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This special issue was commissioned to offer a source of distinct viewpoints and novel
data that capture some of the subtleties of the pancreatic islet, especially in relation to
adaptive changes that influence metabolic homeostasis. As such, this forum provided a
home for review articles that offered original perspectives relevant to islet inflammation,
tissue resident immune cells, and related variables that influence these factors. In addition,
we are pleased to note that articles in this issue also included primary data addressing
rapidly evolving and exciting areas of research. Indeed, the pancreatic islet is a magnificent
micro-organ that is capable of rapid adaptive responses to support the changing needs of
the organism [1].

A very timely study by Piñeros et al. shows the impact of one week of high-fat feeding
on changes at the single-cell level in mouse islets [2]. This is important for two reasons: (1)
after several months on a high-fat diet, islet adaptations (e.g., increases in insulin-positive
cell mass, etc.) have already taken place [3,4]. Thus, investigating early time points is
essential to understand the initial alterations required for adaptive responses. (2) Outcomes
associated with increases in beta-cell mass, such as enhanced proliferation markers, arise
early (within days) after a stimulus that promotes insulin resistance (e.g., high-fat feeding,
glucocorticoid exposure, etc.) [4–6]. Consequently, an analysis of individual cell popula-
tions and how these cells cluster into groups one week after high-fat feeding is important
complementary information that offers a window into the individual cell level during this
adaptive response. The authors found that not all islet β-cells responded the same to one
week of high-fat feeding. Indeed, the data were binned into three major clusters and seven
minor clusters. The greatest differences were identified within the minor clusters. This fits
with overall β-cell heterogeneity and provides unique insight into early β-cell responses
prior to the development of overt glucose intolerance and measurable insulin resistance.

Discovering the signaling pathways that promote an increase in β-cell mass as well as
those that enhance insulin secretion reflect ongoing research efforts. How macrophages
contribute to such alterations in the islet is an important consideration for adaptive re-
sponses to insulin resistance and perhaps also to autoimmunity. A review by Jensen and
colleagues offers insights into the dual role that macrophages may have in islet biology [7].
Macrophages are derived from circulating monocytes and also arise through conditioning
in the tissue where they ultimately reside [8]. This underscores an important role for
macrophages to not only support the growth of β-cells developmentally [9,10], but also
the probability that they support the growth and function of mature adult β-cells during
adaptive responses [11,12].

Locatelli and Mulvihill put forth a viewpoint on the role of low carbohydrate (<30% kcal)
or ketogenic (<10% kcal) diets on three specific parameters: islet health with a focus on
the preservation of beta-cell mass in models of rodent obesity and diabetes, secretion of
islet hormones to maintain glucose homeostasis, and the response of peripheral tissues
to insulin. The effects of such diets in pre-clinical studies and clinical outcomes were
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carefully considered [13]. Furthermore, the translational relevance of low carbohydrate and
ketogenic diets is clear when comparing the impact of reducing carbohydrates in settings
of T1D and T2D [13,14].

With the knowledge that diets are linked to inflammation and islet β-cell dysfunction,
several reviews in this Special Issue focus on stimuli that promote islet β-cell inflammation
as well as the outcomes associated with oxidative stress and ER stress. Two reviews by
M. Cerf provide complementary information on the glucose and lipid toxicity (sometimes
referred to collectively as glucolipotoxicity) contribution to dysfunction in β-cells [15,16].
A third review provides an in-depth perspective on oxidative stress from the viewpoint
of the NADPH oxidase superfamily [17]. This is particularly important considering how
immune cell-derived cytokines have been shown to promote nitrosative and oxidative
stress in β-cells [18,19] and the possible linkage between Nox2 and nutrient stress [20].
Moreover, whether glucose is the major culprit, as opposed to fatty acids, is also relevant
and raises important questions for the field as a whole to consider [21]. The reviews in
this Special Issue offer additional perspectives towards that discussion. Indeed, with
β-cells having a high metabolic rate and being a major site of glucose metabolism [22], a
deeper understanding of the role of oxidative, nitrosative, inflammation-based, and ER
stress is essential to the goal of enhancing proliferation for therapeutic purposes as well as
preventing losses in insulin secretion that lead to diabetes.

When contemplating the role of fatty acids in diabetes and islet dysfunction, it should
be noted that such lipids come in many forms, including differing degrees of saturation
as well as chain lengths (i.e., short, medium, long, etc.). The role of lipids is complex,
with discrete species viewed as pro-inflammatory while others have been attributed as
having anti-inflammatory properties [23–25]. An interesting contribution by the Kimple
laboratory explores fatty acids that activate the EP3 receptor, an important G-protein
coupled receptor that responds to the arachidonic acid metabolite prostaglandin E2 (PGE2)
as its primary ligand. In this study, the authors used the Black and Tan BRachyury
(BTBR) mice homozygous for the ob/ob mutation (leptin-deficient) and found there was a
differential effect of diet, when combined with BTBRob genotype, that impacted the onset
of hyperglycemia [26]. In addition, the authors found that changes in gut microbiota were
linked with hyperglycemia versus normoglycemia. Moreover, an altered interleukin-1 and
PGE2/EP3 signaling link with changes in islet β-cells in this mouse model was observed.

Taken together, the articles in this issue provide unique insights into islet inflammation
and metabolic homeostasis. As guest editors, we are grateful for the quality of articles
and the discrete and complementary nature of the work contributed to this Special Issue.
We look forward to the continued advancement of knowledge in the field of islet biology
that builds from the studies presented here. We want to thank the peer reviewers who
provided the rigorous scientific evaluation of each submission as well as the members of
the Metabolites Editorial Office for their support during the development, review process,
and final steps needed to complete this issue of Metabolites.
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Abstract: The transition from β-cell compensation to β-cell failure is not well understood. Previous
works by our group and others have demonstrated a role for Prostaglandin EP3 receptor (EP3), en-
coded by the Ptger3 gene, in the loss of functional β-cell mass in Type 2 diabetes (T2D). The primary
endogenous EP3 ligand is the arachidonic acid metabolite prostaglandin E2 (PGE2). Expression of the
pancreatic islet EP3 and PGE2 synthetic enzymes and/or PGE2 excretion itself have all been shown
to be upregulated in primary mouse and human islets isolated from animals or human organ donors
with established T2D compared to nondiabetic controls. In this study, we took advantage of a rare
and fleeting phenotype in which a subset of Black and Tan BRachyury (BTBR) mice homozygous for
the Leptinob/ob mutation—a strong genetic model of T2D—were entirely protected from fasting hyper-
glycemia even with equal obesity and insulin resistance as their hyperglycemic littermates. Utilizing
this model, we found numerous alterations in full-body metabolic parameters in T2D-protected mice
(e.g., gut microbiome composition, circulating pancreatic and incretin hormones, and markers of
systemic inflammation) that correlate with improvements in EP3-mediated β-cell dysfunction.

Keywords: obesity; type 2 diabetes; insulin resistance; inflammation; gut microbiome; untargeted
plasma metabolomics; polyunsaturated fatty acids; prostaglandins; insulin secretion; beta-cell function
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1. Introduction

Type 2 diabetes (T2D) is characterized by a systemic loss of blood glucose homeostasis
that is primarily linked to obesity, which is often associated with insulin resistance (IR)
and systemic inflammation. IR and inflammation induce stress on the pancreatic β-cell to
meet the demand for enhanced insulin secretion to maintain glucose homeostasis [1]. An
inability of β-cells to compensate by increasing mass, functionality, or both results in β-cell
failure and hyperglycemia [2].

The transition from β-cell compensation to β-cell failure is not well understood. Our
group and others have demonstrated a role for Prostaglandin EP3 receptor (EP3) (gene
symbol: Ptger3), a G protein-coupled receptor (GPCR) for the arachidonic acid metabolite
PGE2, as a significant contributor to β-cell dysfunction and loss of functional β-cell mass
in T2D [3,4]. Most of our prior understanding of the islet PGE2/EP3 signaling pathway
and its role in T2D pathophysiology utilized pancreatic islets isolated from human organ
donors with T2D and mouse models with very elevated blood glucose levels compared to
their lean, nondiabetic counterparts. One of the most reproducible T2D models utilizes the
Leptinob/ob mutation in the Black and Tan BRachyury (BTBR) mouse strain (BTBRob) [3,4].
In these mice, islet Ptger3 expression and PGE2 synthesis are dramatically upregulated,
consequently suppressing insulin secretion [3,4]. Treating BTBRob islets with a specific EP3
antagonist or feeding BTBRob mice a diet low in arachidonic acid improves their glucose-
stimulated insulin secretion (GSIS) response [3,4]. However, PGE2 has also been linked
with beneficial effects on the islet phenotype. For example, PGE2 promotes M2 macrophage
polarization, preventing pro-inflammatory cytokine production and promoting β-cell
survival [5]. Therefore, what physiological changes might transition islet EP3 signaling
from protective to detrimental remain unknown.

