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Abstract: Stimuli or insults during critical developmental transitions induce alterations in progeny
anatomy, physiology, and metabolism that may be transient, sometimes reversible, but often durable,
which defines programming. Glucolipotoxicity is the combined, synergistic, deleterious effect of
simultaneously elevated glucose (chronic hyperglycemia) and saturated fatty acids (derived from
high-fat diet overconsumption and subsequent metabolism) that are harmful to organs, micro-organs,
and cells. Glucolipotoxicity induces beta cell death, dysfunction, and failure through endoplasmic
reticulum and oxidative stress and inflammation. In beta cells, the misfolding of pro/insulin proteins
beyond the cellular threshold triggers the unfolded protein response and endoplasmic reticulum
stress. Consequentially there is incomplete and inadequate pro/insulin biosynthesis and impaired
insulin secretion. Cellular stress triggers cellular inflammation, where immune cells migrate to,
infiltrate, and amplify in beta cells, leading to beta cell inflammation. Endoplasmic reticulum stress
reciprocally induces beta cell inflammation, whereas beta cell inflammation can self-activate and
further exacerbate its inflammation. These metabolic sequelae reflect the vicious cycle of beta cell
stress and inflammation in the pathophysiology of diabetes.

Keywords: beta cell death; beta cell dysfunction; beta cell failure; ER stress; hyperglycemia; obesity;
oxidative stress; saturated fatty acids

1. Introduction

Beta cells are dynamic and respond to fluctuating demands for insulin. Inflammation contributes
to the pathogenesis and is an underlying mechanism of several metabolic diseases. Developmental
programming (hereafter programming) through a nutritional insult, such as maintenance on a high-fat
diet (HFD) during fetal and early neonatal life, alters growth and developmental trajectories at the
organ (e.g., pancreas), micro-organ (e.g., islets), and cellular (e.g., beta cell) levels that trigger the
pathogenesis of metabolic diseases. In beta cells, high-fat programming (i.e., maintenance on a diet
of >40% mainly saturated fat as energy during critical developmental windows) induces beta cell
hypoplasia and hypotrophy (altered beta cell structure) that diminishes beta cell function (altered
beta cell physiology) evident by impaired glucose-stimulated insulin secretion (GSIS) resulting in
insufficient insulin release that results in and exacerbates hyperglycemia, as demonstrated in neonatal,
weanling, and adult progeny [1-9]. High-fat programming also induces an altered metabolism of the
substrates. For example, non-esterified fatty acids (NEFA) derived from fat metabolism have different
profiles in circulation and organs that are dependent on the timing and duration of programming [10,11].
Chronic hyperglycemia contributes to further deterioration of beta cell function and to worsening
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insulin resistance, reflecting glucotoxicity. Chronic exposure to elevated circulating saturated fatty
acids through high-fat programming induces lipotoxicity that similarly contributes to diminishing
beta cell integrity and physiology and insulin resistance. Gluco- and lipo-toxicity typically co-exist as
glucolipotoxicity. This article describes programming, glucolipotoxicity, and islet inflammation that
precede and provoke beta cell inflammation and discusses their impact on beta cell physiology and
dysfunction in the pathogenesis of diabetes.

2. Islet Inflammation

Macrophages are integral for inducing islet inflammation. In diabetes, intra-islet macrophage
hyperplasia is the primary source of intra-islet proinflammatory cytokines [12]. Proinflammatory
M1 macrophages produce and secrete interleukin 1 beta (IL13), interleukin 6 (IL6), and tumor
necrosis factor alpha (TNFx) to trigger inflammation [13], with IL1§ central in islet inflammation,
initiation and amplification [12]. In islets (in vitro and in vivo), M1 macrophages are the source of
IL13 [12,14] and modulate beta cells” adaptive (i.e., compensatory) response to impaired function [15],
characterized by beta cell dysfunction and failure. Physiologically, resident macrophages and cytokines
maintain homeostasis in beta cell development and function [16]. However, metabolic diseases
are often associated with chronic systemic inflammation [16] with islet and subsequent beta cell
inflammation intrinsically linked to diabetes. In islet inflammation (insulitis), proinflammatory
macrophage hyperplasia concomitant with elevated cytokine and chemokine concentrations contribute
to impaired islet and beta cell function [16].

