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Abstract: β-cell death is regarded as a major event driving loss of insulin secretion and hyperglycemia
in both type 1 and type 2 diabetes mellitus. In this review, we explore past, present, and potential
future advances in our understanding of the mechanisms that promote β-cell death in diabetes, with
a focus on the primary literature. We first review discoveries of insulin insufficiency, β-cell loss,
and β-cell death in human diabetes. We discuss findings in humans and mouse models of diabetes
related to autoimmune-associated β-cell loss and the roles of autoreactive T cells, B cells, and the β

cell itself in this process. We review discoveries of the molecular mechanisms that underlie β-cell
death-inducing stimuli, including proinflammatory cytokines, islet amyloid formation, ER stress,
oxidative stress, glucotoxicity, and lipotoxicity. Finally, we explore recent perspectives on β-cell death
in diabetes, including: (1) the role of the β cell in its own demise, (2) methods and terminology for
identifying diverse mechanisms of β-cell death, and (3) whether non-canonical forms of β-cell death,
such as regulated necrosis, contribute to islet inflammation and β-cell loss in diabetes. We believe
new perspectives on the mechanisms of β-cell death in diabetes will provide a better understanding
of this pathological process and may lead to new therapeutic strategies to protect β cells in the setting
of diabetes.
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1. Introduction

Diabetes mellitus is a global epidemic that afflicts over 450 million people worldwide,
and this number is expected to rise to nearly 700 million by 2045 [1]. It costs an estimated
USD 850 billion annually [1] and is a risk factor for other morbidities, including cardio-
vascular disease, chronic kidney disease, stroke, blindness, and amputation [2]. Diabetes
is defined clinically by the presence of hyperglycemia [3], which is largely caused by
insufficient insulin release from pancreatic β cells [4]. It can be broadly classified into
type 1 diabetes, which involves the autoimmune-associated destruction of β cells, and
type 2 diabetes, which is characterized by insulin resistance and a relative insufficiency
of β-cell function and mass [5,6]. In addition to these major classifications of diabetes,
gestational diabetes, monogenic diabetes, latent autoimmune diabetes in adults, diseases of
the exocrine pancreas, and drug- and chemically-induced diabetes have also been identified
in individuals who present with hyperglycemic phenotypes distinct from type 1 or type
2 diabetes [7].

β-cell death is a key event in the pathogenesis of diabetes. To summarize and integrate
our current understanding of β-cell death in both major forms of this disease, we have
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conducted a literature review that includes information from books, book chapters, clinical
standards of care guidelines, diabetes incidence databases, and journal articles spanning
from the late 1800s to the present day. In this review, we aim to (1) summarize previously
published data on the presence of and mechanisms underlying β-cell death in diabetes,
(2) discuss how these findings have shaped our current understanding of the role of β-cell
death in diabetes pathogenesis, and (3) identify knowledge gaps and areas of research
that may lead to new strategies to protect β cells in the setting of diabetes. We begin by
summarizing the initial discoveries that led to our understanding of β-cell loss in insulin
insufficiency and hyperglycemia in diabetes, with a specific focus on studies conducted in
humans or human tissues.

2. Understanding β-Cell Death in the Pathogenesis of Diabetes Mellitus
2.1. Early Observations of Insulin Deficiency as a Driver of Hyperglycemia in Diabetes

The presence of excess glucose in the urine of individuals with diabetes has been
recognized for centuries [8], but it was not until the pioneering experiments of von Mering
and Minkowski around 1890 that the pancreas was widely recognized to regulate blood
glucose concentrations [9]. Prior to this observation, Paul Langerhans observed in the 1860′s
that “islands” of cells were present in the pancreas, and that these cells were distinct from
the surrounding exocrine tissue [10]. In 1901, Eugene Opie observed that diabetes mellitus
was related to the presence of “hyaline degeneration” of the islands of Langerhans [11],
and in 1907, M. A. Lane showed that the pancreas “islet” areas described by Langerhans
were composed of at least two unique cell types [12]. These observations suggested that
a molecule synthesized by islets was responsible for maintaining glucose homeostasis,
and that deficiency of this molecule (which we now recognize as insulin) was associated
with diabetes. In 2021, we celebrated the 100-year anniversary of Banting and Best’s
discovery that an “internal secretion” of the pancreas could be isolated and administered to
diabetic subjects to reduce hyperglycemia [13,14]. In 1922, Leonard Thompson became the
first person to receive insulin therapy for diabetes [15], and shortly thereafter commercial
production and wide-spread use of life-saving insulin began [16]. Together, these early
works identified loss of insulin as a key driver of the hyperglycemia in diabetes mellitus
and led to a new stage of research focused on understanding the pathogenic factors that
lead to insulin-deficiency and diabetes.

2.2. Observations of β-Cell Loss in Human Diabetes

Although loss of insulin production was understood to be a factor in the development
of diabetes by the early 1920s, it was at first not clearly established that a loss of functional
β cells led to insufficient insulin release. Arriving at this conclusion required a greater
understanding of the divergent diabetic phenotypes observed clinically [17,18]. It was tra-
ditionally accepted that diabetes generally occurs in two distinct populations: (1) children
and young adults with normal or low body weight, and (2) aging and overweight adults. It
was also recognized that diabetic phenotypes in these groups were similarly dichotomous,
with hyperglycemia normally appearing as an acute and fatal affliction in children, but as a
manageable chronic condition in adults [19]. We now consider these divergent phenotypes
to be separate diseases: type 1 diabetes (T1D, also known as insulin-dependent diabetes
and formerly as juvenile diabetes), which is associated with islet autoimmunity and near
complete loss of insulin production [17,20,21]; and type 2 diabetes (T2D, also known as
insulin-independent diabetes), which is associated with insulin resistance and relative
insulin insufficiency [18,22,23]. In this section, we review important research findings that
underlie our current understanding of β-cell loss in both major forms of diabetes mellitus
in humans.

2.2.1. β-Cell Loss in T1D

To better understand the factors that contribute to loss of insulin production in di-
abetes, pathologists began to study pancreas sections from diabetic and non-diabetic
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individuals collected at autopsy well over one hundred years ago. Following the early
works by Opie, Lane, and others discussed above, additional studies began to describe
diabetes-associated β-cell loss in greater detail. Among these are the seminal studies
conducted by Maclean and Ogilvie in the 1950s. The histological examination of pancreas
sections, along with measurement of tissue mass, from young and old individuals (but
primarily subjects over 40 years of age), revealed a significant reduction in beta cell mass
in individuals with diabetes [18]. Among diabetic subjects, β-cell mass was observed to
be lower in individuals diagnosed at less than 25 years of age and higher in individuals
diagnosed later in life [18]. When Maclean and Ogilvie analyzed pancreas tissue sections
specifically from young subjects, they found diabetic individuals exhibit reduced islet
number and mass, but no difference in islet size compared to non-diabetic individuals [24].
They also observed that among young diabetic subjects, those with long-standing (chronic)
disease have less islet mass than those with short-standing (acute) disease [24]. When
pancreas sections from young subjects with “juvenile diabetes” were analyzed by Doniach
and Morgan in 1973, they were found to have an 85% reduction in the number of islets
present [25]. Stefan and colleagues compared pancreas sections from 13 non-diabetic
subjects and 2 insulin-dependent diabetic subjects (T1D), and observed that the primary
difference between these groups was the reduced number of insulin-producing β cells [26].
When Klöppel et al. compared pancreas samples from recently diagnosed T1D individuals
with age-matched controls in 1984, a 70–85% reduction in β-cell abundance was again
revealed [27]. These observations of reduced β-cell and islet abundance were among the
first to demonstrate β-cell loss in what we now refer to as T1D.