It is well-known that BTBRob mice of both sexes rapidly and reproducibly become
hyperglycemic because of underlying defects in both beta-cell function and skeletal muscle
insulin sensitivity [6]. By 10 weeks of age, male BTBRob mice have end-stage diabetes, with
a mean blood glucose of approximately 600 mg/dL [6]. Ten-week-old female mice have
mean blood glucose levels of approximately 450 mg/dL and, by 14 weeks of age, have also
progressed to end-stage diabetes [6]. The beta-cell-centric nature of BTBROb diabetes pro-
gression combined with the rapid and reproducible nature of the phenotype makes this line
ideal for our studies. In the process of breeding BTBRob mice for downstream analyses, we
discovered, for an approximately 6 month period, that no 10-week-old BTBRob mice in our
investigator-accessible facility were hyperglycemic. This phenotype was partially related
to changes in circulating metabolites after the brand of standard rodent chow was switched
(explored in a different work [7]) but was not fully related to diet composition, as ultimately,
the phenotype disappeared. Our previous publication found that the biggest differences
in circulating metabolites in BTBROb mice was phenotype and not diet composition and
that these alterations correlated directly with beta-cell function [7]. Therefore, in this work,
mice were grouped by phenotype, independent of diet. Using a discovery-based approach,
we found that several metabolism-related phenotypes, including gut microbiome composi-
tion, levels of circulating pancreatic and incretin hormones, and inflammation-associated
adipokines, were dramatically normalized in normoglycemic BTBRob mice compared to
their T2D littermates. High-throughput untargeted metabolomics identified changes in
circulating fatty acid conjugates associated with alterations in islet plasma membrane
fatty acid composition downstream of PGE2 synthesis in plasma from T2D vs. normo-
glycemic BTBRob mice. Combined with a significant upregulation of islet Ptger3 expression
and the impact of an EP3-selective agonist on GSIS, our results link full-body metabolic
derangements specifically with the EP3-mediated β-cell dysfunction of T2D.
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2. Results

2.1. Initial Observation That Metabolic Phenotype Can Be Indpendent of Genotype in the BTBRob

Mouse Model of T2D

In our work, we defined a mouse as hyperglycemic when its random-fed blood
glucose level was ≥300 mg/dL, as measured using a veterinary glucometer and rat/mouse
test strips: a level that should be well-exceeded by both male and female BTBROb mice
by 10 weeks of age. Unless humanely euthanized, BTBROb mice succumb to diabetic
ketoacidosis well before 20 weeks of age. We discovered a time-limited phenotype in which
the random-fed blood glucose levels of our experimental BTBROb mice did not consistently
exceed 300 mg/dL until more than 20 weeks of age, with some mice living until 30 weeks
of age before end-stage hyperglycemia was apparent (Figure 1). As our experimental mice
were transferred from a breeding core facility to an investigator-accessible facility and other
facilities across campus did not show the same phenotype (J.C.N. and M.E.K., personal
observations), we hypothesized that an environmental factor must have been moderating
the underlying genetic susceptibility. As a test of this factor being related to diet, BTBROb

mice were maintained on the standard-chow diet fed in the breeding core (Teklad 2020X)
instead of being switched to the standard-chow diet of our investigator-accessible facility
(Purina 5001). These diets have similar energy densities and macronutrient contents but
differ in some micronutrients and ingredient sources (Supplemental Table S1). Severe
hyperglycemia rapidly developed, with 3 of 6 BTBROb mice were euthanized due to
endpoint criteria being reached before 10 weeks of age (Figure 1B).

 

Figure 1. Diet partially explains the relative protection of a cohort of BTBROb mice from early and severe Type 2 diabetes
(T2D): (A) random-fed blood glucose readings of n = 6–8 Purina diet-fed wild-type (WT) and BTBROb mice. Data represent
mean ± SEM, although, as not all BG levels for all mice were recorded every week, a statistical analysis was not performed.
(B) Weekly random-fed blood glucose readings of Teklad-fed WT and BTBROb mice: n = 6–8 mice per group. Data represent
mean ± SEM and were compared by two-way ANOVA with Holm-Sidak test post hoc. * p < 0.05 and ****p < 0.0001.
ˆ indicates that 1–2 BTBROb mice were euthanized after human endpoints were reached.

2.2. An Altered Gut Microbiota Composition Is Associated with T2D Resistance vs. Susceptiblity
BTBROb Mice

Diet can influence gut microbiome composition, and recent discoveries have con-
sistently demonstrated the role of the gut microbiome in T2D pathology [8]. In order to
determine whether an intrinsic difference in the gut microbiome composition was related
to T2D phenotype penetrance, we collected fecal pellets from three 11–17-week-old normo-
glycemic BTBROb mice (NGOB) and three 4-week-old BTBROb mice transferred directly
from the breeding core facility (Pre-T2D). None of the mice were severely T2D: all of the
NGOB mice and one Pre-T2D mouse had blood glucose levels <300 mg/dL, while the
other two pre-T2D mice had blood glucose levels <400 mg/dL (Figure 2A). 16s rRNA
sequencing was performed (a complete list of the relative abundance of microbiota by
phyla, class, order, family and genus between NGOB and Pre-T2D mouse fecal pellets
can be found in Supplemental Table S2). Briefly, Bacteroidetes and Firmicutes composed
the majority of gut microbiota, as expected, with no significant differences between the
groups (Figure 2B,C). While not statistically significant, the mean total nondominant phyla
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abundance was reduced in Pre-T2D vs. NGOB fecal samples (Figure 2D), an effect that
appeared most related to Proteobacteria abundance (Figure 2E,F). Within Proteobacteria,
the Gammaproteobacteria genus comprised half in the NGOB fecal samples and was absent
in Pre-T2D samples. Finally, a three-way principal component analysis (PCA) analysis of
the full dataset showed clustering by groups that, while not statistically significant, was
certainly supportive of a complete study (Supplemental Table S2).

 

Figure 2. An altered gut microbiota composition is associated with T2D resistance vs. susceptibility BTBROb mice:
(A) random-fed blood glucose levels of two female and one male mouse per group, where data represent mean ± SEM
and ns represents not significant; (B) bar plot of dominant phyla; (C) violin plots of individual dominant phyla; (D) violin
plots of total nondominant phyla; (E) bar plot of nondominant phyla; (F) violin plots of individual nondominant phyla;
and (G) bar plot of individual proteobacteria orders as a fraction of the total proteobacteria abundance. Data represent
mean ± SD and population density. In (C,D,F), data were compared by t-test. ns = not significant.

2.3. The Gut Microbiota Composition of Normoglycemic BTBROb Mice Is Significantly Different
Compared to Both T2D BTBROb and WT Controls, At Least Partially Independent of Diet

In order to elucidate factors involved in T2D protection in the BTBROb line, new
cohorts of mice were fed the Purina or Teklad diet from 4–10 weeks of age, at which
time metabolic phenotyping and terminal tissue, blood, and cecal content collection were
performed. As our pilot experiments included both male and female mice, these experi-
ments were limited to the male sex to ensure robust hyperglycemia of Teklad-fed mice at
10 weeks of age. During the course of our full dietary intervention experiment, though,
the T2D-protected phenotype of Purina-fed BTBROb mice disappeared. This provided us
with the opportunity to explore factors involved in diabetes protection vs. susceptibility,
at least partially independent of diet, as the WT and T2D groups were composed of both
Purina-fed and Teklad-fed mice.

The mean 4–6 h fasting blood glucose levels of WT and NGOB mice were nearly iden-
tical (approximately 180 mg/dL), whereas that of T2D mice was approximately 500 mg/dL
(Figure 3A). This effect was not due to differences in the LeptinOb phenotype, as both
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NGOB and T2D mice were similarly morbidly obese at 10 weeks of age compared to
WT controls (Figure 3B). Furthermore, NGOB mice were equally as insulin-resistant as
T2D littermates, with insulin having no reducing effect on blood glucose levels, whether
represented as the percent change from baseline or as the area under the curve (AUC) from
zero (Figure 3C).

 

Figure 3. Gut microbiota diversity is associated with diabetes protection: (A) 4–6 h fasting blood glucose recordings of
wild-type (WT) normoglycemic obese (NGOB) and diabetic (T2D) mice n = 6–15; (B) WT, NGOB, and T2D bodyweight at
10 weeks of age, n = 7–14; (C) insulin tolerance test of WT, NGOB, and T2D mice, with data plotted as a percent of baseline
(t = 0 min) and quantified by the area under the curve (AUC) from zero and with data representing mean ± SEM, ns = not
significant. (D) bar plot of dominant phyla; (E,F) violin plots of individual phyla; (G) bar plot of nondominant phyla;
(H) average relative abundance of nondominant phyla; (I–N) violin plots of individual phyla; and (O) species composition
of proteobacteria (left) and individual relative abundance of each proteobacteria species (right), n = 4–10. Data represent
mean ± SD and population density. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. ns = not significant.
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16s rRNA sequencing was performed on cryopreserved cecal contents of 4–9 mice
per group. The complete list of changes in microbial species (relative abundance) between
WT, NGOB, and T2D mice and its statistical significance can be found in Supplementary
Table S3. As with the pilot experiment using fecal pellets, Bacteroidetes and Firmicutes
composed the majority of gut microbiota, with no significant differences among the groups
(Figure 3D–F). Interestingly, phylogenetic diversity was similar between the WT and
T2D groups but was significantly enhanced in NGOB animals (Figure 3G,H). Of the
nondominant phyla, the relative abundance of Actinobacteria (Figure 3I), TM7 (Figure 3J),
Tenericutres (Figure 3K), and Verrucomicrobia (Figure 3L) were all similar among WT,
NGOB, and T2D mice. Cyanobacteria (Figure 3M) abundance was significantly lower in
T2D mice compared to NGOB, and Proteobacteria abundance was substantially elevated in
NGOB mice compared to both of the other groups (Figure 3N). In addition to altered total
abundance, the Proteobacteria species composition in NGOB mice was vastly different
compared to that of WT and T2D mice (Figure 3O, left), with specific changes in the
Desulfovibrionaceae and Enterobacteriaceae families (Figure 3O, right).