3. Programming and Islet Inflammation

Programming refers to a stimulus or insult during critical developmental transitions that
induces alterations in offspring anatomy, physiology, and metabolism that may be transient or
durable, and sometimes reversible. Nutrition, through a HFD, is one way to initiate programming.
Pregnant HFD-fed C57/BL6] mice were obese with increased adiposity but not overtly diabetic [17].
However, a maternal HFD during gestation and lactation induced hepatic steatosis, adipose tissue
inflammation, insulin resistance, and glucose intolerance [17]. In the islets of male progeny, there was
increased oxidative stress concomitant with insulin resistance and worsening beta cell dysfunction
after maintenance on a HFD from conception to weaning [17]. In pancreata from juvenile Japanese
macaques (Macaca fuscata) maintained on a HFD during fetal life until to 13 months of age (high fat
programmed primates), there was an increase in IL6 gene expression that correlated with a blunted
first-phase insulin response reflecting early beta cell dysfunction [18]. In male progeny, there was
increased pancreatic IL1f3 gene expression and fasting glucose concentrations [18]. Furthermore, in
the juvenile primate pancreas, there was islet-associated macrophage hyperplasia concomitant with
an increase in proinflammatory mediators that demonstrated that innate immune infiltration occurs
prior to overt obesity or glucose dysregulation [18]. These metabolic derangements manifested prior
to glucose dysregulation, revealing early events in the pathogenesis of diabetes.

In non-obese diabetic mice exposed to hyperglycemia in utero, the protective compensatory
factor in response to islet stress, regenerating islet-derived protein 3 gamma (Reg3g), was decreased
with a high fold change [19,20] that was deleterious for postnatal islet formation and/or maturation,
thereby diminishing islet cell viability and function [21]. Furthermore, many upregulated genes were
associated with pathways of inflammation and cell death [21]. As systemic inflammation was absent
in progeny, the enhanced inflammation did not primarily induce islet dysfunction [21]. However,
the increase in the inflammatory pathway enriched transcriptome in progeny exposed to hyperglycemia
during late gestation was stimulated by greater islet cell susceptibility to death [21]. Programming
with hyperglycemia therefore prompts beta cell stress, death, and inflammation. Thus, beta cell
inflammation is a strong inducer of beta cell death, dysfunction, and failure, and is a predictor for
developing diabetes.
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Obesity is associated with immune cell hyperplasia [22-28] and inflammation. In humans and
rodents with obese pregnancies, various cytokines and chemokines were elevated viz. IL1f3, IL6,
IL10, TNE interferon gamma (IFNy) and monocyte chemoattractant protein 1 (MCP1/CCL2) [29-32],
and obesity-associated maternal cytokines likely access the fetus via the placenta [33,34]. Further,
maternal inflammation can initiate placental inflammation [35-38]; thus, the placenta is integral for
conferring maternal obesity pathology to the fetus [39]. Therefore, obesity especially during pregnancy
(maternal obesity) presents a major risk for progeny, as undesirable metabolic sequelae associated with
obesity such as inflammation and hyperglycemia are conferred to progeny by their mothers.

This snapshot of the influence of programming through a HFD, hyperglycemia, and maternal
obesity (often due to progeny exposed to a glucolipotoxic milieu during critical developmental phases)
reveals the metabolic derangements that programming confers to progeny, e.g., hepatic steatosis,
inflammation (adipose tissue, placenta and islets, and immune cell hyperplasia), insulin resistance,
glucose intolerance, oxidative stress, and diminished islet and beta cell viability and function.

