then gradually decreased 
but was relatively well preserved [57]. These results are con-
sistent with those of other previous studies, which found a 
weak negative correlation between BCM and age [6,61]. 
Although BCM decreases over the age of 70 years, it re-
mains above 80% if it is not affected by glucose intolerance 
[6,57]. Based on previous reports, changes in BCM with 
aging are small, if any, which may be why it is difficult to 
draw consistent conclusions. Although it was consistently 
found that β-cell apoptosis was not enhanced with aging 
and, intriguingly, β-cell size increases with age [32,57], 
which may reflect cellular hypertrophy associated with cel-
lular senescence, it will be necessary to verify whether BCM 
changes in the elderly, especially in those over 70 years old, 
by further increasing the sample size.

Obesity (in Childhood and Adulthood)

Obesity, especially visceral fat accumulation, results in in-
sulin resistance due to decreased secretion of adiponectin 
released from adipocytes [62]. Insulin resistance results in 
a compensatory increase in the amount of insulin released 
from β cells. During the process of insulin resistance, β-cell 
replication was enhanced in a rodent model, resulting in a 
3-fold increase in BCM [28]. However, studies on human 
pancreatic tissue showed a limited increase in BCM of 
20-90% [1,6,32,63], although the definition of obesity dif-
fered slightly between these studies. Furthermore, in the pro-
cess of increasing BCM, there was an increase in neogenesis 
rather than replication [1,32], which is different from the 
process in rodents. The fact that increased neogenesis 
during the obesity-induced increase in BCM in humans is 
an insulin resistance-induced change is supported by the 
fact that Mezza et al evaluated insulin sensitivity by con-
ducting the hyperinsulinemic euglycemic clamp procedure 
and reported that β-cell neogenesis was increased during 
the increase in BCM in the insulin-resistant group [34].

Obese individuals with intrinsic β-cell dysfunction are 
more likely to develop T2DM; however, childhood obesity 
and adulthood obesity may have different effects on the 
future development of diabetes. Although having obesity 
in childhood, especially in those with low birthweight, in-
creases the incidence of diabetes [64], another study re-
ported that obesity in adolescence alone did not increase 

the risk of T2DM, unlike obesity in adulthood [65]. 
Furthermore, low body mass index (BMI) in adolescents in-
creases the incidence of gestational diabetes [66,67]. In an-
other population of Japanese women, adolescent BMI was 
inversely associated with the development of T2DM [68]. 
The inconsistent conclusions about preadulthood obesity 
and the future development of diabetes may be in part ex-
plained by the involvement of β-cell plasticity. In our pre-
vious study, we reported that BCA and islet size increased 
in the group with a history of childhood obesity compared 
with the group with obesity only in adulthood [54]. This 
may reflect the fact that β-cell neogenesis and replica-
tion are more active in childhood than in adulthood, and 
therefore β-cell compensatory responses are more likely to 
occur. Whether β-cell expansion in childhood obesity has a 
protective effect against the future development of T2DM 
needs to be further examined (Fig. 1).

Ethnicity

East Asians exhibit lower insulin secretion and higher in-
sulin sensitivity compared with Africans and Europeans 
[69]. Previous reports from Japan, including ours using 
both autopsy and surgical cases, showed that obesity in-
duced little increase in either β-cell neogenesis or BCM 
[54,57,70-73], which was different from the results of 
studies in Caucasian subjects [1,32,63]. Taking these re-
sults together, pathophysiological changes in BCM before 
the onset of T2DM may be different among races, and East 
Asians have lower ability of β-cell neogenesis and β-cell ex-
pansion in response to obesity compared with other eth-
nicities, which may be derived from the environmental or 
genetic background [2,74]. Although it is still unclear how 
these factors affect β-cell dynamics, we found in our recent 
study that individual β-cell size in obesity is unchanged re-
gardless of race and that the increase in β-cell number in 
response to obesity varies by race [75]. The racial differ-
ence in β-cell neogenesis and β-cell hyperplasia rather than 
hypertrophy in obese individuals is supported by the idea 
that β-cell number is mainly regulated by β-cell neogenesis 
in human adults. Because Japanese people have a higher 
incidence of lifestyle-related diseases at a lower degree of 
obesity than Caucasians, a BMI of 25 or higher, which is 
lower than the World Health Organization classification, 
is defined as obesity in Japan [76]. One of the possible 
reasons for the differences in the degree of obesity that in-
creases the incidence of the previously discussed diseases is 
the difference in changes of BCM and β-cell neogenesis in-
duced by insulin resistance. East Asians, who are less likely 
to compensate for insulin resistance, are thought to be 
more prone to developing T2DM because BCM and β-cell 
number may not increase in that situation and the β-cell 
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workload, which describes the stress on individual β cells 
to secrete insulin is likely greater than that in other ethni-
cities, making them more prone to β-cell dysfunction. For 
example, insulin secretion increases 2-fold in obese indi-
viduals to maintain normoglycemia. However, if BCM and 
β-cell number remain constant, workload of individual β 
cells (ie, β-cell workload) is assumed to increase 2-fold [5].