2.4. The T2D Phenotype Is Associated with Altered Circulating Incretin and Adipokine Levels

Peptide hormones secreted from a number of tissues are critical for appropriate
blood glucose control, and their levels are known to be dysregulated in IR and T2D [9–13].
Consistent with insulin hypersecretion to compensate for peripheral IR, random-fed plasma
insulin levels were significantly elevated in NGOB and T2D mice compared to WT controls,
with a lower mean plasma insulin level in T2D mice suggestive of emerging β-cell failure
(Figure 4A).

 

Figure 4. Loss of the insulin-glucagon ratio is associated with elevated incretin and adipokine levels in T2D: random-fed
plasma concentrations of (A) insulin and (B) glucagon; (C) insulin-glucagon ratio; and random-fed plasma concentrations
of (D) glucagon-like peptide 1 (GLP-1), (E) gastric inhibitory polypeptide (GIP), (F) resistin, and (G) gastric inhibitory
polypeptide (PAI-1) in WT, NGOB, and T2D mice, n = 9–17. Data represents mean ± SEM. * p < 0.05, ** p < 0.01, and
**** p < 0.0001. ns = not significant.

Failure to suppress α-cell glucagon secretion is another hallmark of IR, and consistent
with this, NGOB and T2D plasma glucagon levels were similarly elevated compared to
WT controls (Figure 4B). A high insulin-glucagon ratio (IGR) promotes glycogenolysis and
gluconeogenesis while the opposite is true for low IGR [14]. Consistent with this concept,
when each mouse’s insulin value was normalized to its own glucagon value, IGR was
significantly elevated in the NGOB group compared to both the WT and T2D littermates
(Figure 4C). Gut incretin hormones such as glucagon-like peptide 1 (GLP-1) and gastric

10



Metabolites 2021, 11, 58

inhibitory polypeptide (GIP) are classically defined as potentiators of GSIS, and defects
in their signaling pathways are known to contribute to the inappropriate glucose control
of T2D [15]. Consistent with this concept, both GLP-1 and GIP were elevated in NGOB
plasma compared to WT and even further elevated in the T2D state (Figure 4D,E). Finally,
alterations in adipokine secretion due to adipose tissue meta-inflammation is becoming
increasingly understood as contributing to the pathophysiology of IR and T2D [16]. The
adipokines resistin and plasminogen activator inhibitor-1 (PAI-1) were both significantly
elevated in T2D plasma compared to WT (Figure 4F,G). PAI-1 was mildly elevated in NGOB
plasma, albeit not with statistical significance (Figure 4G).

2.5. An Integrated Ultrahigh-Resolution FIE-FTCIR MS Metabolomics Approach Accurately
Clusters Mouse Plasma Samples by Disease State

We performed untargeted plasma metabolomics using a workflow integrating flow
injection electrospray (FIE) with ultrahigh-resolution Fourier Transform Ion Cyclotron
Resonance (FTICR) mass spectrometry (MS), a platform recently established and validated
for use with cryopreserved plasma samples [7] (see Supplementary Figure S1 for a summary
of the workflow). Between 1200 and 2200 distinct metabolic features were detected in
plasma samples from each group, with over 75% of those features being annotatable by
chemical structure using MetaboScape or chemical name using the METLIN Metabolite and
Chemical Entity Database (Figure 5A and Supplementary Table S4). Of the 1750 distinct
metabolic features, 653 were shared among the three groups (Figure 5B). A principal
component analysis (PCA) performed using all detected metabolic features in both positive
and negative ion modes was used to assess variability in the data (Figure 5C). Unsupervised
hierarchical clustering effectively grouped plasma samples by phenotype (Figure 5D, top),
with a weaker effect of diet (Figure 5D, bottom). Finally, using METLIN-annotated data,
a robust increase in intensity for a hexose corresponding with a mass of 180.06351 was
found in T2D plasma compared to NGOB and WT (Figure 5E): a peak we confirmed by
MS/MS in a previous work to be primarily glucose, with a possible minor contribution by
fructose [7].

2.6. Diet Alone Does Not Explain the Phenotype of Male BTBRob Mice at 10 Weeks of Age

Pairwise comparisons of the metabolic features of WT vs. NGOB plasma and NGOB
vs. T2D plasma were performed to further validate the phenotypic predictive value of our
analysis. Volcano plots were generated to elucidate significantly differentially expressed
features (Figure 6A,B, left), and the top 25 most highly differentially expressed of these were
again used in unsupervised hierarchical clustering analyses (full lists of the differentially
expressed features between WT and NGOB plasma vs. NGOB vs. T2D plasma are shown
in Supplemental Tables S5 and S6, respectively). In these pairwise comparisons, an even
more robust clustering of plasma samples by phenotypic group was found, with complete
segregation of WT from NGOB samples and of NGOB from T2D samples (Figure 6A,B,
right, top). Furthermore, while all obese mice that remained normoglycemic had been fed
the Purina diet, diet alone was not predictive of phenotype, as nearly equal numbers of T2D
mice had been fed the Purina vs. Teklad diet, and even in pairwise comparisons, T2D mouse
plasma samples did not segregate exclusively by diet group (Figure 6B, right, bottom).

2.7. FIE-FTCIR MS Metabolomics Reveals That Elevations in Circulating Eicosanoid Precursors
Correlate Directly with Agonist-Dependent EP3 Signaling in T2D β-Cell Dysfunction

In our previously published work [7], the fatty acids and fatty acid conjugates family
was the most highly significantly expressed for both polar and nonpolar metabolites
in plasma from obese mice [7]. Eicosanoids are highly bioactive fatty acid metabolites,
and a subset of essential polyunsaturated fatty acids (PUFAs) provides the substrates
for their synthesis [17,18]. Using the METLIN-annotated metabolic features shown in
Supplemental Tables S3 and S4, the entire linoleic acid elongation and desaturation pathway
was downregulated in NGOB vs. WT plasma: in most cases, with statistical significance
(Figure 7A, left, gray vs. black bars). Furthermore, in all cases, the abundance of these

11



Metabolites 2021, 11, 58

omega-6 PUFAs was significantly elevated compared to both the other groups (Figure 7A,
left, red bars). Linolenic acid serves as the initial backbone for the omega-3 PUFA subfamily,
and while linolenic acid cannot be distinguished from the omega-6 PUFA gamma linolenic
acid (GLA) in our analysis, its downstream products, eicosapentaenoic acid (EPA) and
clupanodonic acid/docosapentaenoic acid, were also significantly upregulated in T2D
plasma vs. WT (Figure 7A, right, red vs. black bars). In these cases, though, their levels in
NGOB plasma were not lower than in WT, and in fact, EPA abundance was significantly
elevated (Figure 7A, right).

 

Figure 5. Application of flow injection electrospray (FIE)-Fourier Transform Ion Cyclotron Resonance (FTICR) mass
spectrometry (MS) to plasma samples from WT, NGOB, and T2D mice: (A) the numbers of features (light shading) and
chemical formula annotations (solid shading) from MetaboScape 4.0 (Δm < 5 ppm) of the WT, NGOB, and T2D groups;
(B) Venn diagram of chemical formula annotations of WT, NGOB, and T2D plasma samples; (C) Principal component
analysis (PCA) of the three groups based on FIE-FTICR MS data, where the 95% confidence limit is indicated as the shaded
area; (D) heat map of significantly expressed metabolic features annotated by a chemical formula generated by unsupervised
hierarchical clustering analysis; and (E) intensity of the hexose peak, experimentally confirmed to be primarily glucose, in
WT, NGOB, and T2D plasma. Data represent mean ± SEM and were compared by one-way ANOVA with Holm-Sidak test
post hoc. ** p < 0.01 and **** p < 0.0001 compared to WT. ΔΔΔ p < 0.001 compared to NGOB.
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Figure 6. Volcano plots used to determine significantly differentially expressed annotated metabolic features (left) and heat
maps created by unsupervised hierarchical clustering using the top 25 most highly differentially expressed of these (right)
in pairwise comparisons of (A) NGOB vs. WT plasma samples and (B) T2D vs. NGOB plasma samples.

13



Metabolites 2021, 11, 58

 
Figure 7. Changes in PGE2 production and signaling and its role in insulin secretion from WT, NGOB, and T2D BTBR mice:
(A) comparison of significantly expressed eicosanoid precursors from WT, NGOB, and T2D plasma samples, where data
were analyze by multiple t-test with Holm-Sidak test post hoc; (B) plasma PGE metabolite concentrations as measured
by ELISA (n = 4–12); (C) total islet insulin content from WT, NGOB, and T2D islets, n = 3–12; (D) transcript expression of
PGE2 synthetic and signaling enzymes from WT, NGOB, and T2D islets, where data are relative to β-actin, n = 4–6; and
(E) glucose-stimulated insulin secretion from islets stimulated with 1.7 mM glucose or 16.7 mM glucose ±10 nM sulprostone.
Secreted insulin was normalized to total insulin content (left). Data are plotted as total insulin secreted (right), n = 3–12.
Data represent mean ± SEM and were analyzed by two-way ANOVA with Holm-Sidak test post hoc. * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001 compared to WT. Δ p < 0.05, ΔΔ p < 0.001, and ΔΔΔ p < 0.001. ns = not significant.