2.2.2. β-Cell Loss in T2D

In addition to observations of β-cell loss in T1D, evidence for β-cell loss in T2D has
also existed for decades. In 1901, Eugene Opie observed the relationship between diabetes
mellitus, islet cell loss, and the presence of islet “hyaline deposits”, the last of which are
now recognized as islet amyloid deposits [11,28]. Notably, Maclean and Ogilvie excluded
from their 1955 analyses pancreas samples that exhibited hyalinization of islets, which
were observed in tissue specimens of individuals of 40 years of age and older [18]. In
contrast to their observations of extensive β-cell loss in T1D, Maclean and Ogilvie observed
a less severe reduction in β-cell mass in individuals with T2D [18]. A more recent study
estimates that a ~35% reduction in β-cell mass is present in T2D [29].

It is important to note that controversy has surrounded the question of whether loss
of β-cell mass truly contributes to the pathogenesis of T2D. Indeed, one early histological
observation found increased islet size in a hyperglycemic individual [30]. Separately,
Ogilvie found that islet size was increased in 19 obese individuals versus controls, although
none of these subjects had diabetes [31]. These observations likely reflect the presence of
insulin resistance in obesity, leading to a compensatory increase in islet size [32]. In 1985,
Klöppel et al. noted that while T1D results from selective loss of β cells, these insulin-
producing cells are always present in T2D [5], and Guiot et al. also questioned whether
reduced β-cell mass was responsible for insulin insufficiency in T2D [33]. A more recent
study compared β-cell volume in explanted human pancreas tissue slices and found no
significant reduction in β-cell volume in T2D versus control donors [34].

On the other hand, several studies have observed significant reductions in β-cell
abundance in adult diabetics compared to non-diabetic subjects. One differential volu-
metric analysis of pancreatic islets revealed a β-cell deficit in adults with diabetes that
was associated with increased maximal blood glucose, suggesting that β-cell loss leads to
reduced insulin production in T2D [35]. The examination of human pancreas from normo-
glycemic and T2D subjects following autopsy revealed a decrease in β cells in individuals
with hyperglycemia [18]. In a cross-sectional analysis of pancreas sections, Sakuraba et al.
observed a 30% reduction in β-cell mass in T2D subjects from Japan, along with increased
amyloid deposition and oxidative stress compared to normoglycemic controls [36]. Butler
and colleagues also sought to determine whether decreased β-cell mass underlies the
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hyperglycemia observed in T2D, when in 2003 they analyzed 124 pancreas tissue sections
collected at autopsy. They found that individuals with impaired fasting glucose (IFG)
or T2D exhibited 40% and 63% reductions, respectively, in β-cell volume compared to
non-diabetic individuals [37]. Jurgens et al. analyzed 68 pancreas tissue samples and again
observed a decreased β-cell area in tissue from individuals with T2D [38].

Given the available data from individuals with T2D, it is now widely believed that a
relative deficit of β-cells exists in this disease. The recently appreciated heterogeneity of
T2D phenotypes and human β-cell mass [39–42] may help explain the ongoing debate as
to the role of β-cell loss in T2D pathogenesis.

2.3. Loss of β-Cell Function in Human Diabetes

As well as evidence for β-cell loss derived from histological measurements of pancreas
tissue samples, reduced β-cell function is present in both major forms of diabetes. In gen-
eral, these studies have defined impaired β-cell function as (1) impaired insulin synthesis
leading to reduced insulin content in islets, (2) reduced plasma insulin (or C-peptide) in
the fed or fasted state, or (3) reduced acute insulin release in response to a glucose bolus or
mixed meal challenge [4,43]. Using such measurements, numerous studies have identified
loss of β-cell function as a primary factor underlying the hyperglycemia that characterizes
T1D and T2D.

2.3.1. β-Cell Dysfunction in T1D

Given the use of insulin as a treatment for T1D, the loss of insulin production in
diabetes was widely recognized in the 1920s. In 1952, Wrenshall and colleagues showed
that less extractable insulin was present in pancreases from individuals with diabetes
compared to those without diabetes, and that, among those with diabetes, individuals
diagnosed at less than 20 years of age possessed significantly less insulin than individuals
diagnosed at 20 years of age or older [17]. Later, Cerasi and Luft used IV glucose infusion
tests and computer modeling to identify an insufficient insulin response to glucose as a
characteristic of diabetic individuals [44], concluding that this loss of insulin secretion
was likely a “prerequisite” for diabetes. More recently, a large clinical study analyzed
fasting C-peptide data collected from 3668 subjects at the time of T1D diagnosis [45]. Those
diagnosed with T1D at a younger age exhibited lower fasting C-peptide and a greater
decline in fasting C-peptide over time [45].

Despite the clear loss of β-cell abundance and function in T1D, however, some
functional β cells persist in individuals with this disease. The Medalist Study analyzed
1019 individuals with a duration of T1D over 50 years [46]. Among these individuals, 32.4%
had detectable C-peptide levels and 5.8% were able to double C-peptide in response to a
mixed meal tolerance test [46], despite their severe insulin insufficiency and hyperglycemia.
A potential explanation for this residual insulin secretory function was uncovered when β-
cell lineage tracing experiments identified dedifferentiation as an important driver of β-cell
loss in β-cell specific FoxO1 knockout mice [47]. Later, a population of β cells that survive
autoimmune attack was identified in mouse and human islets, with these cells expressing
reduced β-cell identity genes and arising in response to insulitis and inflammation [48].
These studies suggest that a subpopulation of β cells exist that, while not fully functional,
are protected from cell death in the context of T1D.

2.3.2. β-Cell Dysfunction in T2D

Insufficient insulin secretion in T2D, and its relationship to obesity, insulin resistance,
and aging, are also well documented. In 1963, Karam and colleagues observed increased
insulin responses in obese versus normal weight subjects following a glucose injection [49].
In 1967, Perley and Kipnis observed that, in response to either oral or IV glucose, plasma
insulin was higher in obese versus normal weight individuals without diabetes [22]. Later,
Bonadonna and colleagues again found that insulin secretion was increased in obese versus
control subjects and noted that obese individuals displayed decreased glucose uptake in
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response to specified insulin concentrations, that is, they were insulin resistant [23]. Such
observations established insulin resistance and hyperinsulinemia as characteristics of obese,
non-diabetic individuals.

In contrast, Perley and Kipnis observed that obese diabetic subjects failed to increase
insulin secretion to levels similar to their obese non-diabetic counterparts, displaying
a “marked impairment in insulin secretion” [22]. More recently, Mitrakou et al. found
that glucose intolerant individuals displayed reduced insulin secretion following glucose
ingestion compared to age and weight matched controls subjects [50]. Of note, the reduced
insulin secretion observed in T2D is not confined to obese individuals. Similar observa-
tions of insulin resistance and β-cell dysfunction have been made in aged individuals
with normal body weight and glucose intolerance [51]. More recent observations have
clearly defined the relationship between insulin resistance, β-cell function, and T2D [52].
These studies demonstrate that obese, non-diabetic individuals increase insulin release to
maintain normal blood glucose in the face of insulin resistance, and that this compensatory
insulin response is lost in hyperglycemic diabetic individuals.

Together, these data provide evidence that loss of β-cell abundance and function
are primary elements contributing to the insulin insufficiency and hyperglycemia that
characterize both major forms of diabetes. Understanding the specific factors that underlie
β-cell loss in these diseases may lead to new approaches to maintain insulin secretion and
thereby treat or cure diabetes.