Pregnancy

As insulin resistance increases over the course of preg-
nancy, it is associated with the development of various 
perinatal complications such as gestational hypertension 
and gestational diabetes [77]. Although the mechanism of 
insulin resistance during pregnancy is not fully elucidated, 
it is known that hormones released from the placenta (ie, 
human placental lactogen, human placental growth hor-
mone, and progesterone) and cytokines (ie, tumor necrosis 
factor α and interleukin 6) are involved in the development 
of this condition [78]. In response to increased insulin re-
sistance, β-cell function and insulin secretion increase to 
maintain glucose homeostasis [79,80]. In rodent models, 
an approximately 2- to 5-fold increase in BCM in response 
to insulin demand is seen with increased β-cell replica-
tion [81-83]. Van et al first reported in humans a 2.4-fold 

increase in BCA, with an increase in islet size during ges-
tation [84]. However, only 5 pregnant women were ana-
lyzed, and the sample size may have been insufficient. 
More recently, Butler et al have examined changes in BCM 
during gestation (at 10~40 weeks’ gestation) using a larger 
sample of autopsy cases [31]. They reported a 1.4-fold in-
crease in BCA during gestation, with an increase in islet 
number rather than size and that, unlike in rodent models, 
the increase was due to an increase in neogenesis but not 
replication. These results are consistent with those of pre-
vious studies, which suggested that β-cell neogenesis but 
not replication is responsible for changes in BCM in adults 
[1,32,34]. However, they emphasized that the increase in 
BCM is not sufficient for the amount of insulin secreted 
during pregnancy. The amount of insulin required during 
pregnancy increases 2-fold, which is greater than the in-
crease in BCM. In terms of β-cell workload, people with 
gestational diabetes are likely to have β cells with insuffi-
cient reserve to adequately respond and thus may be more 
prone to develop T2DM in the future.

Drug Use

The effects of anti-diabetic drugs on β-cell turnover and 
BCM have been clarified to some extent in vitro and in 