The EP3 agonist prostaglandin E2 (PGE2), a metabolite of arachidonic acid (AA) incor-
porated into plasma membrane phospholipids, and PGE2 excretion have been found to be
upregulated in islets from T2D mice and humans compared to nondiabetic controls [3,19].
EPA competes with AA for the same phospholipid position and downstream metabolic en-
zymes. While PGE2 is rapidly degraded in the blood, a specific prostaglandin E metabolite
(PGEM) ELISA confirmed that elevated conjugated fatty acid levels correlated directly with
increased circulation of PGE, of which PGE2 is by far the most abundant (Figure 7B). Finally,
the baseline insulin content of islets from T2D mice was significantly reduced compared to
both of the other groups (Figure 7C), consistent with β-cell failure downstream of a failed
β-cell compensation response [4,6].

In the β-cell, the pro-inflammatory cytokine interleukin-1β (IL-1β) is known to stim-
ulate the expression of both PGE2 synthetic enzymes and EP3 itself [20–23]. While IL-1β
mRNA expression was nearly identical in islets from NGOB mice compared to WT, it was
significantly upregulated in islets from T2D mice (Figure 7D, left). Similarly, the expression
of mRNAs encoding cyclooxygenase 1 and 2 (Ptgs1 and Ptgs2, respectively), catalyzing the
rate limiting step in PGE2 synthesis, was also significantly upregulated in islets from T2D
mice compared to WT (with the latter also being higher in NGOB) (Figure 7D, middle).

14



Metabolites 2021, 11, 58

Finally, EP3 (Ptger3) mRNA expression was only upregulated in T2D compared to both
WT and NGOB, with a fold-change of approximately 16-fold when calculated via the 2ΔΔCt

method (Figure 7D, right).
To confirm altered PGE2/EP3 signaling as a direct contributor to β-cell dysfunction

in this T2D mouse model, we performed ex vivo glucose-stimulated insulin secretion
(GSIS) assays with and without the addition of an EP3-selective agonist, sulprostone.
Normalizing the amount of insulin secreted to total insulin content revealed enhanced
insulin secretion at low glucose (1.7 mM) in NGOB islets compared to WT, consistent with
the hypersecretory phenotype required to maintain fasting euglycemia, with no effect of
sulprostone (Figure 7E, gray vs. black bars). In contrast, islets from T2D mice have a mild
GSIS defect in response to stimulatory (16.7 mM) glucose that is even further exaggerated
with sulprostone treatment (Figure 7E, red bars).

3. Discussion

To date, the BTBRob mouse has been understood as a model of severe T2D secondary
to β-cell failure, with a consistent, full disease penetrance by 16 weeks of age in both
sexes and earlier in males [4,6]. In this study, we encountered a unique cohort of male
BTBRob mice for which environmental factors, including but not limited to diet, com-
pletely prevented hyperglycemia without further intervention. We have exploited these
findings to study physiological changes as they pertain to islet function in obese, insulin-
resistant, normoglycemic animals compared to their equally obese and insulin-resistant
T2D littermates.

The gut microbiome is of great interest in the T2D field and is well-known to be
related to diet and other environmental conditions. Previous reports on mice and humans
have documented alterations in the gut microbiome of T2D individuals compared to
healthy controls [8,24]. While changes in the ratio of the dominant phyla, Firmicutes and
Bacteroidetes, have been previously linked with T2D, we found no differences in Firmicutes
or Bacteroidetes composition or relative abundance among groups [24,25]. Instead, the most
defining characteristic of the NGOB gut microbiome fingerprint compared to both of the
other groups was a change in nondominant phyla composition and abundance driven
primarily by Proteobacteria. The elevations in Proteobacteria in NGOB mouse cecal matter
are perplexing, as many reports indicate a higher disease incidence when Proteobacteria is
elevated [26]. On the other hand, a richer overall microbial diversity has been associated
with positive outcomes regarding glucose homeostasis [8,27].

A distinct endocrine profile was observed in the NGOB mouse compared to WT, and
this profile was further altered in T2D. Elevated insulin and glucagon are hallmarks of
β-cell stress and insulin resistance, and NGOB mice showed clear β-cell compensation,
with a robust increase in IGR that was lost in the T2D cohort. The gut-islet relationship,
of great interest in the T2D field, is thought to be modulated in part by the microbial
composition of the GI tract. The incretin hormones, GLP-1 and GIP, are primarily secreted
from gut enteroendocrine cells and act on the β-cell to promote insulin secretion. GLP-1
and GIP were both elevated in NGOB mice compared to WT. Surprisingly, they were even
further elevated in plasma from T2D mice, even though loss of the incretin response is a
known pathophysiological defect in T2D [27]. However, gut microbiota alterations have
been shown to influence incretin sensitivity in obesity, insulin resistance, and T2D [28,29];
therefore, elevated GLP-1 and GIP levels may be reflective of a compensatory response that
ultimately fails to promote β-cell function.

Changes in gut microbiota are also associated with alterations in circulating factors
associated with T2D pathology [28,30,31]. This relationship with microbiota dysbiosis is
further supported by elevated levels of resistin and PAI-1, adipokines associated with
obesity and T2D [30,32,33]. Resistin and PAI-1 production and secretion are stimulated
during innate immune response and, therefore, can reflect alterations in gut endothelial cell
integrity that impact the systemic metabolic profile of the organism [30,33–36]. In obesity,
bacterial byproducts, such as lipo-polysaccharides (LPS), enter circulation as the endothelial
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wall of the intestine is degraded: a common consequence of obesity-associated intestinal
inflammation [37,38]. LPS induces the release of resistin and PAI-1 from adipocytes, and
LPS has also been shown to impair β-cell function via downregulation of the mature β-cell
gene expression profile [39,40]. Therefore, it is possible that resistin and PAI-1 may serve
as markers for β-cell dysfunction of T2D, independent of any direct influence on the β-cell
themselves. More work would be necessary to tease apart this relationship.

The effects of elevated plasma AA and its precursor linoleic acid have been previ-
ously implicated in diabetes pathology and correlate with elevated HBA1c levels and
hyperglycemia in human subjects [41]. In this work, we confirmed that elevated levels
in circulating AA (or its isomers) correlate directly with elevated PGE metabolite levels.
However, it has long been known that PGE2 is synthesized and excreted from pancre-
atic β-cells themselves and that this synthesis is a factor of both substrate availability
and the expression of key synthetic enzymes, many of which are upregulated by the
pro-inflammatory cytokine IL-1β [3,4,20–22]. In this work, we confirmed that this direct
IL-1β-associated effect is of biological consequence, as the PGE2 analog, sulprostone, only
influences the GSIS response of islets from T2D BTBROb mice, which already exhibits a
prominent secretion defect compared to their nondiabetic controls. However, even though
essential PUFAs must be obtained from the diet, diet alone cannot explain the altered ratios
of omega-6 and omega-3 PUFAs downstream of linoleic acid and linolenic acid (including
the most important to our work, AA and EPA) as equal numbers of T2D mice had also
been fed an identical diet. Still, when considered in the context of our previous work
demonstrating that BTBROb islets cultured in EPA-enriched media or nonobese diabetic
mice fed an EPA-enriched diet significantly improved ex vivo or in vivo β-cell function,
respectively [3], our findings certainly support the continued study of PUFA-based dietary
interventions for T2D prevention or therapy.

In summary, we found that a host of systemic metabolic alterations are associated
with the T2D phenotype of a strong genetic model of the disease and that, at least for
the AA-to-PGE2 pathway, have directly implicated a specific class of metabolites in β-cell
dysfunction of the disease. These findings have strong implications in the management of
T2D, as many foods in the Western diet are enriched with AA. Therefore, pharmacological
strategies to reduce gut/adipose inflammation in combination with a diet focused on
limiting circulating AA may help to facilitate better β-cell function, either alone or in
concert with T2D medications, promoting more effective blood glucose control even in the
face of chronic obesity and insulin resistance.

4. Materials and Methods

4.1. Animal Care and Husbandry

BTBR mice heterozygous for the Leptinob mutation were purchased from The Jackson
Laboratory and bred in house at the UW-Madison Breeding Core Facility to generate
homozygous OB mice or wild-type (WT) controls. Experimental mice were singly housed in
temperature- and humidity-controlled environments and maintained on a 12:12 h day/light
cycle with free access to acidified water (InnoVive, San Diego, CA, USA) and one of two
standard mouse chows of nearly identical macronutrient composition and energy density.
A direct comparison of the nutrient content and ingredients of the Teklad global soy
protein-free extruded 2920X diet (Envigo, Indianapolis, IN, USA) or the Rodent Laboratory
Chow 5001 diet (Purina, Neenah, WI, USA) has been previously published [7]. Both
wild-type control mice (n = 9; 3-Purina and 6-teklad) and OB mice (n = 17; 11-Purina
and 6-teklad) were given either Purina or Teklad diets. At 10 weeks of age, OB mice that
developed hyperglycemia were grouped as T2D/HGOB (n = 12). A subset of OB mice
was able to maintain normoglycemia, which was grouped as NGOB (n = 5). All protocols
were approved by the Institutional Animal Care and Use Committees of the University of
Wisconsin-Madison and by the William S. Middleton Memorial Veterans Hospital, which
are both accredited by the Association for Assessment and Accreditation of Laboratory
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Animal Care (Project ID: G005181-R01-A03). All animals were treated in accordance with
the standards set forth by the National Institutes of Health Office of Animal Care and Use.