2.4. Observations of β-Cell Death in Human Diabetes

β-cell abundance is regulated by various processes, including proliferation (division
of existing β cells), neogenesis (generation of new β cells from progenitor cells), dediffer-
entiation (transformation of β cells to other cell types), and β-cell death (destruction of
β cells, often referred to as apoptosis). Although each of these mechanisms contribute
to the prevailing β-cell mass present in an individual, increased β-cell death is regarded
as a primary factor underlying β-cell loss in diabetes [53,54]. In this section, we review
evidence for β-cell death as a driver of reduced β-cell mass in human T1D and T2D.

2.4.1. Evidence for β-Cell Death in Human T1D

Evidence for β-cell death in human diabetes is derived in large part from histological
comparisons of pancreas sections from diabetic and non-diabetic subjects collected at
autopsy. Initial observations of β-cell death in diabetes focused on the pathogenesis of
T1D and relied on indirect evidence; although numerous studies were able to convincingly
demonstrate β-cell loss in the context of T1D (as discussed previously), and β-cell death
was believed to underlie these observations, direct evidence for increased rates of β-cell
death was lacking [53]. Following the advent of histochemical methods to identify dead
and dying cells in the 1990s [55–57], direct evidence for β-cell death in diabetes emerged.
In 2005, Meier and colleagues compared pancreas section from 42 individuals with T1D
with those from 14 non-diabetic individuals [58]. They observed that the rate of β-cell
death was doubled in T1D versus control subjects, and that this was accompanied by
an increased presence of islet macrophages and T lymphocytes [58]. In 2007, Buter et al.
examined pancreas samples collected from individuals with recent-onset T1D and age-
matched control subjects and found that β-cell death was increased in T1D while β-cell
proliferation was unchanged [37]. These data support immune-associated β-cell death as a
contributor to β-cell loss in T1D.

2.4.2. Evidence for β-Cell Death in Human T2D

In T2D, β-cell death has similarly been postulated to underlie the relative loss of
β-cells, although little direct evidence in diabetic human subjects was available before
the start of the 21st century [54,59]. Subsequently, histological examinations of pancreas
samples have shown an association between increased β-cell death and the relative loss of
β-cell mass and function that characterize human T2D. In their 2003 study of 124 pancreas
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samples, Butler and colleagues observed increased β-cell death in subjects with T2D, with
rates being increased 10-fold in lean individuals with T2D and 3-fold in obese individuals
with T2D compared to weight-matched non-diabetic controls [37]. Notably, no alterations
in β-cell proliferation or neogenesis were observed between weight-matched diabetic and
non-diabetic subjects, but they observed increased islet amyloid deposition in both lean and
obese subjects with T2D [37]. When Jurgens and colleagues examined pancreas sections
from 29 diabetic and 39 non-diabetic subjects in 2011, they also observed increased rates
of β-cell death in individuals with T2D [38]. In addition, they found that islet amyloid
deposition was higher in those with T2D and that the degree of islet amyloid formation
was positively associated with β-cell death and negatively associated with islet insulin
area [38]. In sum, these findings indicate that β-cell mass is decreased in T2D at least in
part, due to increased β-cell death.

2.4.3. Considerations for Quantifying β-Cell Death in Human Diabetes

If increased β-cell death accounts for the decreased β-cell mass in diabetes, why is it
that β-cell death is a relatively rare histological event? Numerous studies have reported
“low” rates of β-cell death in diabetic subjects, with roughly one dead β cell present in every
2–3 diabetic islets [37,38,60]. It is noted that these measurements represent only a snapshot
in time, and that in situ dead islet cells are phagocytosed by islet-resident macrophages.
Therefore, the true frequency of β-cell death in diabetes, and how accumulation of this
death translates to β-cell loss over time, is difficult to determine in tissue samples.

In the last decade, new methodologies have enabled detection of β-cell death through
the quantification of unmethylated insulin DNA from blood samples. In short, unmethy-
lated insulin gene promoter DNA was shown to be present specifically in β cells, but not
other tissue types [61,62]. Various DNA amplification methods have been used to amplify
and quantify the presence of such DNA, with increases in the quantity this β-cell derived
DNA serving as a proxy measure of in vivo β-cell death [61–63]. In 2011, Akirav et al.
reported a method for detecting unmethylated insulin (INS) DNA in serum and observed
that presence of unmethylated INS DNA was specific to islet β cells [61]. In addition, they
found increased quantities of unmethylated INS DNA in serum collected from subjects
with new-onset T1D [61]. Fisher and colleagues determined that both unmethylated and
methylated INS DNA were increased in individuals with new-onset T1D, and that un-
methylated (but not methylated) INS DNA remained elevated at 8 weeks-post-onset [62].
They also found that unmethylated INS DNA was elevated in adult compared to pediatric
non-diabetic subjects, but that individuals with T2D did not exhibit elevated serum un-
methylated INS DNA compared to aged-matched non-diabetic controls [62]. Husseiny
et al. found that unmethylated INS DNA was also elevated following islet transplant [63].
Other recent studies have largely confirmed these initial observations and indicate that
increased rates of β-cell death occur in T1D, aging, and islet transplantation [64,65].

3. Advances in Understanding the Mechanisms of β-Cell Death in Diabetes

Although studies in human subjects are of utmost importance in our search to identify
the mechanisms that cause β-cell loss in diabetes, the nature of human studies limits what
types of experiments can be performed. As such, researchers must also apply in vitro and
in vivo studies of animal models of diabetes. These studies provide important insights into
the pathogenesis of diabetes that can be further interrogated in humans and may lead to
new therapeutic approaches in human disease.

Similar to observations made in diabetic human subjects, animal models of diabetes
exhibit increased rates of β-cell death. In 1997, O’Brien et al. described an increased
presence of dead β cells in the non-obese diabetic (NOD) mouse model of autoimmune
diabetes [66]. Around the same time, Augstein et al. demonstrated that islet cell death
was associated with β-cell loss and deterioration of glycemic control in NOD mice [67].
Increased rates of β-cell death were also observed in rats that spontaneously develop
diabetes, but not in diabetes resistant rats [68]. β-cell death has also been reported to
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underlie loss of insulin secretory capacity and hyperglycemia in mouse models of T2D.
Donath et al. observed increased rates of β-cell death in association with increased blood
glucose in a sand rat model of T2D [69]. Similarly, increased β-cell death contributes to the
reduced β-cell mass in Zucker diabetic fatty rats [70,71].

Indeed, numerous animal models of diabetes display β-cell death and can be used to
examine cell death signaling pathways in greater detail. Several factors may contribute to
β-cell death during the progression of diabetes, some of which include β-cell autoimmu-
nity, increased islet amyloid deposition, proinflammatory cytokine signaling, endoplasmic
reticulum (ER) stress, oxidative stress, and elevated fatty acid and/or glucose concen-
trations (Figure 1). Many of these mechanisms of β-cell death are related, and each has
been reviewed in detail elsewhere [6,59,72–78]. In the following section, we review some
important research findings from humans and animal models that have advanced our
understanding of the molecular mechanisms that promote β-cell death in diabetes.
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Figure 1. Schematic model of diabetes-relevant mechanisms of β-cell death. Several mechanisms
of β-cell death discussed in this review, including autoimmune-associated, islet amyloid-induced,
proinflammatory cytokine-mediated, and ER stress- and oxidative stress-induced β-cell death are
illustrated in this diagram. This model represents an integrated, but simplified and incomplete
graphical representation of diabetes-associated mechanisms of β-cell death.

