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In a society where physical activity is limited and food supply is abundant, metabolic diseases are becoming a serious
epidemic. Metabolic syndrome (MetS) represents a cluster of metabolically related symptoms such as obesity,
hypertension, dyslipidemia, and carbohydrate intolerance, and significantly increases type 2 diabetes mellitus risk. Insulin
resistance and hyperinsulinemia are consistent characteristics of MetS, but which of these features is the initiating insult
is still widely debated. Regardless, both of these conditions trigger adverse responses from the pancreatic β cell, which is
responsible for producing, storing, and releasing insulin to maintain glucose homeostasis. The observation that the
degree of β cell dysfunction correlates with the severity of MetS highlights the need to better understand β cell
dysfunction in the development of MetS. This Review focuses on the current understanding from rodent and human
studies of the progression of β cell responses during the development of MetS, as well as recent findings addressing the
complexity of β cell identity and heterogeneity within the islet during disease progression. The differential responses
observed in β cells together with the heterogeneity in disease phenotypes within the patient population emphasize the
need to better understand the mechanisms behind β cell adaptation, identity, and dysfunction in MetS.
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Introduction
Nutrient excess and sedentary behaviors of our modern society are 
forerunners of metabolic syndrome (MetS), a condition that rep-
resents a cluster of metabolically related symptoms that can have 
life-threatening consequences (1). The primary characteristics of 
MetS are central obesity, hypertension, dyslipidemia, and carbo-
hydrate intolerance, and the presence of at least three of these risk 
factors constitutes MetS; however, a single precise definition of 
MetS and the contribution of the underlying components of MetS 
remains highly debated (2–4). Notably, individuals with MetS have 
significantly increased risk for type 2 diabetes mellitus (T2DM), 
independent of many other risk factors (5). Insulin resistance, or 
the inability of insulin to optimally stimulate glucose uptake into 
the body’s cells, and hyperinsulinemia both contribute to MetS, 
but which of these conditions is the primary driver of the syn-
drome has been debated for decades. The prevailing view is that 
insulin resistance causes elevation of plasma glucose levels, which 
promotes increased demand on pancreatic β cells to produce 
and secrete more insulin (6). This compensatory hyperinsuline-
mic response by the β cells is multifactorial and initially restores 
euglycemia in the prediabetic state; however, chronic exposure 
to excess glucose and lipids eventually leads to β cell dysfunction 
and/or cell death to cause overt diabetes. During the past sever-
al years, however, the idea that insulin resistance precedes β cell 
dysfunction has been challenged, and there is a growing appreci-
ation that, at least in a subset of patients, the contribution of islet 

β cell hyperresponsiveness is a primary event in the development 
of carbohydrate intolerance (7, 8). Furthermore, there is mounting 
evidence that the hyperinsulinemic state contributes to some of 
the other disorders associated with MetS, including cardiovascu-
lar disease, nonalcoholic fatty liver disease, and polycystic ovarian 
disease (8). These findings suggest that understanding β cell dys-
function in MetS may inform novel approaches to treating T2DM, 
cardiovascular disease, and other associated MetS complications. 
In this Review, we will discuss the well-characterized mechanisms 
that contribute to disease-mediated β cell dysfunction and death, 
as well as potential alternative β cell adaptive responses to exter-
nal stressors associated with MetS based on recent studies in mice 
and evidence from human cadaveric pancreas tissue.