4. Glucolipotoxicity

4.1. Overview

Glucolipotoxicity is the combined deleterious consequences of elevated chronic glucose and
saturated fatty acids (e.g., palmitic acid) concentrations on specific organs (e.g., the pancreas),
and micro-organs (e.g., islets) and cells (e.g., beta cells) [40]. Glucolipotoxic-inducing diets with elevated
glucose and saturated fatty acids prompt a persistent insulin demand, an increase in IAPP synthesis,
potential increases in bacterial gut antigens, an increase in cytokine and chemokine production,
and intra-islet inflammation that ultimately induces hyperglycemia and beta cell dysfunction [39].
With co-existing elevated lipidemia and glycemia, glucolipotoxicity manifests, resulting in metabolic
alterations that drive the onset of diabetes [41-43].

However, during high-fat programming, glucolipotoxic effects can manifest earlier, given the
particularly vulnerable life stage that the progeny are exposed to the insult. Hence, glucolipotoxicity
induces derangements in beta cell structure and function, thereby inducing beta cell dysfunction;
insulin resistance often follows as a consequence but can also contribute to beta cell dysfunction,
and with progression to beta cell failure, diabetes ultimately manifests.

Beta cells initiate insulin transcription for pro/insulin biosynthesis and insulin exocytosis to restore
glucose homeostasis, typically after ingesting a meal. Whereas glucose stimulates insulin transcription,
pre-mRNA splicing and mRNA stability, proinsulin translation, maturation (to insulin) and insulin
secretion, lipotoxicity and glucolipotoxicity impair several of these steps [44] and are associated with
mitochondrial dysfunction [43,45]. However, persistent glucose excess, i.e., glucotoxicity, will also
impair insulin processing and secretion. Ultimately, glucolipotoxicity induces beta cell dysfunction.
Beta cell dysfunction, in relation to insulin secretion, presents as hyperinsulinemia during the adaptive
or early pathogenesis of diabetes but evolves to hypoinsulinemia towards beta cell exhaustion and
failure in the progression to overt diabetes.

Glucotoxicity is a key regulator of beta cells, whereas lipotoxicity and glucolipotoxicity were
recently suggested to be less clinically relevant [46]. Elevated NEFA was acknowledged to be involved
in diabetes by impairing insulin action, and despite higher NEFA concentrations in obese and diabetic
individuals, there was reportedly no direct clinical evidence for beta cell lipotoxicity [46]. A supporting
perspective proposed nutrient-induced metabolic stress as more relevant since NEFA are hard to
trace in humans (in vivo), and therefore nutritional stress was suggested as more representative than
glucolipotoxicity [47]. In a rat insulinoma beta cell line, treatment with palmitate resulted in ER
expansion [48]. In db/db mouse islets and INS-1 cells treated with palmitic acid (to induce lipotoxicity),
stimulator of interferon genes (STING), phosphorylated interferon regulatory factor 3 (IRF3), and IFNf
were upregulated, demonstrating that the STING-IRF3 pathway induces beta cell inflammation and
apoptosis that contribute to beta cell dysfunction [49]. In another study, in human islets treated
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with palmitate and conducted in INS-1E cells using RNA sequencing and proteomics, there were
85 upregulated and 122 downregulated factors at the mRNA and protein levels implicated in oxidative
stress, lipid metabolism, amino acid metabolism, and cell cycle pathways [50]. Lipotoxicity also affected
several transcription factors implicated in metabolic and oxidative stress viz. liver X receptors (LXR),
peroxisome proliferator-activated receptor alpha (PPAR«), forkhead box protein O1 (FOXO1), and BTB
and CNC homology 1, basic leucine zipper transcription factor 1 (BACH1) [50]. Different species and
strains in animal models and varying experimental conditions in vitro and ex vivo have provided
evidence for gluco-, lipo-, and glucolipotoxicity. For lipo- and glucolipotoxicity, the translational
aspect to demonstrate clinical evidence and relevance remains a challenge. However, lipotoxicity and
glucolipotoxicity remain relevant for beta cells, even potentially through indirect effects and under
specific conditions, and hopefully, clinical studies will provide further evidence and demonstrate more
direct lipotoxic and glucolipotoxic effects on beta cells to support their clinical relevance.