Figure 1. Mechanisms of effects of low birthweight and childhood obesity on islet morphology. Individuals born with low birthweight have lower 
β-cell mass (BCM) and islet size via epigenetic modification, although α-cell mass remains unchanged. Being born with low birthweight, which po-
tentially results in low BCM and the relative predominance of α-cell mass, may contribute to the high incidence of type 2 diabetes mellitus (T2DM) 
in adults with low birthweight, as proposed in the developmental origins of health and disease hypothesis. A history of childhood obesity increases 
BCM and islet size, but it is not yet known whether this change brings a protective effect against future development of T2DM. 
Reproduced from Sasaki et al [54].
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rodents in vivo. For example, glucagon-like peptide-1 re-
ceptor agonists (GLP-1RAs) [85,86] and dipeptidyl pep-
tidase-4 (DPP-4) inhibitors [87] increased BCM, which 
may be induced by direct or indirect effects of GLP-1 to 
inhibit β-cell apoptosis and accelerate β-cell replication. 
However, no consistent conclusions have been obtained 
regarding the effects of incretin preparations on human 
β cells, exocrine function, and pancreatic morphology. 
Butler et al compared islet morphology in diabetic patients 
with and without incretin (ie, GLP-1RAs and DPP-4 in-
hibitors) treatment and reported a 6-fold increase in BCM 
even in humans with an increase in β-cell number rather 
than size in the group with incretin therapy, although β-cell 
neogenesis was not enhanced and β-cell function was not 
evaluated [88]. In addition, the effect on endocrine cells 
was accompanied by hyperplasia of α cells, which have 
the potential to develop into neuroendocrine tumors. 
Pancreatic weight was increased by 40%, indicating that 
the results of previous rodent studies that revealed that 
GLP-1 had a proliferative effect on the exocrine pancreatic 
system may also be applicable to humans [89]. However, 
this study has been challenged as the sample size of this 
study was small, and there were critiques of the inclu-
sion criteria, such as type 2 diabetic patients not receiving 
incretin therapy may have had T1DM [90], as well as a 
number of confounding factors. It has also been claimed 
that the incretin treatment group included a large number 
of older patients whose pancreatic parenchymal area might 
be smaller (and more adipocytes within the pancreas) with 
aging, resulting in overestimation of BCA, a fraction of 
insulin positive area to pancreatic parenchymal area, and 
BCM [90]. Another study of the pancreas of a nonhuman 
primate (cynomolgus monkeys), which is anatomically and 
physiologically closely related to and relevant to humans, 
showed that high doses of liraglutide did not increase 
either β-, α-, δ-, or PP-cell mass, and there was no con-
sistent dose-dependent increase in pancreatic weight with 
liraglutide and semaglutide administration [91]. Other 
reports regarding human pancreatic tissues concluded 
nonsignificant effects of incretin therapy on BCA, β-cell 
replication [92], and exocrine function [93,94], despite its 
improvement of β-cell responsiveness [95].

In the previous section, we described that obesity may 
increase BCM in response to insulin resistance in humans, 
although there are racial differences. Glucocorticoids (GCs) 
such as prednisolone and dexamethasone are anti-inflam-
matory drugs used mainly for autoimmune diseases, but 
they also induce insulin resistance [96] and augment in-
sulin secretion [97]. In rodent models, insulin resistance in-
duced by GCs increases BCM via β-cell replication [98,99]. 
However, in our previous study, GC administration did not 

increase BCM in Japanese adults either with or without 
diabetes [100]. It is possible that racial differences and 
the fact that adults have reduced neogenesis and replica-
tion of β cells may have contributed to the lack of increase 
in BCM. Although in humans, unlike rodents, GCs do not 
increase BCM, they increase insulin resistance and insulin 
secretion, which is expected to place a greater burden on 
individual β cells.

Pancreatic Diseases

The prevalence of diabetes in pancreatic cancer patients 
is very high, with approximately 50% having a diagnosis 
of diabetes [101]. Although pancreatic cancer worsened 
glycemic control, among pancreatic cancer patients with 
diabetes, about 80% were diagnosed with diabetes less 
than 24 months before the diagnosis of pancreatic cancer 
[102]. In other words, diabetes can be both a trigger and 
a consequence of pancreatic cancer. Diabetes does not de-
velop until BCA is reduced by 65% [103], but some pa-
tients develop pancreatic diabetes because part of the 
pancreas is invaded by tumor. Furthermore, there are some 
data showing that blood glucose control improves after 
tumor resection if there are sufficient islets remaining in 
the pancreatic tissue [104]. Therefore, it has been suggested 
that diabetes associated with pancreatic cancer may be a 
paraneoplastic syndrome that develops when humoral fac-
tors released from the malignancy inhibit insulin secretion 
and action [102]. In our previous study, we found that pa-
tients with pancreatic cancer had lower BCA than patients 
with nonpancreatic cancer in both nondiabetic and diabetic 
cases [72]. The finding that pancreatic cancer alters the islet 
morphology in normal pancreatic tissue is supported by a 
study in which adrenomedullin released from the tumor 
affected endocrine cells [105]. Adrenomedullin, consisting 
of a 52 amino acid peptide, is upregulated in pancreatic 
cancer cell lines and has been shown to reduce insulin se-
cretion from β cells [105]. However, since another study 
showed no difference in BCA between patients with pan-
creatic and nonpancreatic cancer in view of the negative 
effect of the tumor on normal pancreatic tissue [106], it is 
necessary to confirm the comparison by eliminating con-
founding factors of BCM.