3.1. Autoimmune-Associated β-Cell Death in T1D

Upon examination of pancreas sections from 42 individuals with T1D and 14 non-
diabetic controls, Meier and colleagues observed that β-cell death was twice as frequent in
individuals with T1D [58]. They also observed that this increased cell death was accom-
panied by increased infiltration of macrophages and T lymphocytes in islets, suggestive
of autoimmune-mediated destruction of β cells in T1D [58]. Coppieters et al. identified
islet-autoreactive CD8+ T cells in insulitic lesions that were specific to T1D patients and
were not observed in cases of T2D or gestational diabetes [79]. Research conducted at
the level of individual islets suggests β-cell killing is mediated by direct CD8+ T cell con-
tact with β cells, and that M1 polarization of islet resident macrophages by CD4+ T cells
contributes to this process [79,80]. Such findings have added to previous observations of
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autoimmune-associated destruction of β cells in T1D [21,53,81] and led to studies of the
mechanisms that promote this process.

3.1.1. The Immune System in T1D-Associated β-Cell Death

T1D is traditionally thought to result from the destruction of healthy β cells by
self-reactive T cells that occurs by mistake, a view adopted following identification of
islet-reactive CD4+ and CD8+ T cells in individuals with T1D [79,82–84]. In line with this
understanding, numerous immunotherapy trials have been conducted in individuals with
recent-onset T1D in the hope of preserving β-cell mass and function. Teplizumab and
otelixizumab, anti-CD3 monoclonal antibodies that target T cells, have been shown to
improve C-peptide responses and reduce exogenous insulin requirements in individuals
with recent-onset T1D [85–87]. In addition, teplizumab has been shown to delay the onset
of T1D in relatives at risk for T1D [88]. Abatacept, a molecule used to modulate T cell co-
stimulation, has also been shown to transiently preserve β-cell function in T1D patients [89].
Studies in animal models of diabetes further support the role of T cells in T1D. In 1985,
Miyazaki et al. reported on the prominence of CD4+ and CD8+ T cells in the insulitic lesion
observed in the NOD mouse model of T1D [90]. In 1993, Christianson and colleagues
observed that while NOD background mice lacking T and B cells (NOD/SCID) did not
develop diabetes, diabetes could be induced in these mice by adoptively transferring T
cells from diabetic NOD mice [91]. Around this time, Posselt and associates also observed
that autoimmune diabetes in spontaneously diabetic BioBreeding rats could be prevented
by intrathymic islet transplantation, possibly due to modulation of the T cell repertoire
upon exposure to transplanted islet antigens [92]. In sum, these studies provide strong
evidence for T cell-associated β-cell death in T1D.

In 1974, autoantibodies against islet cell proteins were first detected in the sera of
T1D patients [81]. Autoantibodies observed in individuals with T1D include those against
islet cell cytoplasmic protein (ICA), insulin (IAAs), glutamic acid decarboxylase (GAD65),
insulinoma antigen 2 protein (IA-2), and zinc transporter 8 (ZnT8) [93]. Presence of
at least one of these autoantibodies is present in >95% of individuals diagnosed with
T1D [93]. The most well-known β-cell-specific antigens are insulin and pro-insulin, with
insulin autoantibodies (IAAs) detected in >59% patients with late pre-clinical or early-onset
T1D [94]. Despite the strong association between islet autoantibodies and T1D, it is debated
whether autoantibodies drive β-cell death or whether they arise because of islet destruction.
However, it is largely accepted that the presence of islet autoantibodies is associated with
an increased risk of developing T1D [95]. Rituximab, an anti-CD20 monoclonal antibody
that depletes B lymphocytes was observed to delay, but not prevent, loss of β-cell function
in subjects with recently diagnosed T1D [96]. Mariño et al. observed that B lymphocyte
depletion delayed diabetes onset and reduced diabetes incidence in NOD mice, again
indicating a role for B cells in T1D pathogenesis [97].

3.1.2. The β-Cell in T1D-Associated β-Cell Death

Given that islet autoimmunity is a key feature of T1D, it is important to identify the
factors that initiate this immune-associated β-cell destruction. Counter to the traditional
hypothesis that the immune system errantly identifies β cells for removal, another hypoth-
esis has more recently been put forward: that the β cell itself prompts the autoimmune
assault observed in T1D. Several observations support the concept that β cells contribute to
the pathophysiology of T1D. Studies performed in NOD mice have shown that β-cell death
precedes the appearance of insulitis [66] and promotes β-cell autoantigen presentation [98].
NOD mouse islets exhibit increased endoplasmic reticulum (ER) stress markers and alter-
ations in ER structure prior to insulitis and hyperglycemia, suggesting that β-cell stress
contributes to development of T1D in this model [99]. Indeed, treatment of prediabetic
NOD mice with an ER stress mitigating agent (TUDCA) was shown to reduce diabetes
incidence [100]. β-cell stress may lead to the production of antigenic products, such as
“hybrid insulin peptides”, which are composed of proinsulin and other secretory peptides
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and have been identified as targets of CD4+ T cells found in NOD mice and individuals
with T1D [101].

Several notable reviews have discussed the role of β cells in their own demise in
T1D. In 2009, Eizirik and colleagues discussed an ongoing “dialogue” between immune
cells and β cells mediated via cytokine and chemokine signaling, and by immunogenic
danger signals released from dying β cells [102]. Several reviews have discussed the
association of β-cell stress, dysfunction, and death as predecessors, not only outcomes, of
T1D [103,104], with the most recent of these describing β cells as an “active participant” in
T1D pathogenesis and not a “non-provoking victim of an autoimmune attack” [105]. Also
supporting a role of the β cell in T1D pathogenesis, immunosuppression therapies targeting
T and B cells (discussed above) exhibit a lack of durable effects, with these interventions
delaying, but not preventing, the development of T1D [85,86,89,96].

These observations suggest that unfounded islet immune responses may not be the
inciting event in β-cell death in T1D. Together, they have led the field to question whether
β cells, the target tissue of immune attack, may participate in their own demise and carry
more blame in T1D pathogenesis than originally thought. Additional studies are needed to
better understand how β-cell stress or death may initiate the islet immune responses that
have long characterized T1D.

3.2. Islet Amyloid-Induced β-Cell Death in T2D

In 1901, Eugene Opie first reported a form of islet “hyaline degeneration” that occurs
in association with diabetes mellitus and that we now recognize as islet amyloid depo-
sition [11]. More recent studies have confirmed the relationship between islet amyloid
deposition and hyperglycemia in T2D, with these works demonstrating that islet amyloid
deposition is associated with reduced β-cell abundance and increased β-cell death in hu-
mans [37,38]. Islet amyloid formation is accepted to be a contributor to the pathogenesis of
T2D, but studies have suggested that it may also contribute to β-cell loss in T1D [106–108]
and following islet transplantation [109,110]. Islet amyloid deposits are insoluble fibrillar
structures composed primarily of islet amyloid polypeptide (IAPP, also known as amylin),
a β-cell secretory product [111,112]. Although monomeric IAPP has physiological func-
tions on satiety and gastric emptying [113,114], human IAPP (hIAPP) is amyloidogenic
and can aggregate into larger structures, including oligomers, protofibrils, and eventually
full amyloid fibrils [115]. A significant effort has been directed towards identifying the
mechanisms that underlie amyloid-associated β-cell death in diabetes.

Early observations of the mechanisms of hIAPP-induced β-cell death focused on the
direct actions of hIAPP to induce cytotoxicity [116,117]. Studies of hIAPP have found that
oligomeric peptide species can directly elicit β-cell cytotoxicity in cell lines and primary islet
cells [118–120]. This cytotoxic effect has been linked to both receptor-mediated signaling
events [121–124] and cytotoxic interaction with cell membranes [125–127]. For example,
the receptor for advanced glycation end-products (RAGE) has been shown to mediate
hIAPP-induced β-cell death, with genetic deficiency or pharmacological inhibition of
RAGE reducing hIAPP-induced β-cell loss and β-cell death [123]. Alternatively, in 1994
Lorenzo et al. showed that hIAPP is toxic to primary rat and human β cells, proposing that
this toxicity was mediated by a direct contact of hIAPP with the cell surface [116]. Later,
oligomeric hIAPP species were found to disrupt cell membranes via pore formation [128].
In addition to the direct action of hIAPP on β cells, it has been demonstrated that hIAPP
also induces cytokine production from macrophages and dendritic cells via the activation
of the NLRP3 inflammasome [129,130]. Work to define the structure of these cytotoxic
hIAPP species is ongoing [128,131,132]. A better understanding of the mechanisms of
direct hIAPP-induced cytotoxicity may provide strategies to reduce the β-cell death elicited
by hIAPP.