4.2. Blood Glucose Measurements and Insulin Tolerance Tests

Insulin tolerance tests (ITTs) were performed essentially as previously described [42].
Briefly, mice were fasted for 4–6 h and 0.75 U/kg short-acting recombinant human insulin
(Humulin® R; Eli Lilly, Indianapolis, IN, USA) was injected intraperitoneally. Blood glucose
readings were taken by tail nick with an AlphaTRACK glucometer (Zoetis, Parsippany-Troy
Hills, NJ, USA) at baseline and the indicated times after insulin administration. Percent
blood glucose change from baseline was determined by normalizing the blood glucose
reading at each timepoint to that at baseline for each mouse independently. The blood
glucose percent change from baseline was averaged within genotypes at each time point,
giving the means ± SEM.

4.3. Ex Vivo Islet Glucose Stimulated Insulin Secretion Assays

Islets were isolated from experimental mice at 10 weeks of age utilizing a collagenase
digestion protocol as previously described [43]. Glucose-stimulated insulin secretion (GSIS)
assays were performed as previously described [44] after the indicated treatments. Briefly,
islets were washed and preincubated for 45 min in a 0.5% Bovine Serum Albumin (BSA)
Krebs Ringer Bicarbonate Buffer (KRBB) containing 1.7 mM glucose. Islets were then
incubated for an additional 45 min in either low glucose (1.7mM) or stimulatory glucose
(16.7 mM) ± the EP3-selective agonist sulprostone (10 nM). Secretion media was collected,
and islets were lysed in equal volume to determine insulin content. Insulin was measured
via ELISA as previously described [44].

4.4. Quantitative PCR for Gene Expression Analyses

RNA isolation, cDNA synthesis, and quantitative PCR using SYBR Green reagent
(Bio-Rad) to determine relative mRNA abundance among groups were all performed as
previously described [45]. Data were normalized to that of β-actin to calculate ΔCT values.
Primer sequences are available upon request.

4.5. Terminal Blood Collection and Plasma Hormone/Metabolite Assays

Terminal blood collection for plasma samples was performed by retroorbital puncture
under anesthesia. Briefly, mice were anesthetized using 2,2,2-tribromoethanol (Sigma-
Aldrich, St. Louis, MO, USA; #T48402). Blood was collected retro-orbitally using a heparin-
coated glass capillary tube and mixed with 5 μM EDTA, 10 nM DDP-4 inhibitor, and
20 nM aprotinin. Plasma was isolated via centrifugation and stored at −80 ◦C until needed.
Plasma hormones were measured utilizing the Bio-Plex ProTM Diabetes Assay (Bio-Rad
Laboratories, Hercules, CA, USA) following the manufacturer’s protocol. The plasma
prostaglandin E metabolite was measured utilizing a PGEM ELISA (Cayman Chemical
Company, Ann Arbor, MI, USA; no. 514531) following the manufacturer’s protocol as
previously described [42].

4.6. Gut Microbial DNA Preparation, Sequencing, and Analysis

Microbial 16s sequencing of cecal matter was performed as previously described [46].
Briefly, 20–50 mg of the cecal matter was collected from WT, NGOB, and T2D mice, and
genomic DNA was extracted and cleaned by using the Macherey-Nagel PCR Clean-up
kit according to manufacturer’s protocol (ThermoFisher Scientific, Waltham, MA, USA).
Purified genomic DNA was submitted to the University of Wisconsin-Madison Biotechnol-
ogy Center. DNA concentration was verified fluorometrically, and samples were prepared
and amplified according to Illumina’s 16s Metagenomic Sequencing Library Preparation
Protocol with few modifications as described before [46]. Following PCR, reactions were
cleaned using 0.7× volume of AxyPrep Mag PCR clean-up beads (Corning, Corning, NY,
USA). Quality and quantity of the finished libraries were assessed using an Agilent DNA
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1000 kit (Agilent Technologies, Santa Clara, CA, USA) and Qubit® dsDNA HS Assay Kit
(ThermoFisher Scientific), respectively. In an equimolar fashion, libraries were pooled
and appropriately diluted prior to sequencing. After sequencing, images were analyzed
using the standard Illumina Pipeline, version 1.8.2. OTU assignments (Illumina, Inc.,
San Diego, CA, USA). Diversity plots were created using the QIIME (Ver. 1.9.1) analysis
pipeline [46,47].

For the pilot experiment using fecal pellets from NGOB and pre-T2D mice, cryopre-
served fecal pellets were shipped to Argonne National Labs where sequencing and data
analysis were performed according to their standard protocols. Sequencing from the pilot
experiment only went to the order level and not the species level.

4.7. FIE-FTCIR MS for Unbiased Plasma Metabolomics

Plasma samples were collected as described in Section 4.5. Samples were prepared
using a methanol extraction procedure, and unbiased FIE-FTICR MS experiments were per-
formed as previously described [7]. Statistical analysis was performed using MetaboScape
4.0 (Bruker, Billerica, MA, USA) and the online software MetaboAnalyst [48]. Putative
metabolites were further annotated by METLIN with a 2-ppm mass error cutoff. Details
about data analysis were described previously [7].

4.8. Statistical Analyses

Data from all experiments excluding that previously described for microbiome and
metabolomics analyses were analyzed using GraphPad Prism v.9 (GraphPad Software
Inc., San Diego, CA, USA). Data were analyzed by t-test, one-way ANOVA, or two-way
ANOVA as described in the figure legends. p < 0.05 was considered statistically significant.

4.9. Data Availability

All data contained within this manuscript are available upon reasonable request of
the corresponding author. The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE [49] partner repository with the dataset
identifier PXD022624.

Supplementary Materials: The following are available online at https://www.mdpi.com/2218-198
9/11/1/58/s1, Figure S1: Workflow of the FIE-FTICR MS-based platform for metabolomics. Table S1:
Diet Composition, Table S2: Pilot 16s rRNA sequencing, Table S3: 16S rRNA analysis, Table S4:
FIE-FTICR MS Mass List, Table S5: WT vs NGOB metabolites, Table S6: NGOB vs T2D metabolites.
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Abstract: Obesity is closely associated with adipose tissue inflammation and insulin resistance.
Dysglycemia and type 2 diabetes results when islet β cells fail to maintain appropriate insulin
secretion in the face of insulin resistance. To clarify the early transcriptional events leading to β-cell
failure in the setting of obesity, we fed male C57BL/6J mice an obesogenic, high-fat diet (60% kcal
from fat) or a control diet (10% kcal from fat) for one week, and islets from these mice (from four
high-fat- and three control-fed mice) were subjected to single-cell RNA sequencing (sc-RNAseq)
analysis. Islet endocrine cell types (α cells, β cells, δ cells, PP cells) and other resident cell types
(macrophages, T cells) were annotated by transcript profiles and visualized using Uniform Manifold
Approximation and Projection for Dimension Reduction (UMAP) plots. UMAP analysis revealed
distinct cell clusters (11 for β cells, 5 for α cells, 3 for δ cells, PP cells, ductal cells, endothelial cells),
emphasizing the heterogeneity of cell populations in the islet. Collectively, the clusters containing
the majority of β cells showed the fewest gene expression changes, whereas clusters harboring the
minority of β cells showed the most changes. We identified that distinct β-cell clusters downregulate
genes associated with the endoplasmic reticulum stress response and upregulate genes associated
with insulin secretion, whereas others upregulate genes that impair insulin secretion, cell proliferation,
and cell survival. Moreover, all β-cell clusters negatively regulate genes associated with immune
response activation. Glucagon-producing α cells exhibited patterns similar to β cells but, again,
in clusters containing the minority of α cells. Our data indicate that an early transcriptional response
in islets to an obesogenic diet reflects an attempt by distinct populations of β cells to augment or
impair cellular function and/or reduce inflammatory responses as possible harbingers of ensuing
insulin resistance.

Keywords: islet; obesity; insulin; transcriptomics

1. Introduction

An analysis of the National Health and Nutrition Examination Survey database revealed that the
crude prevalence of prediabetes and diabetes in the US exceeds 50% [1]. Cardiovascular consequences,
including stroke, myocardial infarction, and mortality, increase even as blood glucose rises in the
prediabetic phase [2]. Type 2 diabetes (T2D) has been increasing in incidence in the USA in a
manner that has tracked closely with the increasing prevalence of abdominal obesity [3]. Notably,
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across the spectrum from obesity to T2D, insulin resistance appears to be a common feature, and as such,
insulin-producing isletβ cells are considered central determinants in the transition from normoglycemia
to dysglycemia. The gradual or sudden failure to secrete sufficient insulin heralds rising glucose
levels [4]. Precisely how and why β cells fail have been the subjects of intense investigation in recent
years. One point of view posits that the increased demand for insulin secretion in the setting of
insulin resistance overwhelms the capacity of β cells to produce insulin, largely as a result of the
incapacity of the endoplasmic reticulum to accommodate protein throughput [5]. Another perspective
suggests that excessive circulating proinflammatory cytokines or free fatty acids trigger intracellular
signaling cascades that lead to β-cell inflammation, oxidative stress, and possibly cell death [6]. Finally,
recent data have suggested the provocative hypothesis that secretory failure and apoptosis may only
represent minor components, and the dedifferentiation of β cells to a precursor-like state effectively
leads to reduced functional β-cell mass [7]. Regardless of the primary pathology, a better understanding
of the molecular processes occurring in the β cell during early obesity and dysglycemia might permit
targeted therapeutic interventions that allow for disease modification.