4.2. Islet and Beta Cell Glucolipotoxicity, Stress and Inflammation

Perpetual hyperglycemia and chronic saturated fatty acid exposure present as glucolipotoxicity,
which contributes to islet and beta cell stress (endoplasmic reticulum (ER) and oxidative stress)
and inflammation. Hyperglycemia and hyperlipidemia are traits of obesity and diabetes, and in
diabetes, chronically high circulating NEFA concentrations, particularly saturated fatty acids, mediate
a progressive decline in beta cell function leading to death, dysfunction [51] and failure.

In murine and human islets and beta cells, palmitate has been extensively used for the induction
of ER and oxidative stress [41,52-54], whereas in rat islets, ex vivo exposure to elevated glucose,
i.e., hyperglycemia, activated the unfolded protein response (UPR) [55]. This reflects the entwining
of glucolipotoxicity, islet and beta cell stress. The exposure to high NEFA prompts superoxide
(O2K, an anion) and peroxynitrite (ONOOK) production by beta cell mitochondria and drives NOS,
expression, which leads to nitric oxide (NO) production and induces ER and oxidative stress [51].
Palmitate co-cultured with healthy islets induced the release of the proinflammatory mediators (i.e.,
the cytokines IL6 and IL8, and the chemokine, chemokine (C-X-C motif) ligand 1 (CXCL1)) [53,56,57]
with other proinflammatory cytokines viz. IL13 and TNF« also exhibited increased expression after
co-culturing with palmitate [53]. Stearate and oleate (a monounsaturated fatty acid) also contribute to
increased cytokine and chemokine expression [57], but inconsistently [53]. In islets, saturated fatty acids
can induce chemokine (viz. Cxcll and Ccl3) gene expression [53,56] and initiate a microinflammatory
response in the islets through the autocrine or paracrine effects of ILJ [12].

In isolated islets, the adverse effects of NEFA on GSIS are most profound with long-chain saturated
fatty acids, e.g., palmitic acid [58]. Palmitic acid induces ER and oxidative stress, ceramide production,
and jun N-terminal kinase (JNK) activation; all lead to inflammation [58,59]. In human islets, palmitic
acid induced IL13, IL6, IL8, TNF«, and chemokine (CCL2 and CXCL1) production, and also activated
nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) [53]. These events demonstrate
lipotoxic induced cellular stress and the provocation of inflammation in islets. Lipotoxicity and
glucotoxicity can independently elicit their deleterious effects on islets and beta cells, e.g., inducing
cellular stress and inflammation, also worsening diabetes [52,60]. However, they often converge as
glucolipotoxicity, e.g., in obese and diabetic individuals with hyperglycemia and hyperlipidemia,
which accelerates beta cell disintegration evident by cell death, dysfunction, and failure [42]. In murine
islets, ethyl-palmitate infusion induced CCL2 and CXCL10 production through the toll-like receptor 4
(TLR4)-Myd88 pathway to facilitate M1 macrophage recruitment [61]. This establishes lipotoxicity
as an aggravator of islet inflammation. In human diabetic pancreata and rodent diabetes, beta cells
generated IL1p3, i.e., were a source of hyperglycemic induced IL1f3, and chronic hyperglycemia
promoted intra-islet production of IL1 [62,63], which links glucotoxicity to islet inflammation. Further,
IL1p alone, or IL1p with TNFx and IFNy, prompts beta cell death, dysfunction [64-66], and failure with
elevated glucose and NEFA concentrations, i.e., glucolipotoxicity, promoting the intra-islet production
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of IL1B [62,63]. Gluco-, lipo-, and glucolipotoxicity, therefore, induce islet and subsequently beta
cell inflammation.