Patients with chronic pancreatitis (CP) also have a high 
prevalence of diabetes and often require exogenous insulin 
administration. Exocrine dysfunction usually precedes the 
onset of endocrine dysfunction and diabetes [102], and 
most patients with CP-related diabetes have abnormal-
ities in exocrine function [107]. Schrader et  al showed 
that patients with CP had a 29% and 21% decrease in 
BCA and pancreatic volume, respectively [108]. However, 
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in CP, apoptosis was not enhanced in endocrine cells but 
was 10 times more frequent in acinar cells, suggesting that 
endocrine tissues are less susceptible to tissue destruction 
by inflammation than are exocrine tissues [108]. They fur-
ther analyzed the pancreatic tissue of patients with CP in 
another study and found no difference in BCA between 
those who developed diabetes after undergoing pancreatic 
resection and those who did not; therefore, insulin resist-
ance and β-cell dysfunction may be greatly involved in 
CP, which cannot be explained simply by change in BCM 
[109].

Table 1 summarizes current knowledge of changes in β-
cell characteristics in various conditions.

Change in BCM in Glucose Intolerance

The question arises as to whether the timing of the decrease 
in BCM is at the initial stage of glucose intolerance or at 
the stage when T2DM is diagnosed. Although consistent re-
sults have not been obtained, a previous report showed that 
a 21% decrease in BCA indicated the development of im-
paired glucose tolerance (IGT) [103]. Other reports showed 
a decrease in BCA of 40% in subjects with impaired fasting 
glycemia [1] and 38% in IGT subjects [110] compared with 
the normal glucose tolerance (NGT) group, although the 
relative reduction was smaller than in the T2DM group. In 
studies that accurately assessed glucose tolerance by 75-g 
oral glucose tolerance test, including ours, BCA in impaired 
fasting glycemia and IGT subjects did not show a signifi-
cant decrease compared with the NGT group; however, in 
all reports, BCA tended to decrease as glucose intolerance 
progressed [71,73,111,112]. In patients with IGT, β-cell 
replication was not enhanced, but neogenesis was activated 

[110], suggesting that some compensatory response to glu-
cose intolerance may occur. At this stage, however, because 
BCM starts to decrease even though there is no increase 
in apoptosis [110], there is room for further investigation 
into what kind of turnover is occurring in islets in mild 
glucose intolerance. Taken together, these results indicate 
that BCM is likely to be reduced even before the onset of 
T2DM, and early intervention after the onset of glucose in-
tolerance is necessary to develop a therapeutic strategy for 
β-cell protection.

As glucose intolerance progresses and T2DM is diag-
nosed, BCM is clearly reduced compared with that in 
NGT. In the last 2 decades, approximately 20 studies 
have compared BCM between patients with and without 
T2DM, and found a 20% to 65% decrease in BCM in 
patients with T2DM [2, 3]. In addition, even in patients 
with T2DM, BCM decreases further with prolonged dis-
ease duration and poor glycemic control [6,110,112,113]. 
β-cell neogenesis is enhanced as a compensatory response 
in patients with T2DM in the early postdiagnosis period 
[63,110] but gradually becomes equivalent to that in 
nondiabetic patients [1,72,110,112]. β-cell replication is 
similar in nondiabetic and diabetic patients [1,72,110,112]. 
However, several studies have reported that β-cell apop-
tosis is enhanced in T2DM [1,63,110], especially in those 
with a long duration of disease. In summary, the results of 
β-cell turnover suggest that the decrease in BCM in T2DM 
is not due to a decrease in β-cell neogenesis or replica-
tion but rather an increase in β-cell apoptosis as a possible 
mechanism.