With the advent of single-cell RNA sequencing (sc-RNAseq) technologies [8], important new
insights have been emerging about the nature of cells in the pancreatic islet. For example, it was shown
that α cells and β cells of the adult human islet exist in multiple subpopulations, and some of those
from adults with T2D exhibit features similar to those of children, supporting the dedifferentiation
hypothesis [9]. Data of this sort both illuminate the potential to extract information that would be
masked using bulk sequencing strategies and emphasize the heterogeneity that exists within the
islet endocrine cell pool and how specific populations might have broader implications for emerging
metabolic phenotypes in an organism. In light of these and other findings, in this study, we asked if
alterations in islet cell gene expression patterns occur in the earliest phases of obesity and dysglycemia
in a mouse model of evolving obesity and specifically how these changes might have the ability to
portend future functional alterations that give rise to overt T2D. Our data show that early changes
in β-cell gene expression reflect an ability of distinct β-cell populations to respond to the metabolic
challenges during high-fat-diet (HFD) feeding.

2. Results

2.1. Identification of Islet Cell Type Clusters by sc-RNAseq

Previous studies from our group demonstrated that a one-week period of HFD (60% kcal from
fat) feeding compared to a low-fat diet (LFD, 10% kcal from fat) in mice led to a significant increase in
mRNA translation, mTOR pathway activation, and cellular proliferation in pancreatic islets [10,11].
However, these prior studies do not provide the granularity to assess which of the specific endocrine
cellular populations account for these responses. To gain more insight into the molecular pathways and
the individual changes happening at the single-cell level, we performed sc-RNAseq from a collection
of dissociated islets (180–200 islets/mouse) isolated from a total of seven male C57BL/6J mice fed for
one week with either a HFD (60% kcal from fat, n = 4) or a control LFD (10% kcal from fat, n = 3).
Each mouse sample was processed separately. Our analysis of sc-RNAseq allowed the annotation
of islet cell types into different clusters based on the expression of key identifying genes, depicted
in the Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) plots in
Figure 1a and Supplementary Figure S1. We identified 26 cell clusters representing 9 distinct cell types
based on the gene expression of canonical markers and, as expected, the major populations identified
were β cells (Ins1+, Ins2+, Mafa+), α cells (Gcg+, Ttr+, Irx2+), and δ cells (Sst+, Ghsr+, Rbp4+),
with smaller populations of other cell types, including PP cells (Ppy+), ductal (Krt19+, Hnf1b+),
endothelial cells (Plvap+, Esm1+), immune cells as macrophages (Adgre1+, Lyz2+), T cells (Trbc2+,
Cd3g+, Cd4+), and B cells (Cd19+, Igkc+, Ighm+) (Figure 1a). Notably, no differences were observed
in the percentage of cells identified in any given cluster in HFD-fed compared to control LFD-fed mice
(Figure 1b–f). Furthermore, we found that the percentage of total α, β, and δ cells or other types of
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cells identified with sc-RNAseq does not change substantially within replicates and between the LFD
and HFD groups (Supplementary Table S1). These results demonstrate the reproducibility of our data
at a single-cell level.

Figure 1. Identification of islet cell type clusters by single-cell RNA sequencing. Single cells were
obtained from dissociated islets from male C57BL/6J mice fed for one week with either a high-fat diet
(HFD, 60% kcal from fat, n = 4) or a control low-fat diet (LFD, 10% kcal from fat, n = 3) and used to
perform single-cell RNA sequencing. (a) Annotation of islet cell types into different clusters based
on the expression of key identifying genes, depicted in the Uniform Manifold Approximation and
Projection for Dimension Reduction (UMAP) plots of merged sc-RNAseq profiles from LFD and HFD
mice; (b) UMAP of single-cell RNA sequencing profiles from islets of individual mice fed a HFD or
a LFD, as indicated; In (c–f), the percentage of β cells (c), α cells (d), δ cells (e), and other cell types
(f) identified per cluster relative to the total number of cells sequenced is shown. Data are mean ± SEM,
n = 3 for LFD and n= 4 for HFD. The number in the parentheses above each bar indicates the average
number of cells per cluster.
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2.2. Single-Cell RNA Sequencing Analysis Reveals Greatest Gene Expression Changes in Minor β Cell Clusters
Following Short-Term HFD Feeding

Next, we examined the gene expression profiles in β cells from mice fed either a HFD or LFD
for one week. UMAP analysis identified a total of 11 distinct β-cell clusters (β1-β11, see Figures 1a
and 2a). Based on the proportion of cells per cluster (Figure 1c), we identified three major clusters
of β cells (β1–β3) and eight minor clusters (β4–β11). Differential gene expression between HFD and
LFD were interrogated, and statistical significance was determined by using edgeR on the integrated
single-cell data obtained by the R package Seurat (see Section 4). It is notable that the major clusters
of β cells (β1–β3) showed minimal change in gene expression patterns (Supplementary Figure S2),
whereas the greatest changes were observed in the minor clusters (most notably β5, β7, β8, β10, β11)
(Figure 2b). These findings suggest that minor β-cell clusters drive the earliest responses to HFD,
and further emphasize how bulk RNA sequencing might miss these sentinel changes. In these minor
clusters, the most notable gene expression changes reflect upon hormone secretion and intracellular
inflammatory pathways. Clusters β5, β7, β8, β10, and β11 demonstrated significant decreases in genes
that promote insulin secretion (Atf6, Meg3, Herpud1), β cell survival (Sox4, Tnfaip3), calcium signaling
(Robo2), and activation of immune response (Nfkb1, Il1r1, Cxcl10, Ifngr2) (Figure 2b), with increases in
genes that block insulin release (Mt2) and promote apoptosis (Mif ) [12–17]. Furthermore, we observed
an increased expression of Mafa, a gene that encodes a transactivator of the Ins1/2 genes, in this group
of clusters following HFD feeding.

Figure 2. Identification of differentially expressed genes of the minor β-cell clusters. B-cell clusters
were identified from dissociated islets from male C57BL/6J mice fed for one week with either a high-fat
diet (HFD, 60% kcal from fat) or a control low-fat diet (LFD, 10% kcal from fat). (a) Representative
UMAP plot of β-cell clusters identified by single-cell RNA sequencing; (b) heatmaps of the minor β-cell
clusters of genes significantly differentially expressed (p < 0.05) in the β-cell clusters β5, β7, β8, β10,
and β11; genes are ordered from most positive to most negative fold-change.

Among the β-cell clusters that showed minimal gene expression changes between HFD and
LFD, four of them (β1, β2, β6, and β9) showed downregulation of genes for the endoplasmic
reticulum stress response (Chac1) and activation (Nfkbia, Cxcl10) of inflammatory processes
(Supplementary Figure S2) [18,19]. Clusters β3 and β4 showed an increase in expression of genes
associated with insulin secretion (Dbp) and a complementary decrease in expression of genes
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encoding a suppressor of insulin signaling (Pdea5) and inflammatory pathways (Nfkbia, Tnfaip3)
(Supplementary Figure S2) [20,21].

Collectively, these gene expression changes provide a picture of the response of β cells to HFD
feeding—namely, that specific, larger clusters of β cells demonstrate augmented insulin secretory
capacity and reduction of ER stress, whereas smaller clusters exhibit a reduced insulin secretion
capacity and survival. It remains unclear if these findings signify an early response of small clusters,
which will be later reflected in larger clusters as the impact of HFD is prolonged, or if they reflect what
will be a persistent, and perhaps competing, heterogenous response among β-cell subtypes whose
function on-balance determines T2D outcomes. In this regard, our prior studies of HFD feeding in male
mice [22] were suggestive of recurring patterns of β-cell loss, wherein it was suggested that different
subpopulations of β cells might have shown evolving susceptibility to death or dedifferentiation as
HFD feeding progressed.

Using the same diet that we have used in the present work, other studies from our group have
demonstrated that although one week of HFD feeding results in only minor impairments of glucose
tolerance, longer-term HFD feeding impairs both glucose tolerance and insulin secretion [10,11,22].
Therefore, further studies would be necessary to know ifβ-cell dysfunction in the smaller clusters drives
hyperglycemia and impairs insulin secretion during obesity. Several studies have also demonstrated that
proinflammatory signals, cellular stress, and genetic components contribute to T2D development [23–26].
Here, we found that despite the HFD feeding, β-cell clusters overall tend to decrease the expression of
proinflammatory genes, suggesting that cellular stress and β-cell dysfunction are the initial triggers
that propagate the inflammatory response in the HFD feeding model. However, more studies will
be necessary to clarify if the events of cellular stress and β-cell dysfunction identified in the smaller
clusters of β cells propagate cellular stress in other larger clusters.