The pancreatic islet
There are four hormone-producing endocrine cell populations 
within the adult pancreatic islets of Langerhans: α, β, δ, and PP 
(pancreatic polypeptide) cells. Islet β cells are defined by their 
ability to produce, store, and secrete insulin in response to 
nutrients such as glucose, lipids, and a subset of amino acids. 
The α and δ cells secrete the hormones glucagon and soma-
tostatin, respectively, to achieve a glucose-homeostatic con-
dition (reviewed in ref. 9). The β cell is exquisitely sensitive to 
the nutrient environment and can respond to extremely small 
changes in blood glucose concentrations (between 4.5 and 8 
mM), triggering significant changes in insulin secretion within 
just minutes through the complex process of stimulus-secre-
tion coupling (10). However, because the β cell is fine-tuned for 
acute fluctuations in nutrient concentrations, chronic exposure 
to elevated levels of glucose and free fatty acids, as seen in MetS, 
results in progressive β cell adaptation and failure. As discussed 
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of enhanced insulin production followed by a progressive loss of 
β cell mass and/or function to result in impaired β cell metabolic 
function, depleted cellular defense mechanisms, and disrupted 
insulin secretory capacity (Figure 1 and refs. 11, 14). On the other 
hand, in some individuals, excess nutrient conditions first impair 
insulin responses in peripheral tissues, such as the liver, to initiate 
the insulin-resistant environment that will subsequently induce a 
compensatory response by β cells. Ultimately, this again triggers 
enhanced insulin secretion that can progress to β cell dysfunction 
in an environment of chronic metabolic demand (Figure 1 and 
refs. 2, 3). How and why these distinct scenarios are initiated is not 
well understood, but certainly partially depends on genetic differ-
ences between individuals. For example, β cell defects tend to be 
more important in Asian populations in contrast to the predomi-
nance of insulin resistance in White populations (15–17). Ultimate-
ly, however, regardless of whether the initial trigger is nutrient 
excess, insulin resistance, or both, the transition from an adaptive 
β cell response to a pathological β cell response represents a crit-
ical step in the progression to diabetes. For this reason, a greater 
understanding of the intracellular processes responsible for the β 
cell’s shift from adaptive to maladaptive responses will facilitate 
the development of therapeutic interventions.

Changes in β cell mass
One of the most well-studied features of β cell adaptation in MetS 
is β cell proliferation. Studies in rodent models have provided the 
most compelling data for the role of adaptive β cell mass in envi-
ronmental conditions mimicking MetS. For example, mice given 
corticosterone in their drinking water for 5 weeks displayed many 
features of MetS, including dyslipidemia, insulin resistance, glu-
cose intolerance, and hypertension, and displayed increased islet 
volume due to β cell proliferation (18). Similarly, in the relatively 
diabetes-resistant C57BL/6J leptin-deficient (ob/ob) mouse model 
of obesity, there was a 3.6-fold increase in β cell volume (19). Inter-
estingly, when the leptin mutation is induced in the BTBR (Black 
and Tan Brachyury) background, the mice are unable to increase 
β cell proliferation and progress to diabetes (20). The observation 
that adaptive β cell proliferation plays an essential role in delay-
ing and/or preventing diabetes has been validated by several 
additional studies of genetic mouse models with impaired β cell 
replication that progress more rapidly to diabetes in response to 
high-fat diet (HFD) (21, 22).

Although adaptive increases in β cell proliferation have been 
well documented in insulin-resistant and HFD-fed rodent mod-
els, the extent of these early adaptive changes in β cell mass is 
more difficult to characterize in humans, in whom there are no 
available technologies to accurately track longitudinal changes 
in β cell mass. Currently, measures of human β cell mass are per-
formed at static time points and rely predominantly on the avail-
ability of cadaveric tissue samples. One of the earliest studies 
to examine β cell mass compared autopsy tissues from approxi-
mately 20 obese individuals versus lean controls to demonstrate 
that obese individuals had higher β cell mass than the control 
group (23). Since that time, several additional cadaveric stud-
ies have suggested that the ability to increase β cell mass in the 
context of obesity and insulin resistance is necessary to pre-
vent the development of diabetes (24, 25). These analyses were 

below, β cell response to physiologic and pathophysiologic 
states of nutrient excess can occur through several mechanisms, 
including adaptive changes in β cell mass and function. Further-
more, β cell adaptations can occur both prior to and in response 
to MetS. Both rodent and human studies have contributed to the 
evolution of our understanding of these processes.