In contrast to hIAPP, rodent IAPP is not amyloidogenic or cytotoxic due to several
amino acid substitutions in the amyloidogenic region of the peptide in rodent compared
to human IAPP [115]. Thus, rodent models that express hIAPP in the β cell have been
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created [133–136]. These animal models develop in situ islet amyloid deposits, β-cell loss,
and β-cell death similar to that observed in humans with T2D, thereby facilitating study of
the process of islet amyloid-induced β-cell destruction [128,132,133]. Given that IAPP is a
β-cell secretory peptide, insulin resistance and high secretory demand were postulated to
promote to islet amyloid formation in T2D. Indeed, genetic loss of β-cell secretory function
reduces islet amyloid formation [137], while elevated glucose concentrations increase
amyloid deposition [138]. More recent studies of these animal models have led to a series of
observations that identified amyloid formation as a driver of islet inflammation [139–142].
In vivo studies using these models showed that islet amyloid deposition is associated with
increased cytokine (Il1b, Tnf, Il6), chemokine (Ccl2, Cxcl1), and immune cell marker (Emr1,
Itgax) expression [140,141], and several studies identified IL-1β as an important mediator
of amyloid-induced β-cell death [130,139,140,142,143]. Studies in other models of islet
amyloidosis have identified ER stress as an important contributor to amyloid-induced
β-cell death [144,145].

Several strategies to ameliorate hIAPP-induced β-cell death have been evaluated.
Various small molecule chemical inhibitors have been shown to effectively block hIAPP
aggregation and its associated cytotoxicity [146–148], with the same being true of certain
endogenous proteins [149,150]. Interestingly, the structure of amyloid aggregates is similar
between divergent amyloidogenic peptides, such as hIAPP and amyloid β [151], suggesting
that a single amyloid-inhibiting molecule may be used to prevent amyloidosis in multiple
tissues, such as the islet and brain [132]. In addition to these approaches, vaccination
against hIAPP has been shown to effectively prevent amyloid-associated β-cell loss in
some [120,152], but not all [153], studies. Other work has focused on preventing islet
amyloid associated inflammation, with blockade of IL-1β and toll-like receptor signaling
both shown to be effective in preventing β-cell loss [130,143]. With amyloid-induced
cytotoxicity being a well-recognized contributor to β-cell death in T2D, strategies to prevent
hIAPP-induced β-cell loss are needed.

3.3. Mechanisms of Proinflammatory Cytokine-Induced β-Cell Death

As discussed, proinflammatory cytokines from islet resident or infiltrating immune
cells contribute to β-cell loss in both T1D and T2D. A series of investigations have focused
on understanding the role of proinflammatory cytokines on β-cell dysfunction and death.
These studies have used single cytokines or combinations of cytokines to model the inflam-
matory environment to which β cells are exposed in the pathogenesis of diabetes. β cells
express cytokine receptors that, when activated, initiate complex signaling cascades that
can impact insulin secretion [154,155], ER stress [99,156], oxidative stress [157–159], and
eventually cell death [160–163]. Treatment with a combination of IL-1β, TNFα, and IFNγ is
commonly used to study the mechanisms of cytokine-induced β-cell death. These studies
have characterized cytokine-stimulated signaling pathways in β cells and evaluated the
impact of these on β-cell death in the pathogenesis of diabetes.

3.3.1. IL-1β Signaling in β-Cell Death

The treatment of primary β cells with interleukin 1β (IL1β) for 24 to 48 h was found
to elicit cell death, and these effects could be prevented by the inhibition of nitric oxide syn-
thase, suggesting that IL1β mediates its cytotoxic effect through NO production [157,159,164].
IL1β has also been shown to induce ER Ca2+ release and activate ER stress pathways.
Cotreatment of immortalized and primary rat β cells with a combination of IL1β and IFNγ

has been shown to downregulate SERCA2b, a Ca2+ pump important for ER homeostasis,
activate ER stress, and induce β-cell death, with these effects again being dependent on
NO production [156]. IL1β has also been shown to cause β-cell death via activation of
the JNK signaling pathway in rat and mouse β cell lines resulting in cell death [165,166].
Anakinra, a clinically approved IL-1 receptor antagonist (IL-1RA), has been shown to
prevent cytokine-mediated NO production, mitochondrial dysfunction, and cell death in
cultured rat islets [167]. Overexpression of dominant negative MyD88, an IL-1R interacting
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protein, was found to decrease nuclear NF-kB localization, NO production, and cell death
in an IL-1β treated mouse β-cell line [168].

3.3.2. TNFα Signaling in β-Cell Death

Tumor necrosis factor α (TNFα) has been recognized as a cell death stimulus since the
1970s [169,170]. In 1999, Ishizuka and colleagues showed that TNF receptor 1 (TNFR1) and
its signaling components TRADD, FADD, and FLICE are expressed in the MIN6 mouse
β-cell line, and that TNFα elicits death in a time- and dose-dependent manner in these
cells [171]. To test the role of TNFα in autoimmune diabetes, Green et al. developed an
NOD mouse with transgenic expression of TNFα in β cells and observed an accelerated
diabetes onset, with β-cell death preceding hyperglycemia and immune cell infiltration in
this model [172]. TNFR1 deficient NOD mice developed insulitis similar to control NOD
mice, yet they failed to develop diabetes [173]. When TNFR1 deficient mice were subjected
to adoptive transfer of spleen cells from diabetic control NOD donor mice, diabetes was
significantly delayed, indicating a role for β-cell TNFR1 signaling in autoimmune-mediated
β-cell death [173]. TNFα is considered an important β-cell death effector. However,
while TNFα alone is capable of eliciting cell death in immortalized β-cell lines, it has
been observed that primary β-cell death requires treatment with a combination TNFα
and IFNγ [174]. Recently, a human monoclonal antibody targeting TNFα, golimumab,
was shown to improve endogenous insulin production and reduce exogenous insulin
requirement in individuals with recent onset T1D [175]. This landmark study was the first
to directly target TNFα for preservation of β-cell function in human T1D.

3.3.3. IFNγ and IFNα Signaling in β-Cell Death

In 1985, Campbell and associates cultured mouse islets in the presence of interferon
γ (IFNγ) and observed a 10-fold increase in major histocompatibility complex (MHC)
class I antigen expression on β cells [176]. They also observed that IFNγ directly inhibits
β-cell growth and insulin synthesis in RIN-m5F β cells [177]. This marked increase in
MHC expression suggested that IFNγ may contribute to β-cell-directed autoimmunity
in T1D. However, Thomas et al. found that, while loss of functional IFNγ receptors
prevented upregulation of β-cell MHC class I expression, it did not prevent diabetes in
NOD mice [178]. Gysemans and colleagues found that loss of signal transducer and
activator of transcript-1 (STAT-1), a transcription factor activated by both IFNγ and IFNα,
prevents β-cell death in response to IFNγ and IL-1β in vitro, and protected from STZ-
induced hyperglycemia in vivo.