Glucolipotoxicity links beta cell stress to inflammation. Glucolipotoxicity alters mitochondrial
function by impairing electron transport chain activity, which leads to increased reactive oxygen
species (ROS) generation which, in turn, induces inflammation in beta cells and peripheral
organs [13]. Mitochondria are close to the site of ROS generation and are therefore prone to
oxidative stress [67]. The various signaling pathways that regulate mitochondrial ROS generation are
involved in inflammation, ER and oxidative stress, mitochondrial biogenesis, energy demand, immune
responses, and autophagy [68,69]. NEFA induce mtDNA damage dose-dependently and contribute to
apoptosis [70]. Glucolipotoxicity diminishes beta cell mitochondria, inducing their fragmentation and
rendering them incapable of fusion [71]. Sprague-Dawley rats maintained on a fetal and lactational HFD
were insulin resistant with beta cell dysfunction (with enlarged insulin secretory granules) subsequent
to reduced mtDNA content and altered mitochondrial gene expression [9]. Nutrient overload, such as
supraphysiological glucose and NEFA concentrations, promotes ER stress, which impairs beta cells’
secretory efficiency, and augments inflammation and oxidative stress. This further increases circulating
glucose, i.e., hyperglycemia worsens and perpetuates [13].

5. ER and Oxidative Stress, Inflammation and Beta Cell Dysfunction

5.1. ER Stress

Cellular stress induced by ER and oxidative stress are integral to islet and beta cell inflammation,
death, dysfunction, and failure. Beta cells are highly specialized for insulin biosynthesis, with pro/insulin
accounting for 30-50% of total protein in beta cells [59]. ER stress is a major initiator of beta cell
dysfunction. Physiologically, ~20% of proinsulin misfolds in beta cells, which is ~200,000 misfolded
proinsulin molecules per minute [72]. Some ER protein misfolding is expected, with misfolding
multiplying proportionally to protein complexity. However, ER stress manifests only when protein
misfolding exceeds a threshold, which triggers the UPR to restore ER homeostasis [51]. Therefore,
to maintain beta cell integrity and physiology, it is critical to ensure that pro/insulin misfolding does
not exceed the threshold.

Beta cells often encounter ER overload due to increased metabolic demand, e.g., due to rapid
and increased insulin biosynthesis and secretion in response to hyperglycemia [13] to maintain beta
cell physiology. Healthy beta cells respond by increasing insulin biosynthesis >10 fold compared
to un-/non-stimulated beta cells [73]. However, this may exceed the beta cells’ folding capacity,
thereby resulting in unfolded pro/insulin accumulation in the ER lumen, followed by ER stress [56,74]
that provokes beta cell death, dysfunction, and ultimately, failure. ER stress can induce B cell
lymphocyte (B cell) cytokine and chemokine gene expression [51] to initiate inflammation.

5.2. Oxidative Stress

The highly metabolically active beta cells are susceptible to oxidative stress due to low levels of
some antioxidants, e.g., glutathione peroxidase (GPx) and catalase [75,76]. However, beta cells have
other antioxidants, e.g., glutaredoxin and thioredoxin [75]. In beta cells, oxidative stress manifests
due to increased ROS/reactive nitrogen species (RNS) production or the inefficiency of antioxidants to
neutralize the increasing ROS/RNS levels [13].

In beta cells, ROS and RNS include free radicals, e.g., NO, O,K and the hydroxyl radical (OH);
non-radicals, e.g., hydrogen peroxide (H,O,); or anions, e.g., ONOOK [75,77,78]. Oxidative and ER
stress induce inflammation due to prolonged UPR signaling with ROS/RNS activating NF«B and the
inflammasome which drives B cell and IL1 secretion [79].

The close association of oxidative and ER stress is evident as oxidative stress induces protein
misfolding through the disruption of the ER redox state and disulphide bond formation, and protein
misfolding prompts ROS production [78]. The detrimental combination of beta cell dysfunction,
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induced by oxidative and ER stress, islet inflammation, beta cell death (by apoptosis) and impaired
secretory pathway function, i.e., impaired GSIS, can therefore lead to the onset of diabetes [74,80,81].