β Cell responses in MetS
Metabolic syndrome presents a set of unique stressors to the β cell, 
including elevated glucose, increased free fatty acids, and inflam-
mation (11–13). In this adverse environment, β cells initially mount 
a compensatory response to ramp up β cell functional capacity 
and insulin secretion to meet the elevated metabolic demand. 
In some individuals, this initial adaptive phase of insulin hyper-
secretion triggers insulin resistance that initiates a vicious cycle 

Figure 1. β Cell compensation and dysfunction in MetS and T2DM. A 
lifestyle of overnutrition and/or inactivity can give rise to an insulin-resis-
tant condition and/or induce insulin hypersecretion from the pancreatic β 
cell. In each case, a feedback cycle can be established to exacerbate insulin 
resistance and increase insulin secretion; both conditions can trigger MetS 
and its related complications. Initially, β cells are able to functionally 
compensate for the increased metabolic demand by increasing β cell mass, 
inducing an unfolded protein response (UPR) and improving mitochondrial 
function. However, over time, in a subset of individuals, β cell compensa-
tion cannot be sustained, and β cells become dysfunctional, presenting 
with ER stress, mitochondrial dysfunction, oxidative stress, and inflamma-
tion. Ultimately, the stressed β cells undergo cell death, dedifferentiation, 
transdifferentiation, or phenotypic alterations that compromise function. 
Disrupted β cell function can feed back to exacerbate MetS.
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increased their expression of the glucose transporter GLUT2 and 
enhanced glucokinase activity to promote insulin hypersecretion 
(33, 34). Islets of Zucker fatty (ZF) rats also displayed 3- to 10-fold 
increases in stimulated insulin secretion due to increased glucose 
utilization and oxidation (35). This study further demonstrated 
that β cell mitochondrial metabolism was elevated as a result of 
increased flux through pyruvate carboxylase and the malate-pyru-
vate and citrate-pyruvate shuttles. In humans, similar compensato-
ry increases in augmented insulin secretion have been reported in 
obese, nondiabetic patients and individuals with prediabetes (36, 
37). In addition to elevated insulin secretion, a study of HFD-fed 
C57BL/6NTac (B6N) mice demonstrated hyperexpression of genes 
known to promote β cell function and differentiation, including 
many key β cell transcriptional factors (11). The same study iden-
tified the transient upregulation of UPR genes to protect against 
decompensating ER stress responses. In an analogous proteomics 
study, transient increases in molecules involved in protein synthesis 
and folding and cell survival were also observed (38). Furthermore, 
an interesting study by Sharma et al. (39) suggested that induction 
of UPR functioned as a sensor of insulin demand and induced β cell 
proliferation through the activation of ATF6 in mouse and human 
islets. These studies all demonstrate the remarkable ability of β cells 
to adapt to increased metabolic demand and suggest that interven-
tions that promote optimal β cell physiology in the face of increased 
insulin demand are a potential therapeutic strategy.

While increased insulin secretion allows the β cell to respond 
to excess metabolic demand, prolonged elevated circulating insu-
lin can impact insulin sensing in peripheral tissues, such as liver 
and muscle. Although it is clear that insulin resistance is a central 
component of MetS, there is mounting evidence that prolonged 
insulin hypersecretion could be an initiating event in the syn-
drome. Several studies in mice and humans have demonstrated 
that prolonged elevated insulin secretion in excess nutrient envi-
ronments precedes and promotes insulin resistance (40, 41). For 
example, human cross-sectional studies by Ferrannini et al. (42) 
demonstrated that there were stepwise increases in basal insulin 
secretion and a decreased proportion of glucose-stimulated insu-
lin secretion as individuals moved from normal glucose tolerance 
to T2DM (Figure 2). Furthermore, recent data in youth with predi-
abetes and T2DM from the NIH Restored Insulin Secretion (RISE) 
study demonstrated that insulin hypersecretion in youth predicted 
progression to diabetes. Interestingly, this pattern differs in adults 
who have T2DM or are at risk of developing T2DM (43, 44). These 
human studies strongly support an initiating role for insulin hyper-
secretion in the development of MetS. In several rodent models, 
there is also evidence for transient increases in β cell proliferation 
and intrinsic β cell functional adaptations in response to increased 
insulin demand, before substantial changes in insulin resistance 
can be detected. For example, deletion of the insulin and IGF-1 
receptors from β cells or manipulation of IRS1/2 and AKT isoforms 
in mice triggers insulin resistance and, in some instances, diabetes 
(29, 45–48). Furthermore, mutations in IRS1 have been linked to 
β cell dysfunction and association with T2DM in several human 
populations (49, 50). Regardless of the initiating event, there is 
considerable evidence that increased functional capacity is an 
essential component of β cell adaptation in MetS that is triggered 
to delay and/or prevent progression to diabetes.