Individuals at genetic risk of developing T1D exhibit a type 1 interferon signature in
peripheral blood mononuclear cells that precedes the development of islet autoantibod-
ies [179]. IFNα, a type 1 interferon, induces HLA class I expression, ER stress markers,
and inflammation in human β cells, and acts in coordination with IL-1β to elicit β-cell
death [180]. Polymorphisms in TYK2, a type I interferon receptor signaling molecule,
confer risk for the development of diabetes [181]. Mice carrying a mutant Tyk2 fail to
respond to type I interferon appropriately, leading to a failed β-cell antiviral response and
sensitization to virus-induced diabetes [182]. The loss of TYK2 in human β cells has been
shown to reduce IFNα-induced MHC class I upregulation and diminish cell death [183].
Thus, IFNα-TYK2 mediated inflammation and cell death may be required for effective
β-cell defense against viral infection.

3.4. Endoplasmic Reticulum Stress-Induced β-Cell Death

In the setting of insulin resistance and hyperglycemia, high insulin secretory demand
is placed on the β cell. This elevated insulin demand has been described as the β cell’s
Achilles’ heel; its innate physiological function of glucose-stimulated insulin secretion
makes it vulnerable to chronic ER stress [184]. Although β cells initially activate the
unfolded protein response (UPR) to balance the demand for insulin synthesis with the
capacity of the ER to process insulin properly [100,185,186], changes in insulin molecule se-
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quence [187], ER Ca2+ homeostasis [188,189], or insulin demand [190,191] can favor insulin
misfolding that leads to chronic ER stress, and eventually, β-cell death [75,163,166,192]. It has
been proposed that ER-stress-mediated protein misfolding may lead to β-cell autoantigen
production and adaptive immune responses in T1D [105,193], and contribute to hIAPP ag-
gregation and islet amyloid deposition in T2D [144,145]. The basic molecular mechanisms
that govern the UPR and ER stress signaling have been reviewed elsewhere [192,194,195].

3.4.1. ER Stress-Induced β-Cell Death in Models of T2D

Several studies have observed that markers of ER stress are elevated in β cells of
humans with T2D and animal models thereof. BiP (binding-immunoglobulin protein,
also known as HSPA5) and CHOP (Ddit3, DNA damage inducible transcript 3), two ER
stress markers, were found to be increased in β cells from pancreas sections collected from
patients with T2D compared to non-diabetic subjects [196]. When Marchetti and colleagues
evaluated pancreas sections from subjects with T2D, they observed increased β-cell ER
volume and β-cell death compared to non-diabetic subjects [197]. They also observed
increased expression of ER stress markers BiP and XBP1 (gene-X-box binding protein 1)
when islets from donors with T2D were cultured in high glucose, although this increase
was not observed in islets isolated from non-diabetic donors [197]. Huang and associates
reported increased CHOP expression in β cells of obese individuals, and increased nuclear
localization of CHOP was observed in β cells of obese diabetic compared to obese non-
diabetic subjects [144]. In the early 2000s, it was observed that chemical chaperones (which
aid protein folding) could reduce ER stress, decrease blood glucose concentrations, and
restore insulin sensitivity in an animal model of T2D [190,198]. The importance of β-
cell ER stress in this process was highlighted by studies of CHOP, an ER stress-induced
transcription factor and key effector of cell death [199,200]. In 2002, CHOP deficiency was
found to delay the onset of diabetes in Akita mice that exhibit insulin misfolding and β-cell
ER stress [201]. In response to genetic and diet-induced insulin resistance, loss of CHOP
resulted in improved blood glucose homeostasis, increased β-cell mass, and decreased
β-cell death compared to control mice [202]. The improved metabolic profiles observed in
this model of CHOP deficiency were associated with increased expression of islet UPR and
oxidative stress response genes [202].

Multiple GWAS studies have been performed to identify gene variants associated with
T2D risk, with recent studies finding over 400 genetic loci associated with T2D [203,204].
Among the genes identified in these studies are endoplasmic reticulum to nucleus signaling
1 (ERN1, also known as IRE1α) and wolframin ER transmembrane glycoprotein (WFS1),
both of which are involved in ER homeostasis and have been linked to caspase activation
and β-cell death [205,206]. The loss of the UPR sensor IRE1α in NOD mice triggers dediffer-
entiation of β cells and protects them from immune assault [207], and the pharmacological
inhibition of IRE1α activation reduces β-cell death and reverses T1D in NOD mice [208].

3.4.2. ER Stress-Induced β-Cell Death in Models of T1D

Although ER-stress-induced β-cell death was initially thought to pertain mostly to
T2D, ER stress has since become considered a likely contributor to β-cell destruction in
T1D as well. As noted previously, cytokines were found to alter ER Ca2+ homeostasis and
induce ER stress in vitro [156]. This observation led to in vivo studies on the role of ER
stress in T1D. In 2012, Tersey and colleagues observed increased expression of ER stress
markers in islets of prediabetic NOD mice compared to non-diabetic control mice, noting
that this stress signature preceded insulitis [99]. Using a mouse β-cell line and primary
mouse islets, they also observed that proinflammatory cytokine treatment altered ribosomal
occupancy of RNA, consistent with translational repression and ER stress [99]. Around
the same time, Engin et al. observed that ATF6 and XBP1 expression was deficient in
islets from humans with T1D and mouse models of autoimmune diabetes [100]. They also
showed that treatment of prediabetic mice with a chemical inhibitor of ER stress increased
expression of UPR markers, decreased β-cell death, and reduced T1D incidence [100]. More
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recently, proinflammatory cytokines have been shown to induce ER stress and cell death in
induced pluripotent stem cell-derived β-like cells [163].

Additional evidence for the involvement of ER stress in insulin-dependent diabetes
comes from individuals with Wolcott–Rallison syndrome. Here, mutations in eukaryotic
translation initiation factor 2-alpha kinase 3 (also known as PERK), which plays a major role
in remediating ER stress, are linked to insulin-dependent diabetes that occurs neonatally
or in early infancy [209]. Other genetic evidence also points to a contribution of the ER in
β-cell death. ER stress contributes to monogenic insulin-dependent diabetes in the case
of Wolfram Syndrome, caused by pathogenic variants of the WFS1 gene [210]. WFS1 is
localized in the ER membrane, regulates the UPR through its interaction with ATF6 [75],
and controls ER and cellular calcium homeostasis [211]. Through impairment of these
actions, WFS1 mutations leads to β-cell death [205]. These studies and others indicate a
clear importance of maintaining ER homeostasis in β-cell health and the ability for chronic
ER stress to induce β-cell death.

3.5. Oxidative-Stress-Induced β-Cell Death

Several factors contribute to exposure of β cells to reactive oxygen species (ROS)
and oxidative stress. Glucose-stimulated insulin secretion by the β cell requires oxidative
phosphorylation to produce ATP and, because reactive oxygen species (ROS) generation
is a by-product of mitochondrial respiration, this process is an important source of ROS
in β cells [212]. Excess insulin demand can therefore lead to elevated ROS production
downstream of increased ATP synthesis [76]. In addition, IL-1β produced from islet
resident immune cells can upregulate inducible nitric oxide synthase (iNOS) leading to
β cell NO production [157,164]. IL-1β alone or in combination with TNFα has been shown
to elicit NO production from primary islet cells and β cell lines, resulting in DNA cleavage,
nuclear shrinkage, chromatin condensation, and formation of apoptotic bodies, indicative
of apoptosis [213]. Thioredoxin-interacting protein (TXNIP) is a redox regulatory protein
that is upregulated in β cells in response to glucose and IFNγ [214–216], and has been
shown to promote β-cell death [214,217,218].