5.3. Beta Cell Stress and Inflammation

Several mechanisms induce ER and oxidative stress thatlead to beta cell inflammation, i.e., inflamed
beta cells, and beta cell death, that then activates islet-resident cells, e.g., macrophages entwined with
B, T, endothelial and dendritic cells, and myofibroblasts, concomitant with an increase in leukocyte
recruitment [82-84]. These mechanisms are geared toward re-establishing proteostasis by restoring ER
capacity for handling protein processing, folding, and trafficking [13]; but should proteostasis not be
restored, beta cell death ensues [85].

In beta cells, IL13 (and other proinflammatory cytokines) induces ER stress and UPR
activation, and promotes NFkB-dependent inducible nitric oxide synthase (iNOS) expression and
NO production [13]. Cytokine and ER stress-induced beta cell death is associated as NO production
induces ER calcium depletion and stress [86]. Oxidative stress contributes to ER stress and diminishes
beta cell function such as impairing insulin transcription [87] and GSIS. In human islets, ER stress
(via the RNA-dependent protein kinase (PKR)-like ER kinase (PERK) and inositol-requiring enzyme
1 (IRE1) pathways) induces thioredoxin-interacting protein (TXNIP), which in turn activates the
nucleotide-binding domain leucine-rich repeat (NLR) and pyrin domain containing receptor 3
(NLRP3) inflammasome and IL13 production; thus, there is bidirectional ER stress and inflammation
crosstalk [88]. Further, ER stress causes and is induced by chronic beta cell inflammation
(i.e., both metabolic states cause and are caused by the other) due to their interconnectedness [13].
Anincrease in insulin biosynthesis (beyond the threshold) promotes ER overload, the UPR and ER stress,
with persistent ER stress prompting apoptosis and IL1f3 release (through inflammasome activation)
and local cytokines inducing NF«B activation that modulates the proapoptotic gene expression [13]
which would lead to beta cell death. In beta cell dysfunction, intertwined oxidative and ER stress
directly influences insulin biosynthesis, with ER stress-induced UPR [51] contributing to beta cell
dysfunction and failure. This reflects the interrelations of ER and oxidative stress and inflammation;
each process reciprocally contributes to and exacerbates the other processes.

6. Glucolipotoxicity: Interrelating Islet and Beta Cell Stress, Inflammation to Dysfunction

The islet cell production of proinflammatory mediators results in ER stress, oxidative stress,
mitochondrial dysfunction, and islet cell dysfunction. Overnutrition results in obesity and increased
adipose tissue mass, and with perpetual nutritional glucose and saturated fatty acid overload, leads!
to ER stress. In humans, beta cell dedifferentiation in response to chronic overnutrition may be
reversible within the first decade of diabetes [89]. Weight loss, through dietary intervention, restored
the first-phase of insulin secretion, which was linked to reduced intrapancreatic triglyceride content [89].
ER stress, which results in the accumulation of misfolded pro/insulin, in turn, induces and increases
beta cell inflammation that contributes to beta cell dysfunction. Some beta cell function is maintained
but is compromised, and with time may lead to overt beta cell failure, where beta cells are non-
or poorly functional. Beta cell dedifferentiation contributes to a reduced beta cell mass that would
constrain functioning. Beta cell death is another consequence of ER and oxidative stress, and islet and
beta cell inflammation.

Beta cell dysfunction initially presents in prediabetes (e.g., in obesity and insulin resistance)
through their hypersecretion of insulin in response to elevated glucose concentrations. In obesity,
hyperinsulinemia occurs due to the hypersecretion of insulin and compensatory response to insulin
resistance [90]. In adolescents and adults, beta cell hypersecretion of insulin, in the absence of insulin
resistance, was later linked to impaired glucose tolerance and diabetes [91]. This reflects the complexity
of beta cell dysfunction and the progression of diabetes. Further, it provides clinical evidence that
hyperinsulinemia may not be sustainable and eventually leads to the onset of diabetes as beta cells
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reach exhaustion. Individuals with diabetes risk factors such as familial diabetes and sedentary
lifestyles had increased fat mass and dyslipidemia [91] and a worse prognosis.