2.3. Gene Pathway Analysis Reveals Molecular Responses Related to Inflammation/Immunity and Oxidative
Stress in β Cells Following HFD Feeding

Whereas the preceding studies focused on specific islet-cell gene expression changes between
HFD- and LFD-fed mice, they do not provide an unbiased context for how these alterations affect
functional signaling pathways in the cell. Therefore, we performed gene ontology gene set enrichment
analysis (GO GSEA) to evaluate the signaling pathways specifically altered by HFD feeding in
different β-cell clusters. We identified three general pathway responses exemplified by clusters β1,
β4, and β7 (Figure 3). β-cell clusters with minimal gene expression changes in response to HFD
had an overrepresentation of gene pathways in the response to cellular metabolism, endoplasmic
reticulum (ER) stress, and oxidation–reduction process (Figure 3). A second pattern, seen largely
among clusters β3 and β4 (Figure 3), showed an overrepresentation of genes associated with cell
differentiation/development, immune response, and the negative regulation of apoptosis. Finally,
a third group, exemplified by cluster β7 and exhibited the greatest gene expression changes in response
to a HFD, showed changes in gene pathways that modulate immune/inflammatory response and
cellular stress (Figure 3). Collectively, these pathway analyses are suggestive of β-cell adaptations to
HFD feeding in which inflammation/immune cascades are affected and in which changes to cellular
redox and metabolite utilization prevail. Our findings are consistent with the observations in the
literature that free fatty acids present in HFDs impose oxidative stress [6] and enhance signaling
pathways linked to cytokines and inflammation [27].
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Figure 3. Altered signaling pathways of the minor β-cell clusters. Gene ontology gene set enrichment
analysis (GO GSEA) was performed after single-cell RNA sequencing to evaluate the signaling
pathways specifically altered by high-fat-diet feeding vs. low-fat-diet feeding in different β-cell clusters.
Shown are the GO GSEA analyses of β1, β4, and β7 cell clusters.
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Short-Term HFD Feeding Reveals Heterogeneity in α Cell Responses

Islet α cells produce glucagon, a major insulin counterregulatory hormone. The dysregulated
hypersecretion of glucagon contributes to dysglycemia in obesity and T2D [28]. Bulk RNA-seq studies
from long-term HFD-fed mice previously demonstrated that α cells display remarkably minor changes
in transcriptome profile [29], but such studies might belie greater changes in gene expression patterns
in specific subsets of α cells. In this study, sc-RNAseq identified minor distinct clusters of α cells
(designated α12–α16, Figure 4a), the populations of which were not altered upon HFD feeding of mice
for one week (Figure 1d). Differential gene expression analysis of these clusters was then performed.
The cluster containing the largest pool of α cells (α12) did not show statistically significant changes in
gene expression; however, clusters α13, α14, α15, and α16 showed multiple differentially expressed
genes in HFD-fed mice compared to LFD-fed mice (Figure 4b). Notably, we observed that HFD
feeding led to a decrease in genes associated with inflammation (Il1r, Cxcl1, and Nfkbia) in all four α-cell
clusters (Figure 4b). Only cluster α13 showed changes in hormone expression, with an increase in Ppy
after HFD feeding, indicating that, in general, short-term HFD does not lead to the misexpression of
hormone-encoding genes. Other general observations include an increase in the expression of genes
involved in cell survival and proliferation (Upk3a) and cellular stress (Hspa1a and Hspa1b) in clusters
α14 and α16 [30,31], the enhanced expression of genes related to endocrine progenitors (Neurog3),
and an oxidative stress/ER stress (Ero1b) decrease in cluster α15 [32,33]. Collectively, these data indicate
that, like β cells, the early gene expression changes in α cells (a) are dependent on the specific cluster
and thereby exhibit cluster-dependent heterogeneity, and (b) might be missed by bulk sequencing
approaches since a major cluster of α cells exhibits no significant changes.

Figure 4. Transcriptome profile in α-cell clusters identified by single-cell RNA sequencing. α-cell
clusters were identified following single-cell RNA sequencing from male C57BL/6J mice fed for one week
with either a high-fat diet (HFD, 60% kcal from fat) or a control low-fat diet (LFD, 10% kcal from fat).
(a) Representative UMAP plot of α-cell clusters; (b) heatmaps depicting genes differentially regulated
(p < 0.05) in α-cell clusters; genes are ordered from most positive to most negative fold-change.

3. Discussion

To our knowledge, no studies to date have assessed the heterogeneity of individual islet cell
responses to HFD feeding in mice. The use of sc-RNAseq technologies allows us to employ clustering
analysis to segregate populations of cells that exhibit similar gene expression patterns and identify the
heterogeneity of cellular responses. In this study, we were interested in the early responses of islet
endocrine cells to HFD feeding. Prior studies have shown that one week of 60% kcal from fat a HFD
results in mild glucose intolerance in male C57BL/6 mice [10,34], suggesting that β-cell failure in the
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setting of HFD-induced insulin resistance may occur early during obesity. Our results from sc-RNAseq
analysis show that the minor clusters of β cells (β5, β7, β8, β10, and β11) exhibit an impairment in
β cell function and survival, whereas some of the major clusters of β cells (β3 and β4) demonstrate
transcriptomic changes consistent with a compensatory response; however, others (β1 and β2) still
exhibit no statistically significant change. Our findings, therefore, suggest that the failure of a majority
of β cells to compensate for prevailing insulin needs might portend the eventual development of
hyperglycemia/T2D. Further studies that include analysis of several time points would provide more
insight into whether the defective early response found in the minor β cells clusters triggers T2D
or if it is just the result of a compensatory response to an obesogenic diet. Similarly, the robustness
of a large proportion of α cells, which exhibit gene expression changes that promote proliferation
and survival, might permit the more robust production of glucagon that exacerbates dysglycemia.
Our studies support the concept that the balance of different populations of cell types in the islet (those
more capable of responding to prevailing stress vs. those less capable) might account for the eventual
risk for the development of dysglycemia/T2D in the setting of HFDs.

Several limitations should be noted in our study. First, our study was limited to an early period
(one week) following obesogenic diet exposure. Therefore, we cannot know if/how gene expression
responses change with time. Do the responsive β-cell clusters remain robustly responsive in their
gene expression patterns with more prolonged feeding? Do the less responsive clusters become more
responsive with time? Are specific clusters more susceptible to apoptosis or dedifferentiation over time?
Does the islet isolation process influence mRNA expression? In future studies, applying our annotation
and clustering analyses should allow us to address these questions using timed feeding cohorts. Second,
our study was limited to male C57BL/6J mice, which are known to be the most susceptible to the
deleterious effects of HFD feeding. The use of mice with more robust islet responsiveness, such as the
C57BLKs/J strain [35] or female C57BL/6J mice [36], is likely to provide more insight into the nature and
number of β-cell clusters that are responsive to the demand for insulin production. Third, the relevance
of our study to human obesity and T2D remains unclear because of species differences and the added
genetic heterogeneity in humans that compounds the inherent heterogeneity of the islet cell types.
Fourth, although our data are compared to controls, because the procedure of islet isolation is a stressful
process, we cannot rule out that it could lead to more exaggerated changes in gene expression profile
that may impact our findings. Finally, we should note that sc-RNAseq may underestimate the nature
of gene expression changes since the depth of sequencing by single-cell technologies is considerably
lower than that seen in bulk sequencing technologies. Thus, our findings regarding the minimal gene
expression changes seen in the majority of β-cell clusters may not fully report actual changes occurring
in these cells. Nevertheless, our studies provide new biologic insight into the early changes in gene
expression that occurs in islet cell subsets in the early phase of obesogenic diets.

4. Materials and Methods

4.1. Animal Studies

Male C57BL/6J mice were purchased from Jackson Laboratories at 7 weeks of age. All mice were
kept on a standard 12 h–12 h light–dark cycle with ad libitum access to chow and water. Mice were
maintained at the Indiana University vivarium according to protocols approved by the Institutional
Animal Care and Use Committee. At 8 weeks of age, animals were fed either a LFD (10% kcal from fat;
Research Diets D12450B) or a HFD (60% kcal from fat; Research Diets D12492) for one week.

4.2. Islet Isolation

Mouse islets were isolated from collagenase-perfused pancreata, as previously described [37].
After isolation, mouse islets (approximately 180–200 islets) were handpicked and digested with
Accutase (EMD Millipore Corporation, Temecula, CA, USA) containing 2 U/mL of DNAse for 5 min at
37 ◦C sob agitation (1000 rpm). Digested cell islets were washed several times with PBS+2%FBS to
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eliminate DNAse and then filtered using a cell strainer (40 μm). Single-cell suspensions and samples
with more than 90% viability were used for sc-RNAseq.