Despite the propensity of β cells for oxidative stress, enzymes involved in antioxidant
defense are expressed at low levels in β cells [219,220]. Primary rat islets and β-cell lines are
20 times more sensitive to peroxide radicals than liver or kidney cells [221], and 10 times
more sensitive to hydrogen peroxide than macrophage cell lines [222]. Grankvist et al.
determined that the sensitivity of islets to alloxan is due to deficiency of endogenous
enzymes protecting against superoxide radicals [223]. It was found that islet antioxidant
enzymes, superoxide dismutase (SOD), glutathione peroxidase and catalase were expressed
at levels ~30% of that measured in liver [224,225]. Such evidence led to the conclusion that
β cells are particularly sensitive to damage induced by ROS. In this sense, β cells might
again be viewed as playing a role in their own demise.

An important strategy to protect β cells from oxidative damage is inhibition of the free
radical formation that results from a hyperglycemic or hyperlipidemic environment. Tersey
and colleagues found that loss of 12-lipoxygenase (12-LO), an enzyme involved in the
oxidation of arachidonic acid to proinflammatory intermediates, increases the expression of
islet antioxidant enzymes Sod1 and Gpx1, and protects against hyperglycemia in response
to a high fat diet [226]. Chemical inhibition of 12-LO reduced ROS production in mouse
and human islets in vitro, and inhibition of 12-LO in vivo reduced islet oxidative stress,
improved blood glucose, and preserved β-cell mass in STZ-treated mice [227]. Given these
finding, approaches to reduce β-cell oxidative stress appear to be promising interventions
to maintain functional β-cell mass in the context of diabetes.

3.6. Glucotoxicity and Lipotoxicity in β-Cell Death

Understanding the toxic effects of glucose and lipids on β cells have been areas of
research interest for several decades. The terms glucotoxicity and lipotoxicity were coined
to refer to these phenomena, with the term glucolipotoxicity describing the coordinate
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action of these two entities to elicit β-cell dysfunction and death. In 1996, Prentki and
Corkey proposed that molecules that regulate fatty acid synthesis may act as integrated
fuel sensors in various diabetes relevant tissues, including the β cell, muscle, liver, and
adipose [228]. They further proposed that, when excess glucose and lipid were both present,
“metabolic abnormality, which may be termed glucolipoxia, become(s) apparent” [228]. In
this section, we review evidence for glucotoxicity and lipotoxicity as separate entities.

In 1992, Robertson and associates reported that chronic long-term growth of hamster
β cells in high glucose media led to reduced insulin mRNA expression and protein content,
along with reduced insulin release in response to glucose challenge [229]. Shortly after, it
was determined that decreased insulin gene transcription contributes to the diminished
insulin synthesis observed in response to chronic high glucose [230]. Later, Gleason et al.
observed that the observed reductions in insulin gene expression, protein content, and
secretion following growth in high glucose could be reversed after a culture in low glucose
media [231]. In 2005, Harmon and associates showed that glucose-associated oxidative-
stress causes reductions in Pdx1 and MafA expression, which in turn contribute to dimin-
ished insulin gene transcription [232]. More recently, reduction of β-cell insulin secretory
demand (or β-cell “rest”) has been shown to restore mature insulin content and biphasic
glucose-stimulated insulin secretion [233].

Chronically elevated levels of free fatty acids (FFAs) have also been shown to exert
toxic effects on β cells, a phenomenon termed lipotoxicity [77]. In the early 1990s, it was
observed that prolonged exposure of rat islets to FFAs leads to reduced insulin synthesis
and GSIS, but increased basal insulin release in vitro [234,235]. Prolonged treatment of
human islets with FFAs reduced GSIS [236] and was shown to induce β-cell apoptosis,
with cell death being caspase and ceramide dependent [237]. Shimabukuro observed
that rat islets are also susceptible to FFA-induced cell death and found that ceramide
was required for this process [238]. Low density lipoprotein (LDL) induces rat islet β cell
death following cellular uptake and oxidation [239]. El-Assad and colleagues found that
FFA-induced β-cell death could be increased with elevated glucose concentrations, again
suggesting a role of oxidative stress in this cell death mechanism [240]. Primary and
immortalized rat β cells were again shown to be sensitive to FFA-mediated cell death by
Kharroubi et al. in 2004, and this work concluded that the cell death mechanism relied
on an NF-kB and NO-independent form of ER stress [241]. Similarly, a mouse β-cell line
exposed to palmitate exhibited cell death associated with changes in Ca2+ dynamics and
increased CHOP expression, again suggesting ER stress-induced cell death [242]. Although
clear evidence for FFA-induced β-cell death exists in the literature, it has been questioned
whether the concentrations of FFAs used to induce β cell death in vitro are applicable to
the in vivo setting of diabetes [78].

4. Potential Future Advances in Understanding β-Cell Death in Diabetes

As reviewed here, strong evidence exists to support the role of β-cell death in the
insulin insufficiency and hyperglycemia that define diabetes. Significant advances have
been made in understanding molecular mechanisms that can elicit β-cell death in vitro and
in vivo. Why then, one asks, have these advances in knowledge not led to therapeutics that
prevent β-cell loss in diabetes? Although several factors have contributed to this outcome,
we suggest that new perspectives on the causes, mechanisms, and consequences of β-cell
death are needed. It is recognized that a number of programmed cell death pathways
operate in coordination in our cells, and that the functions of these mechanisms are not
limited to death signaling [243]. Thus, understanding how and why these mechanisms of
cell death exist may help us to understand β-cell death in the pathogenesis of diabetes [243].
Expanding our understanding of β-cell death in this way may lead to new strategies to
protect β cells in the face of cytotoxic stress and prevent or cure diabetes.



Metabolites 2021, 11, 796 15 of 29

4.1. Evidence for β-Cell Apoptosis, Necrosis, and Regulated Necrosis
4.1.1. β-Cell Apoptosis

Apoptosis is a programed form of cell death that is required for development, normal
cellular turnover, and tumor suppression [244,245]. The loss of β-cell mass in the setting of
both T1D and T2D has thus far been attributed predominately to apoptosis [37,38,60,246].
Islets from individuals with type 2 diabetes show elevated markers of apoptosis, such as
caspase-3 and caspase-8 [247]. The presence of certain morphological changes, such as
cell shrinking, nuclear condensation, DNA fragmentation, exposure of phosphatidylserine
on the plasma membrane, and membrane blebbing, can also be used to identify apopto-
sis [248,249]. Membrane blebs (also known as apoptotic bodies) encompass cellular content
from apoptotic cells for phagocytosis by immune cells, thereby preventing release into
the extracellular space and avoiding unwanted immune responses to this physiological
process [250]. Thus, while apoptosis likely contributes to the loss of β cells in diabetes, it
can also be regarded as a normal physiological process that is immunologically silent [251].

Recently, we observed that the treatment of INS-1 832/13 β cells with a chemical
pan-caspase inhibitor (zVAD-FMK) reduces caspase 3/7 activity to levels lower than those
in vehicle treated cells [252]. This suggests that a basal level of caspase activity is present
in β cells even in the absence of a death stimulus. To examine this physiological cysteine-
aspartic protease activity, we performed RNAseq on vehicle and zVAD-FMK treated
INS-1 β cells (Figure 2). We found that inhibition of caspase activity for 24 h resulted
in upregulation of 3020 genes (including MHC class I-related (Mr1) and lymphocyte
antigen 6 family member G5B (Ly6g5b)) and downregulation of 5146 genes (including
TNF-receptor superfamily member 5 (Tnfrsf5, Cd40) and C-X3-C motif chemokine ligand
1 (Cx3cl1)). Thus, a basal level of caspase activity exists in β cells in the absence of death
stimuli and may play a role in regulating the dialog with the immune system.