There are approximately 250 000 to 1 million islets and 
each islet contains approximately 1000 β-cells [3], which 
means that there are 250 million to 1 billion β cells in total 

Table 1. Current Knowledge of Changes in β-Cell Characteristics in Various Conditions in Humans

Situation β-cell mass β-cell size β-cell number β-cell neogenesis β-cell replication β-cell apoptosis

Low birthweight [54] ↓ → NA ↓ → NA
Postnatal growth [24,30] ↑ → ↑ ↑ ↑ →
Aging [6,24,32,57,61] →or↓ ↑ NA →or↓ →or↓ →
Adulthood obesity
 Caucasian [1,32,34] ↑ → ↑ ↑ → →
 Asian [54,70,72] → → → → → →
Childhood obesity [54] ↑ NA NA → → NA
Pregnancy [31,84] ↑ →or↑ ↑ ↑ → →
Incretin treatment [88,90-92] →or↑ →or↑ →or↑ → → NA
Glucocorticoid treatment [100] → NA NA ↑? → →
Pancreatic cancer [72,106] →or↓ NA NA NA NA NA
Chronic pancreatitis [108] ↓ → NA → → →
Borderline diabetes [1,103,110-112] →or↓ NA NA →or↑ → →
T2DM [1,72,75,110,112] ↓ ↓ ↓a → → →or↑

Abbreviations: ↓, decrease; →, no change; ↑, increase; NA, not available.
aRelative reduction in β-cell number was greater than that in β-cell size in T2DM.
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in humans [114]. Although it has been shown that both 
islet number and size decrease during the process of β-cell 
loss in T2DM [54,72], the question arises as to whether 
the β-cell size or number decreases in this process. To solve 
this problem, we examined the contribution of decrease 
in β-cell size and number in T2DM and clarified that the 
relative reduction of BCM in T2DM was 43%, of which 
β-cell size and number were significantly reduced by 10% 
and 37%, respectively, indicating that β-cell number is a 
major contributor to β-cell loss in T2DM (Fig. 2) [75]. 
However, it is noted that β-cell size was not accurately 
measured by staining for a membrane marker, and we did 
not measure all β cells, so we may have overlooked het-
erogeneity. Further research using 3D imaging techniques 
that can measure β-cell size more accurately is warranted 
to clarify the role of β-cell size in diabetes. Furthermore, 
the fact that HbA1c correlated with β-cell number rather 
than size confirms the importance of individual β cells in 
achieving glycemic control [75]. Based on the results of 
previous studies, we can say that treatment of T2DM re-
quires protection from possibly induced β-cell apoptosis 
and dedifferentiation, which lead to a decrease in β-cell 
number and thus BCM.

Clinical Implications: Treatment and 
Prevention of T2DM

β-cell Workload Hypothesis

We have proposed the β-cell workload hypothesis of the 
process of β-cell loss (Fig. 3) [4]. Obese patients have 
a limited increase in BCM but need to secrete large 
amounts of insulin to stimulate glucose absorption in 
the face of increased insulin resistance. This is especially 
significant in East Asians who are obese and do not have 
an increase in BCM, which puts even more work on in-
dividual β cells. Also, pregnant women have a small in-
crease in BCM but must release more insulin than the 
degree of increase in BCM to maintain glucose homeo-
stasis. The burden on individual β cells would also be 
greater in subjects with a low birthweight because of the 
potentially low BCM.

This overload of β cells puts additional stress on the re-
maining cells if some of them are damaged or die by mech-
anisms such as apoptosis. Then, as more β cells die, the 
workload of the remaining cells increases, leading to a vi-
cious cycle of further decline in both quality and quantity 
of β cells. Eventually, when functional BCM is unable to 
compensate for insulin resistance, hyperglycemia develops. 
Hyperglycemia further increases the workload of β cells, 
causing toxicity to β cells, known as glucotoxicity, leading 
to further β-cell loss. This concept is targeted in preventive 

strategies for T2DM, as current treatments for T2DM do 
not cure the disease to the original condition. However, the 
β-cell workload hypothesis allows an integrated explan-
ation of the pathogenesis of T2DM without considering 
β-cell dysfunction and insulin resistance separately and in-
dicates that it is important to reduce β-cell workload and 
achieve better glycemic control to break the vicious cycle of 
β-cell dysfunction in patients with T2DM [4].