In obesity and diabetes, there is an increase in circulating NEFA and ectopic fat accumulation in
organs (e.g., in the liver and muscles due to adipose tissue capacitance being exceeded). In human
islets treated with palmitate, there was increased islet triglyceride content concomitant with impaired
function [92]. With chronic HFD feeding, there is an increase in systemic inflammation, and in IL6
and IL10 concentrations in the adipose tissue, resulting in an increase in adipose tissue inflammation.
Adipose tissue insulin resistance, which is inflamed, induces modulated adipocyte sensory nerve
secretion of human factors. This contributes to beta cell failure. These present inflammatory events,
peripheral to the islet, along with other organ-specific inflammation, such as inflammation in the
liver, muscle, heart, and kidneys that are induced by different diseases, but may be exacerbated by
glucolipotoxicity. These prevailing inflammatory states, typical in obesity, co- and multi-morbidities,
also interplay with islet inflammation. The interrelations of islet inflammation with systemic and
organ-specific inflammation require further investigation.

Various programming insults such as fetal and lactational exposure to a high saturated fat
diet, hyperglycemia or obesity (maternal obesity), can initiate glucolipotoxicity (Figure 1). Postnatal
(post-lactational) exposure to these aggravators albeit less severe, when chronic (e.g., insulin resistance
and glucose intolerance reflecting hyperglycemia, and long-term or severe obesity) also induce a
glucolipotoxic milieu. These only represent some triggers of glucolipotoxicity due to excess glucose
and NEFA that can be derived nutritionally (e.g., hyperlipidemia and HFD overconsumption) or by a
compromised metabolic state (e.g., insulin resistance, glucose intolerance and obesity). An unfavorable
early-life environment has durable effects on health and increases susceptibility to diabetes through
epigenetic mechanisms [93,94]. Durable epigenetic modifications are programmed by maternal
overnutrition—in C57BL6/] mice, hepatic insulin receptor substrate 2 (Irs2) and mitogen-activated
protein kinase 4 (Map2k4) gene methylation occurred in progeny, thereby increasing their susceptibility
to diabetes [7]. In human islets that were isolated and treated with IFNy and IL1f3, there was variable
epigenetic remodeling [95] mediated by inflammatory transcription factor recruitment, DNA, looping
and chromatin acetylation [96]. The upregulation of inflammatory and apoptotic factors [96] contributes
to beta cell dysfunction. Glucolipotoxicity, induces beta cell death, dysfunction and failure through
beta cell stress and inflammation (Figure 1).

PROGRAMMING (in utero and lactational)
POSTNATAL AGGRAVATORS (post lactation)

/ GLUCOLIPOTOXICITY \

BETA CELL INFLAMMATION

BETA CELL STRESS P ER and oxidative stress trigger inflammation

ER overload activates the UPR Immune cell migration, infiltration and amplification in beta cells
Increased misfolded profinsulin proteins é Beta cells sense stimuli and secrete chemokines andislet

ER stress amyloid polypeptide to activate macrophages

Oxidative stress Intra-beta cell M1 macrophages generate proinflammatory
Incomplete and inadequate profinsulin biosynthesis mediators