reinforced by a recent autopsy study that reported that human 
obese, nondiabetic patients have a significantly higher β cell 
mass than individuals with diabetes who are either lean or obese 
(26). Furthermore, a study that was able to evaluate pancreat-
ic samples from nondiabetic insulin-resistant subjects who had 
undergone pancreatoduodenectomy also identified a marked 
increase in β cell numbers (27). However, these human studies 
remain somewhat controversial. For example, Butler et al. (28) 
concluded that increased β cell apoptosis was the primary mech-
anism underlying the development of T2DM, while studies from 
human cadaveric islet samples have reported substantial vari-
ation (0% to 63%) in β cell mass reduction in patients with a 
T2DM diagnosis (28–31).

Compensatory metabolic adaptation of β cells to 
stress
In addition to the adaptive β cell proliferative response that occurs 
in a high-nutrient environment, β cells adapt to metabolic chal-
lenges by employing intrinsic mechanisms to enhance β cell per-
formance. Increased insulin production/secretion, upregulation 
of glucose metabolism pathways, and induction of the adaptive 
unfolded protein response (UPR) have all been shown to transient-
ly increase in conditions of overnutrition and insulin resistance as 
a defense mechanism to preserve β cell function and survival (32). 
Studies in Wistar rats demonstrated that nutrient-challenged β cells 

Figure 2. Fasting and glucose-stimulated insulin secretion in the progression 
to T2DM. Fasting insulin secretion (blue) increases as people progress from 
normal glucose tolerance to T2DM; in contrast, glucose-stimulated insulin 
secretion (GSIS; green) represents a lower percentage of overall insulin secre-
tion in impaired glucose tolerance (IGT) and less than half of insulin secretion 
in T2DM. Adapted with permission from Frontiers in Endocrinology (41) based 
on data in ref. 42.
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coupling of glucose metabolism and insulin secretion. This then 
triggers oxidative stress and higher levels of reactive oxygen spe-
cies, which further worsens β cell function and eventually promotes 
β cell exhaustion and loss (reviewed extensively in refs. 55, 56).

Paradigms of β cell loss
Traditionally, it has been assumed that loss of insulin-produc-
ing cells in conditions causing β cell exhaustion was caused by a 
decrease in β cell numbers through apoptosis and other mecha-
nisms of β cell death. However, our understanding of β cell biol-
ogy has greatly expanded in recent years, and the simplistic view 
that β cell death is the primary outcome of β cell exhaustion and 
dysfunction has evolved considerably. Notably, there is growing 
evidence that β cells can respond to the environmental stressors 
by undergoing dedifferentiation and/or transdifferentiation, such 
that there is minimal alteration in islet cell mass (reviewed in refs. 
57). These phenomena have been most extensively explored in 
rodent models; however, corroborative evidence from analysis of 
human cadaveric pancreatic tissue is also emerging (Figure 3).