Figure 2. Contribution of β-cell size and number to the process by 
which β-cell mass (BCM) is reduced in type 2 diabetes mellitus (T2DM). 
There are approximately 250 million to 1 billion β-cells in humans. In 
the process of a 43% reduction in BCM via apoptosis and dedifferenti-
ation, β-cell size and number were reduced by 10% and 37%, respect-
ively, suggesting that reduced β-cell number is a major contributor to 
β-cell loss in T2DM. 
Reproduced from Sasaki et al [75].

Obesity
Insulin resistance

Beta cell workload↑ /overwork

Beta cell dysfunction

Functional beta cell mass↓

Hyperglycemia

• Oxidative stress
• ER stress
• Mitochondrial dysfunction
• Amyloid toxicity
• Inflammatory cytokines
• Autophagy dysfunction
• Glucolipotoxicity

Figure 3. Proposed mechanisms of β-cell workload hypothesis. When 
the workload of β-cells increases as a consequence of obesity or insulin 
resistance, some of them disappear possibly through apoptosis, put-
ting an additional burden on the remaining cells. If they are unable to 
cope with the stress, it leads to β-cell dysfunction and hyperglycemia 
develops. Hyperglycemia imposes additional burden on the remaining 
β-cells, causing glucotoxicity and a vicious cycle of β-cell depletion. 
This hypothesis emphasizes that earlier and simultaneous intervention 
aimed at improving both β-cell dysfunction (pathology) and insulin re-
sistance (cause) is important to prevent the progression of the disease. 
Adapted from Inaishi and Saisho [2]. Reproduced from Saisho 2019 [4].
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Treatment Strategy for T2DM

Adapting the β-cell–centric concept to clinical practice is ex-
pected to enhance a more pathophysiology-based treatment 
approach for T2DM that fosters early intensification of treat-
ment and prevents clinical inertia. The β-cell–centric concept 
also emphasizes an early combination treatment strategy 
aiming at simultaneous intervention toward β-cell dysfunc-
tion and insulin resistance. A  proposed treatment strategy 
for T2DM based on the β-cell–centric concept is shown in 
Figure 4. This treatment strategy, rather than the current 
glucose-centric stepwise intensification approach, will min-
imize exposure to excessive glucose during the disease course 
and prevent diabetic complications in the long term.

To maintain β-cell function, it is necessary to reduce 
β-cell workload and allow β cells to rest. In all stages of 
T2DM, lifestyle modification is the most important therapy 
for reducing the workload of β cells [3]; that is, adherence 
to diet and increased physical activity, resulting in weight 
loss, will improve insulin sensitivity and thus reduce β-cell 
workload. In fact, the Diabetes Prevention Program has re-
ported that intensive lifestyle modification accompanied 
by weight loss prevents the progression of IGT to T2DM 
[115]. In addition, a study of insulin-naïve type 2 diabetic 
patients with disease duration of 10 years or less showed 

that a lifestyle intervention of intensive exercise improved 
β-cell function with a decrease in low-grade inflammation 
and/or weight loss [116]. The Diabetes Remission Clinical 
Trial showed that almost half of the participants who were 
diagnosed with T2DM within the past 6 years achieved re-
mission to a nondiabetic state after 12 months of intensive 
weight management in the context of routine primary care 
[117], and its post-hoc analysis has shown that remission 
with weight loss reversibly improves pancreatic morph-
ology in T2DM [118]. Furthermore, accumulating evidence 
suggests that weight loss induced by metabolic surgery may 
lead to complete remission of T2DM [119,120].

The use of metformin and thiazolidinediones as pharma-
cotherapy is considered to improve insulin resistance 
and reduce β-cell burden. Metformin is effective in both 
obese and lean patients and should be used unless contra-
indications exist [121,122]. Pioglitazone has been shown 
to inhibit the progression of atherosclerosis [123], and 
thiazolidinediones reduce the workload of β cells, resulting 
in long-term glycemic durability [124]. Alpha-glucosidase 
inhibitors suppress postprandial hyperglycemia, thereby 
contributing to a decrease in the workload of β cells after 
meals. In addition, alpha-glucosidase inhibitors have 
been reported to inhibit progression to T2DM in patients 
with IGT [125,126], and their early introduction may be 
considered.