4.1.2. β-Cell Necrosis

Necrosis is a lytic and immunogenic form of cell death traditionally regarded as
unprogrammed and accidental, occurring, for example, in response to certain cellular
trauma [253,254]. A study of BB rat islet cell death found necrosis to be the primary mode
of cell death both in vitro and in vivo [255]. Steer et al. observed that IL-1β-mediated β-cell
death was associated with HMGB1 release, but not caspase 3 activation or phosphatidylser-
ine externalization, suggesting a lytic form of cell death, such as necrosis [256]. Collier
and colleagues found that IL-1β and IFNγ treatment induced cell death with different
caspase activation, mass spectrometry, and apoptosome signatures than were elicited by the
apoptotic stimuli camptothecin or staurosporin [162]. These and other works suggest that
β cells are susceptible to necrosis occurring downstream of cytokine signaling [257,258].

4.1.3. β-Cell Regulated Necrosis

It has become appreciated recently that necrotic cell death is not always accidental
and can instead occur downstream of regulated signaling events. Such types of regulated
necrosis are lytic forms of cell death that can drive inflammation and immune responses
following plasma membrane rupture and the release of cellular cargo into the extracellular
environment [250]. Given previous observations of the molecular mechanisms of β-cell
death, ferroptosis and necroptosis appear to be two forms of regulated necrosis with
potential relevance to diabetes pathogenesis [252,259–261].
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Figure 2. Inhibition of caspase activity in INS-1 832/13 β cells leads to differential gene expression. 
INS-1 832/13 β cells were treated with vehicle or the chemical pan-caspase inhibitor zVAD-FMK (50 
μM) for 24 h in the presence of 11.1 mM glucose and subjected to RNAseq. Genes with the highest 
differential expression vs. mean, and with p-value and false discovery rate < 0.05, are displayed in 
the heatmap. n = 3 per condition. 
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the heatmap. n = 3 per condition.

Ferroptosis is a form of regulated necrosis that is iron-dependent and characterized
by lipid peroxidation that occurs due to insufficient redox enzyme activity, particularly
glutathione peroxidase 4 (GPX4) [260,262]. A recent study revealed that the treatment
of human islets with the ferroptosis-inducing agent erastin leads to a reduction of islet
cell viability, and that this could be prevented by cotreatment with an iron chelator [259].
Given the low antioxidant content of β cells and their propensity for oxidative stress, one
might anticipate they are susceptible to ferroptosis. Interestingly, individuals with elevated
serum ferritin are at higher risk for metabolic syndrome [263], suggesting a possible role
for ferroptosis in T2D associated β-cell loss.

Necroptosis is a form of regulated necrosis that occurs downstream of TNFR1 signal-
ing, in the absence of caspase activation, and is mediated by receptor-interacting protein
kinase 3 (RIPK3) and mixed lineage kinase domain-like pseudokinase (MLKL), molecules
that have been identified in β cells [261,264–266]. Necroptosis results in lytic rupture of
the cell membrane and release of damage-associated molecular patterns (DAMPs) that
trigger immune responses [267]. This process is thought to be an evolutionarily conserved
defense against caspase-inhibitory viral infections. Since T1D onset has been associated
with viral infection [53,268,269], a potential link between β-cell necroptosis and T1D exists.
In vitro studies have recently provided evidence that TNFα can elicit β-cell death when
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caspases are inhibited [252]. As discussed previously, the administration of a TNFα mono-
clonal antibody delays the β-cell functional decline in individuals with recently diagnosed
T1D [175].

4.2. Differentiating between Forms of β-Cell Death

Differentiating between forms of cell death has challenged researchers since methods
for identifying cell death became available. Necrosis had been identified as a mode
of cell death by the 1960s [270,271], and Kerr, Wyllie, and Currie described apoptosis
in 1972 [272]. In 1993, Buja et al. described these two forms of cell death, noting that
apoptosis was characterized by endonuclease activity, and necrosis was associated with
membrane damage [244]. In 1995, Majno and Joris applied additional terminology, such as
programmed cell death, accidental cell death, and autolysis, to describe varying forms of
cell death [273]. Until fairly recently, many have used the terms programmed cell death and
apoptosis synonymously; that is, apoptosis was regarded as the only form of programmed
cell death [274,275]. Examples of this are present throughout the β-cell death literature, and
cell death is often called apoptosis despite a lack of direct evidence for apoptosis-specific
signatures, such as caspase activation or presence of apoptotic bodies. Adding to this
problem, several forms of programed necrosis have been described [250,276–278], so death
that results from a regulated signaling event is not necessarily apoptosis.

Along these lines, many membrane-impermeable DNA-binding dyes used to detect
cell death are marketed as “apoptosis” detection kits, although they are not specific for
apoptotic cells versus cells undergoing other cell death processes. For example, terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) is often sold as an apoptosis
specific dye, and it is commonly used in the literature to identify apoptotic cells [37,38,60].
However, TUNEL staining identifies both apoptotic and necrotic cells [279,280]. Other
DNA binding dyes used to detect cell death, such as propidium iodide (PI), have a similar
lack of specificity [280,281].

As biochemical differences in these cell death pathways were identified, opportunities
to distinguish between them arose. In 2009, a group of leading cell death researchers
published “Classification of cell death: recommendations of the Nomenclature Committee
on Cell Death” [282], and “Guidelines for the use and interpretation of assays for mon-
itoring cell death in higher eukaryotes” [283]. Given the importance of understanding
mechanisms of cell death in biomedical research, the authors encouraged more specific
and accurate descriptions of the biochemical events associated with observations of cell
death, and proposed methods to standardize identification of cell death types as well
as terminology to use in this process. This leads one to ask, are β cells susceptible to
non-apoptotic forms of cell death? If so, what might the importance of this be in the context
of diabetes pathogenesis?

In addition to those discussed previously, several technologies are improving our
ability both to monitor cell death and differentiate between various mechanisms of it. Iden-
tification of β-cell death in the context of diabetes has depended largely on measurements
made in post-mortem pancreas sections or cells treated with cell death stimuli in vitro. A
disadvantage of these approaches is that they are static and only provide data from a single
time point. Recent developments in live-cell imaging and image analysis capabilities have
enabled real-time monitoring of cell death over a period of days following treatment with
death stimuli in vitro [284]. Such techniques add much needed resolution to quantifying
the magnitude and temporal nature of mechanisms of cell death.

Advances that allow more accurate assessment of mechanisms of cell death have also
been made. For example, several substrates that emit luminescent or fluorescent signals
following cleavage by active caspases have been developed to monitor caspases in vitro,
and these are amenable to both static and real-time assays [285]. Genetically encoded
caspase activity biosensors have also been developed for use in cell-based assays [286].
Resources to monitor caspase activity in vivo have also been developed, including a
mouse model using a LacZ reporter activated by caspase cleavage [287] and a fly model
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that allows differentiation between past and current caspase activity [288]. In contrast
to these apoptosis specific measurements, Murai and colleagues recently developed a
fluorescence resonance energy transfer (FRET) biosensor to monitor the interaction of
RIPK3 and MLKL, and specifically identify necroptosis [289]. Tools such as these have
provided new capabilities to interrogate mechanisms of cell death in more depth.

5. Conclusions

β-cell death is an important contributor to β-cell loss, insulin insufficiency, and hyper-
glycemia in both major forms of diabetes mellitus. We believe mechanisms that underlie
cell death are not merely pathological, but may have important physiological roles as well.
To prevent β-cell death in the pathogenesis of diabetes, we must better understand the
evolutionarily conserved physiological functions of these mechanisms, and how they go
awry in the pathophysiology of disease. Greater knowledge in these areas may lead to
novel approaches to prevent β-cell death and maintain functional β-cell mass in diabetes.
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