β Cell dedifferentiation
One of the first studies to challenge the paradigm of β cell death 
was the Weir group’s demonstration that chronic mild to severe 
hyperglycemia in pancreatectomized rats triggered loss of β cell 
differentiation (58). This observation was reinforced in a genetic 
model when Talchai et al. (59) generated a β cell–specific deletion 
of the transcription factor FoxO1 (FoxO1 βCKO mice), a major tar-
get of insulin signaling and regulator of metabolic homeostasis in 
many tissues. Similar to the previous studies, FoxO1 βCKO mice 
that were subjected to pathophysiologic models of β cell stress, 
such as aging and multiple pregnancies, had impaired glucose 
tolerance, reduced insulin secretion, and a 30% decrease in β cell 
mass. However, lineage tracing revealed that the mutant β cells 
were not lost through apoptosis, but became dedifferentiated to 
revert to a more progenitor-like state. This observation has been 
bolstered by a number of studies that have demonstrated that 
adoption of a dedifferentiated phenotype was a protective mech-
anism to support β cell survival under conditions of stress (60). 
There have since been many additional reports of β cell dedif-
ferentiation in response to genetic and environmental perturba-
tions — in both mice and humans. Inducible ablation of the tran-
scription factor LDB1 in mature β cells also resulted in impaired 
insulin secretion and glucose homeostasis due to a reduction 
in β cell identity genes and induction of the endocrine progeni-
tor marker Neurogenin3 (NEUROG3), again suggesting that β 
cells have the ability to become dedifferentiated (61). Using the 
well-established T2D mouse model db/db, which has a mutation 
in the leptin receptor, Neelankal et al. used transcriptome anal-
ysis of 12-week-old islets from WT, db heterozygotes, and db/db 
mutants to demonstrate that dedifferentiation was also occurring 
in a model of insulin resistance (62). Evidence of dedifferentiated 
β cells, defined by the presence of hormone-negative endocrine 
cells, was also reported in a study of human T2D patients with 
adequate glucose control (63). However, without lineage anal-
yses and more extensive progenitor marker analyses, dediffer-
entiation is more difficult to prove in humans. To overcome this 
challenge, Diedisheim et al. (64) used the functional human β cell 

β Cell dysfunction in MetS
Despite evidence that β cells can mount a compensatory response 
to insulin resistance and overnutrition, in individuals who develop 
T2DM the ability to compensate is transient. Over time, produc-
tion of large amounts of insulin by the compensating β cells exerts 
continuous demand on the ER for proper protein synthesis, fold-
ing, trafficking, and secretion. Ultimately, β cells are unable to 
sustain the increased workload, and the initial adaptive responses 
become progressively maladaptive. β Cell dysfunction has been 
extensively studied in MetS, insulin-resistant conditions, and 
T2DM, both in rodent models and in humans, to reveal similar 
underlying molecular defects (reviewed in refs. 6, 51). In condi-
tions of chronic nutrient exposure, sustained overproduction and 
secretion of insulin strains the folding capacity of the ER, and mis-
folded or unfolded proteins accumulate in the ER lumen, resulting 
in ER stress and activation of β cell apoptosis pathways (reviewed 
in refs. 52, 53). Consistently, ER stress markers are commonly ele-
vated in pancreatic islets of animals exposed to HFD (32). Studies 
in islets from human T2DM patients also show a doubling of the 
ER size compared with controls, indicative of the presence of ER 
stress responses (54). Increased demand on the β cell also results in 
increased flux through mitochondria. Eventually, the overworked 
β cell mitochondria also become dysfunctional, which impairs the 

Figure 3. Fates of overexerted β cells. Upon overexertion, in many animal 
models and humans, β cells initially undergo functional compensation, 
which can be followed by a pathogenic response. In the past, overexerted 
β cells were thought to predominantly undergo cell death. More recently, 
there has been evidence from animal models and human pancreatic tissue 
that β cells can respond by undergoing dedifferentiation, transdifferentia-
tion, or β cell subtype transitions. 
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In humans, it is likely that the differential β cell responses have a 
genetic basis that perhaps has adapted and evolved in response to 
changing environmental conditions.