Impaired insulin secretion: hypo- and hyperinsulinemia Beta cell inflammation

BETA CELL DEATH, DYSFUNCTION, AND FAILURE

Figure 1. Programming, glucolipotoxicity, beta cell stress, and inflammation: convergence on beta cell
death, dysfunction, and failure.
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In overextended beta cells, glucolipotoxicity contributes to pro/insulin (and other) protein
misfolding and accumulation in the ER lumen, resulting in ER overload which activates the UPR
leading to ER stress (Figure 1). Further, in islets and beta cells, glucolipotoxicity can trigger and
increase in ROS/RNS, leading to oxidative stress. ROS/RNS may regulate cell signaling pathways such
as PI3K/Akt, mitogen-activated protein kinases (MAPK), JNK, and NFkB that govern cell proliferation,
survival, and inflammation [13]. With resident islet and beta cell macrophages [56,97], inflammation
can induce cell death through ROS/RNS [98], which links oxidative stress to islet and beta cell
inflammation. ROS/RNS likely induces beta cell inflammation, beta cell death results in reduced
GSIS, thereby inducing insulin resistance [99]. ER stress is also a source of ROS/RNS [99] and ER
and oxidative stress are entwined and contribute to islet and beta cell inflammation. Consequentially
there is incomplete and inadequate pro/insulin biosynthesis and impaired GSIS (Figure 1). Cellular
stress triggers cellular inflammation, where immune cells migrate to, infiltrate and amplify in islet
and beta cells leading to inflammation (Figure 1). Beta cells sense these stimuli and secrete IAPP to
activate macrophages (Figure 1). The intra-islet M1 macrophages then generate more proinflammatory
mediators thereby exacerbating beta cell inflammation. Beta cell stress and inflammation reciprocally
cause and exacerbate each other, and over time lead to the onset of beta cell death, dysfunction,
and failure (Figure 1).

Glucolipotoxicity induces beta cell stress with the increase in the UPR leading to ER and oxidative
stress leading to increased beta cell inflammation (Figure 2). Further, glucolipotoxicity directly
induces beta cell inflammation through an increase in proinflammatory mediators; within beta cells,
macrophage hyperplasia and proinflammatory mediator production augment beta cell inflammation.
This enhanced beta cell inflammation (through cellular stress or proinflammatory pathways) leads
to hyperglycemia, reduced beta cell mass, beta cell death, dysfunction and failure, and ultimately,
to diabetes (Figure 2). The entwined beta cell ER and oxidative stress and inflammation contribute
to beta cell demise and failure leading to diabetes (Figure 2). These interrelations require further
investigation to elucidate the mechanisms and sequence of events that lead to disease, and to identify
novel agents that can counter their damaging effects on islet and beta cells. Further, systemically, obesity
and inflammation can trigger macrophage migration, infiltration, and amplification, which contributes
to reduced GSIS, and when prolonged, leads to diabetes (Figure 2).

I

BETA CELL STRESS CELLULAR STRESS AND INFLAMMATION

|
|
|
|
|
i ER stress — Oxidative stress
|

Increasein the UPR Increasein ROS/RNS I
| S <
|

l l | Beta cell inflammation
GLUCOLIPOTOXICITY |
Increasein ER stress €— Increasein oxidative stress | i

BETA CELL INFLAMMATION

— N
\
Increase in proinflammatory mediators —» Intra-islet and beta cell —_ Increasein islet \\_) Hyperglycemia
macrophage hyperplasia and and beta cell AN Reduced betacell mass
proinflammatory mediator inflammation \‘ Beta cell death
production *, Betacell dysfunction
*\ Beta cell failure
e
SYSTEMIC INFLAMMATION l
Obesity, —_ Macrophage migration, infiltration and amplification SR Reduced GSIS —> DIABETES
insulin resistance and
inflammation

Figure 2. Glucolipotoxicity, beta cell stress, and inflammation: pathways to beta cell demise and diabetes.
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Exacerbating obesity, adipose tissue insulin resistance and chronic overnutrition further prompt
excess beta cell production of proinflammatory mediators. In pre-existing diabetes, islet and beta cell
inflammation will exacerbate the disease and lead to further morbidities. ER stress induces and is
induced by beta cell inflammation, whereas beta cell inflammation can self-activate and exacerbate
beta cell inflammation. This reflects the vicious cycle of beta cell stress and inflammation in the
pathophysiology of diabetes.

7. Conclusions

Programming, glucolipotoxicity, and the interactions of ER and oxidative stress in the pathogenesis
and maintenance of disease require further unraveling and supporting evidence from clinical studies.
Nutritionally and metabolically overloaded beta cells become stressed and inflamed with worsening
outcomes for metabolic disease. Beta cell stress and inflammation require further investigation into
adaptive mechanisms that evolve to mitigate cellular stress and inflammation, to identify strategies
and targets for preserving beta cell physiology.
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