However, the indiscriminate use of insulin secreta-
gogues increases the risk of hypoglycemia and the burden 
on β cells, so it may be better to be cautious or refrain 
from their use. Sulfonylureas (SUs) nonphysiologically in-
crease insulin secretion from β cells, which increases the 
risk of hypoglycemia and weight gain, leading to manage-
ment failure [124]. Glinides stimulate insulin secretion for 
a short time compared with SUs, so the increased workload 
of β cells is expected to be less than with SUs. However, 
nateglinide seems to be unable to inhibit the progression of 
IGT to T2DM [127], indicating that the use of drugs that 
compel β-cell workload is not effective in controlling glu-
cose metabolism.

On the other hand, incretin-based drugs, DPP-4 inhibi-
tors, and GLP-1RAs are expected to improve β-cell function 
because they stimulate insulin secretion in a physiological 
manner. Intriguingly, the Vildagliptin Efficacy in com-
bination with metfoRmIn For earlY treatment of T2DM 
(VERIFY) study has shown that compared with metformin 
monotherapy, the initial combination of a DPP-4 inhibitor 
and metformin is reported to be more durable in terms of 
controlling blood glucose level for 5 years [128]. Since GLP-
1RAs promote weight loss by inhibiting gastric emptying 
and food intake [129], they can simultaneously reduce the 
workload of β cells [4], which is the major advantage of 
this drug class compared to DPP-4 inhibitors. With the 
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Figure 4. Proposed treatment strategy for type 2 diabetes mellitus 
(T2DM) based on β-cell centric concept. T2DM is a progressive loss of 
β-cell function against a background of insulin resistance. Therefore, 
treatment should focus on reducing the workload of β cells to main-
tain optimal glycemic control. Lifestyle modification and weight loss 
are the most basic and important treatments to reduce the burden on β 
cells. As drug therapy, dipeptidyl peptidase-4 (DPP-4) inhibitors are ex-
pected to improve β-cell function, and initial combination therapy with 
a DPP-4 inhibitor and metformin is expected to provide better glycemic 
durability compared with metformin alone. Glucagon-like peptide-1 re-
ceptor agonist and sodium glucose cotransporter 2 inhibitors (denoted 
by *) are expected to reduce cardiovascular events and should be con-
sidered for use in people with high cardiovascular risk, heart failure, or 
chronic kidney disease. The choice of therapy should be individualized 
with a patient-centered approach. 
Adapted from Saisho [3,139,140]. Reproduced from Saisho 2020 [5].
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recently developed GLP-1RAs, weekly injections and oral 
agents are now available [130], making them easier to use.

Furthermore, sodium glucose cotransporter 2 in-
hibitors have been shown to improve β-cell function by 
increasing urinary glucose excretion and reducing β-cell 
workload to induce weight loss [131]. Both GLP-1RAs 
and sodium glucose cotransporter 2 inhibitors have 
been shown to improve cardiovascular outcomes [132-
135], and the use of these agents in combination with 
metformin should be considered for individuals at higher 
cardiovascular risk.

Intensive insulin therapy in the early stages should be 
considered because it has been shown to maintain β-cell 
function thereafter [136], but using insulin only aimed at 
lowering blood glucose level without eliminating excess cal-
oric intake may exacerbate ectopic lipid deposition [137], 
resulting in increased insulin resistance and workload of β 
cells. Therefore, a recent American Diabetes Association/
European Association for the Study of Diabetes consensus 
statement recommended that use of GLP-1RAs should be 
considered as the first injectable drug prior to insulin [138].

Because the concept of a cure does not exist for T2DM, 
it is difficult to motivate patients to continue treatment over 
the long term and to achieve good glycemic control on an 
ongoing basis [4]. Since maintaining patient motivation is an 
essential part of the management of T2DM, it is important 
for healthcare providers to encourage their patients [3].

Conclusion

This review focuses mainly on the current findings on β-cell 
regulators and changes in BCM in patients with glucose in-
tolerance. At present, T2DM is not a curable disease but a 
disorder that requires long-term control and lifetime treat-
ment. Therefore, it is important to shift from a glucose-
centric to a β-cell–centric approach to protect β cells, rather 
than simply focusing on lowering blood glucose level.
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