β Cell heterogeneity
An emerging concept to explain the differential responses of β cells 
is the existence of β cell functional heterogeneity within a single 
islet. Although this is a relatively old concept (70–72), technologi-
cal advances have provided appreciable insight into the existence 
of different β cell subpopulations that are distinguished by func-
tion, morphology, location, expression profiles, and connectivity 
(reviewed in refs. 66, 73). A particularly seminal study identified 
the presence of four antigenically diverse β cell subpopulations, β1 
through β4, within human islets (74). Interestingly, each subpopu-
lation had distinct gene expression profiles and insulin secretion 
capabilities; the most abundant β1 population had the lowest basal 
insulin secretion, whereas the β4 population displayed the high-
est insulin secretion capabilities. Furthermore, in samples from 
T2DM patients versus matched controls, there were substantial 
increases in the high-secreting β4 population, without signifi-
cant changes in the other subpopulations. β Cell heterogeneity 
has also been observed at the level of islet electrical excitability 
and connectivity. β Cell heterogeneity was shown to be required 
to accurately reproduce Ca++ wave propagation dynamics; loss of 
stimulus-induced insulin secretion coupling has been detected 
early in disease progression and is thought to be an important 
mechanism contributing to β cell dysfunction (75). In addition, a 
recent study identified a population of β cells termed “extreme” β 
cells located in the center of the islet. These cells were character-
ized by a distinct polarization pattern and higher proinsulin and 
ribosomal RNA content (76). Additional subpopulations of β cells, 
including “hub” β cells that demonstrate pacemaker activities to 
coordinate insulin response to glucose and “virgin” β cells, which 
are postulated to represent a population of immature β cells that 
form a neogenic niche at the periphery of the islet, have also been 
identified (77, 78); however, the extent to which these populations 
represent distinct β cell subtypes versus a phenotypic continuum 
of a homogeneous cell population remains to be seen. Further-
more, the functional importance of β cell heterogeneity remains 
to be addressed; however, it is possible that each β cell subtype’s 
differential response to increased insulin demand would deter-
mine whether a β cell dedifferentiates, becomes reprogrammed, 
or undergoes apoptosis in conditions of metabolic stress.

The reemergence of the concept of β cell heterogeneity has 
allowed us to move away from a simplistic view of β cells simulta-
neously responding in an identical way to metabolic insults. This 
has also impacted how we think about the ways in which β cell sub-
populations mediate glucose homeostasis in health and disease. 
For example, immature proliferative β cells are more resistant to 
cell death, while increased metabolic and electrical activity can 
increase susceptibility to cell death (reviewed in ref. 75). Additional-
ly, functionally mature β cells are more sensitive to the inflammato-
ry environment and the effects of the cytokines IL-1β and IL-6 and 
therefore would be expected to fail earlier in disease as a result of 
ER stress. Ultimately, understanding the mechanisms behind the 
different functions and responses of β cells to disease will be crucial 
to our ability to prevent β cell loss and/or dysfunction in MetS.

line EndoC-βH1 to show that treatment with the growth factors 
FGF1 and FGF2 induces β cell dedifferentiation and that this pro-
cess was reversible under specific conditions. They were also able 
to identify novel human β cell dedifferentiation markers SOX9, 
HES1, MYC, PYY, GAST, and NEUROG3 in addition to the pre-
viously reported ALDH1A3 marker described by Cinti et al. (65). 
In summary, there is considerable evidence for the occurrence of 
dedifferentiation in stressed rodent and human β cells as a poten-
tial adaptive mechanism. Although in many instances, dediffer-
entiation is induced in conditions of prolonged insulin demand, 
the precise molecular signals that trigger a dedifferentiation path-
way are still not well characterized (60).

β Cell transdifferentiation
In addition to evidence of dedifferentiation, several groups have 
demonstrated that β cells can lose their identity by being convert-
ed to different hormone-expressing cell types. Gutiérrez et al. (66) 
demonstrated that β cell–specific deletion of Nkx2.2, a transcrip-
tion factor essential for β cell development and function, led to 
both partial and complete transdifferentiation of β cells; a subset 
of β cells coexpressed insulin and the other islet endocrine hor-
mones, whereas genetic lineage tracing revealed that a subset of 
β cells had lost their β cell characteristics and were reprogrammed 
to α or δ cells. Interestingly, unlike FoxO1 mutations, there was no 
evidence that these cells first underwent a dedifferentiation event. 
Similarly, β cell–specific deletion of Pax6, a transcription factor 
critical for the maintenance of β cell identity, resulted in direct 
β cell transdifferentiation to markedly upregulate expression of 
ghrelin (67), a hormone that is not normally expressed in the adult 
pancreas. Moreover, deletion of Pdx1 from adult β cells resulted in 
loss of β cell identity markers that was accompanied by expression 
of glucagon and acquisition of α cell characteristics (68). Although 
it is not possible to perform similar genetic lineage tracing analy-
sis in vivo in humans, long-term culture of human islets suggested 
there was spontaneous β cell transdifferentiation into the ductal 
lineage, suggesting that human β cells might also have the ability 
to undergo reprogramming (69). Additionally, islet samples from 
T1D and T2D patients have provided evidence of the existence of 
insulin-producing β cells expressing multiple hormones, indicat-
ing their ability to at least partially lose their β cell identity (63). 
However, without lineage analyses, it is difficult to prove that the 
polyhormonal cells arose from monohormonal β cells.

β Cell plasticity
Evidence of β cell dedifferentiation and transdifferentiation in 
T2DM highlights the previously underappreciated plasticity of 
endocrine cells and suggests that β cells undergo a variety of 
changes in response to stress that are not limited to cell death. 
This represents a critical discovery that may allow for the develop-
ment of alternative approaches to restore β cell function in MetS. 
A major question that remains is why β cells variably respond to 
environmental insults by dedifferentiating, transdifferentiating, 
or dying. In mouse models, the response may depend on the par-
ticular genetic disruption; however, this has yet to be resolved. 
Alternatively, the response may depend on the type of nutritive 
or environmental stress, or may be associated with particular islet 
dysfunctions, such as ER stress versus mitochondrial dysfunction. 
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Conclusions and perspectives
Based on the wealth of emerging information about the differ-
ent β cell responses to increased nutrient stress in MetS, it is 
clear that understanding and targeting both the adaptive and 
pathogenic changes in β cell function is a rational approach 
for preventing the progression of MetS to T2DM. Earlier clin-
ical reports and recent clinical deep phenotyping in the RISE 
study in adults and youth in prediabetes or early T2DM indi-
cate a large spectrum of insulin secretory capacity, basal insulin 
secretion, and glucose-stimulated insulin secretion responses, 
as well as heterogeneous responses to interventions with insu-
lin replacement, weight loss, and exercise (43, 44). Two recent 
studies provide clinical proof of concept that intervening at 
the behavioral level of MetS/prediabetes using short-term diet 
or exercise augments glucose-stimulated insulin secretion in 
human subjects (79, 80). These studies support the idea that 
early intervention is critical to our ability to prevent or delay 
the progression to T2DM, but they also highlight the heteroge-
neity of these responses within different patients and the need 
to better understand particular islet compositions, β cell popu-
lation compositions, and the respective responses of these het-
erogeneous cell populations. Furthermore, there needs to be an 
increased emphasis on understanding the mechanisms of the 
early responses of β cells to the different environmental insults 
in the different ethnic populations. Being able to address these 
factors during the β cell compensation phase before dysfunction 
occurs (Figure 1) should be a primary focus of the field.

In addition to a greater appreciation for heterogeneity 
of β cell responses between individuals, as discussed in this 
Review, there is growing evidence of β cell plasticity and differ-
ential β cell responses to the different metabolic insults, sug-
gesting that potential treatments should include protocols that 
protect and/or reestablish β cell identity, rather than focusing 
solely on β cell replacement therapies. The idea that endocrine 
cells, and specifically β cells, are an extremely heterogeneous 
and plastic population of cells should also affect our thera-

peutic approaches. For example, if we are able to determine 
why a certain subset of β cells responds to a particular insult 
while others do not, we can focus on enhancing or protecting 
the optimal β cell subset. Alternatively, we will need to better 
understand why there is evidence for dedifferentiation ver-
sus transdifferentiation and/or reprogramming, and whether 
these outcomes are linked to different β cell subpopulations 
or a specific metabolic insult. Increased knowledge about the 
specific β cell defect that needs to be corrected in an individ-
ual patient will influence the treatment options. In addition, 
it would be useful to identify biomarker combinations that 
would longitudinally predict the health and status of the entire 
β cell population as well as the different subsets of β cells as a 
potential indicator of what specific interventions should occur. 
While many of these studies have been pioneered in mice, 
there is a need for additional human studies to ensure a seam-
less transition from findings in mice to a treatment of human 
disease. Technological advances and greater access to human 
tissues, as well as improved in vitro cell reprogramming, are 
getting us closer to those goals. In conclusion, addressing and 
understanding the adaptations and subtle changes that β cells 
undergo in response to metabolic changes is an important area 
of focus that will give us a more complete set of customizable 
tools to use in response to MetS.
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