4.3. Preparation of Single Cell 3′ RNA-seq Library

Single-cell 3′ RNA-seq experiments were conducted using the Chromium single-cell system
(10 x Genomics, Inc., Pleasanton, CA, USA) and Illumina sequencers at the Center for Medical Genetics
(CMG) of the Indiana University School of Medicine. Each cell suspension, a collection of 180–200
islets isolated from an individual mouse, was first inspected under a microscope for cell number,
cell viability, and cell size. For the initial cell suspension with low viability, the single-cell preparation
was further processed, which included centrifugation, resuspension, and filtration to remove cell debris,
dead cells, and cell aggregates. Single-cell capture and library preparation were performed according
to the Chromium Single Cell 3′ Reagent Kits V3 User Guide (10x Genomics PN-1000075, PN-1000073,
PN-120262). An appropriate number of cells were loaded on a multiple-channel microfluidics chip of
the Chromium Single Cell Instrument (10x Genomics) with a targeted cell recovery of 8000 to 10,000.
Single-cell gel beads in an emulsion containing barcoded oligonucleotides and reverse-transcriptase
reagents were generated with the V3 single-cell reagent kit (10x Genomics). Following cell capture and
cell lysis, cDNA was synthesized and amplified. Illumina sequencing libraries were then prepared
with the amplified cDNA. The resulting libraries were assessed with Agilent TapeStation. The final
libraries were sequenced using a custom program on Illumina NovaSeq 6000. About 550 million read
pairs were generated for each sample, with 28 bp of cell barcode and unique molecular identifier reads
and 91 bp RNA reads.

4.4. Analysis of sc-RNAseq Sequence Data

CellRanger 3.0.2 (http://support.10xgenomics.com/) was utilized to process the raw sequence data
generated. Briefly, CellRanger used bcl2fastq (https://support.illumina.com/) to demultiplex raw base
sequence calls generated from the sequencer into sample-specific FASTQ files. The FASTQ files were
then aligned to the mouse reference genome mm10 with RNA-seq aligner STAR. The aligned reads
were traced back to individual cells, and the gene expression level of individual genes was quantified
based on the number of UMIs detected in each cell.

The filtered gene–cell barcode matrices generated from CellRanger were used for further analysis
with the R package Seurat (Seurat development version 3.0.0.9200) [38,39] with Rstudio version 1.1.453
and R version 3.5.1. Quality control (QC) of the data was implemented as the first step in our analysis.
We filtered out genes that were detected in less than five cells and cells with less than 200 genes.
To further exclude low-quality cells in downstream analysis, we used the Outlier function from the
R package scatter [40] together with a visual inspection of the distributions of the number of genes,
UMIs, and mitochondrial gene content. Cells with an extremely high or low number of detected
genes/UMIs were excluded. In addition, cells with a high percentage of mitochondrial reads were
also filtered out. After removing likely multiplets and low-quality cells, the gene expression levels for
each cell were normalized with the NormalizeData function in Seurat. Highly variable genes were
subsequently identified.

To integrate the single-cell data of the HFD and LFD samples, functions FindIntegrationAnchors
and IntegrateData from Seurat were applied. The integrated data were scaled, and PCA was
performed. Clusters were identified with the Seurat functions FindNeighbors and FindClusters.
The FindConservedMarkers function was subsequently used to identify cell cluster marker genes.
Cell cluster identities were manually defined with the cluster-specific marker genes or known marker
genes. The cell clusters were visualized using the t-Distributed Stochastic Neighbor Embedding (t-SNE)
plots and Uniform Manifold Approximation and Projection (UMAP) plots.

To investigate cell cluster/type-specific responses triggered by different diet treatments,
a pseudobulk count approach was applied. The counts of each gene of all cells within a cell
cluster for each biological replicate were aggregated. In this way, the gene–cell count matrix was
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transformed into a gene–sample level count matrix. The R package muscat (version 1.0.1, [41])
was employed for generating pseudobulk counts and differential gene expression analysis between
conditions with the same cluster. In more details, the Seurat object generated from the integrative
analysis was first converted into a SingleCellExperiment object using the as.SingleCellExperiment
function in Seurat. The SingleCellExperiment object was then used as input for muscat. Gene–cell
count data were aggregated with the function aggregateData, and differential gene expression analysis
of the pseudocounts was performed with edgeR [42]. GO gene set enrichment analysis was performed
using the R package clusterProfiler [43]. The datasets generated and analyzed in the present study are
available in the GEO repository (accession number: GSE162512).

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-1989/10/12/513/s1,
Table S1: Percentage of cells per cluster identified by sc-RNAseq, Figure S1: Genes used for identification of cell
clusters, Figure S2: Identification of differentially expressed genes of the major β cell clusters.
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Abstract: Loss of functionalβ-cell mass is a hallmark of Type 1 and Type 2 Diabetes. Macrophages play
an integral role in the maintenance or destruction of pancreatic β-cells. The effect of the macrophage
β-cell interaction is dependent on the activation state of the macrophage. Macrophages can be
activated across a spectrum, from pro-inflammatory to anti-inflammatory and tissue remodeling.
The factors secreted by these differentially activated macrophages and their effect on β-cells define the
effect on functional β-cell mass. In this review, the spectrum of macrophage activation is discussed,
as are the positive and negative effects on β-cell survival, expansion, and function as well as the
defined factors released from macrophages that impinge on functional β-cell mass.

Keywords: β-cell; macrophage; islet; cytokine; diabetes

1. Introduction

The prevalence of diabetes is growing. It is currently estimated that 463 million individuals are
diabetic and that by the year 2045 that number will increase to 700 million [1]. While the etiologies of
the two primary forms of diabetes are clearly different, Type 1 Diabetes (T1D) and Type 2 Diabetes (T2D)
both result in decreased functional β-cell mass (defined as changes in β-cell survival, proliferation,
and insulin secretion). T1D is characterized by autoimmune destruction of the insulin-producing
pancreatic β-cells [2], and T2D is characterized by β-cell dysfunction and the ultimate loss of β-cell
maturity and increased β-cell death [3].

While clearly observed with T1D, the increased presence and islet infiltration of hematopoietic
cells are also observed in the pancreas of T2D patients [4,5]. Additionally, resident monocyte-derived
dendritic cells and macrophages also play a critical role in β-cell homeostasis [6]. Signaling from
these cell types can result in modifications in β-cell function, survival, and proliferation. The direct
interaction between hematopoietic cells and β-cells plays a critical role in the maintenance of functional
β-cell mass.

Resident macrophages are found in all human tissues. The entire macrophage pool in an adult
human is estimated to be about 1010 cells [7]. Macrophages are a critical part of the innate immune
response that specializes in the detection and destruction of foreign pathogens as well as the activation
and recruitment of adaptive immune cells. Inflammatory macrophages have classically been considered
to be detrimental to β-cell function and survival, thereby contributing to β-cell failure in both T1D
and T2D. Recent findings, however, have demonstrated that anti-inflammatory macrophages play a
supportive role through tissue remodeling that protects β-cells and enhances insulin secretion and
replication. These contradictory effects of the macrophage on the β-cell are due to the macrophage
activation state and the factors that are produced by and released from macrophages found in the
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pancreatic islet. In this review, the deleterious and protective effects of macrophages on the β-cell are
described in the context of macrophage activation states and the factors secreted by macrophages that
signal to the β-cell. Further understanding of the origins and activation pathways of tissue-resident
macrophages is fundamental for the design of intervention strategies to maintain functional β-cell
mass as a treatment for T1D and T2D.

2. The Macrophage Activation Spectrum

Macrophages play an important role in maintaining tissue homeostasis, completing essential
tissue-specific functions, and protecting the organism from infection. Due to the presence of scavenger
receptors, they are able to perform housekeeping tasks such as removal of aged red blood cells, necrotic
tissue, and toxic molecules, in the absence of special activation-associated stimuli. However, under the
distress of infected or injured tissue, these homeostatic functions are increased by a variety of activating
stimuli [8].

Tissue-resident macrophages were thought to continuously repopulate from circulating monocytes,
which are ontologically derived from hematopoietic stem cells [9]. Recent studies have challenged
this view. Although monocytes have the ability to differentiate into macrophages, subpopulations of
resident macrophages in certain tissues (such as the pancreas) result from yolk-sac derived precursors
during embryonic development [10,11]. This suggests that the pancreatic macrophage population is
able to be maintained independently of circulating monocytes [12].

Macrophages are traditionally divided into two functional subgroups; the classically activated,
inflammatory and cytotoxic M1-like macrophages and the alternatively activated M2-like macrophages
that are anti-inflammatory and mediate tissue repair and remodeling [10]. It is now understood that
these subsets better represent different points on a spectrum of macrophage activation states [13] and
that other activation states may well be present [14]. Macrophages are able to respond to specific
environmental signals to express various activation states along a dynamic range of phenotypes [15].
Nevertheless, for the sake of simplicity, we will use the subgroups M1-like and M2-like macrophage
designations (Figure 1).

M1-like macrophages are characterized by their immunogenic properties. These properties
protect against infection by propagating proinflammatory responses [16]. In the case of obesity-related
pancreatic inflammation that is common in T2D, an abundance of free fatty acids (FFA), reactive oxygen
species (ROS), islet amyloid polypeptide (IAPP), and proinflammatory cytokines increase M1-like
macrophage polarization [17]. An M1-like macrophage can further propagate this response through
the activation of the non-obese diabetic (NOD)-, LRR- and pyrin domain containing 3 (NLRP3)
inflammasome. Once activated, the NLRP3 inflammasome secretes cytokines such as interleukin-1 beta
(IL-1β) that induce M1-like polarization of other macrophages [18]. The proinflammatory M1-like state is
also enhanced in the presence of interferon-gamma (IFN-γ), lipopolysaccharide (LPS), IL-1β, and tumor
necrosis factor-alpha (TNFα). Additionally, M1-like macrophages are efficient producers of effector
molecules such as ROS and reactive nitrogen species (NOS). They also produce inflammatory cytokines,
such as IL-1β, IL-6, IL-12, and TNF-α, and chemokines such as chemokine (C-X-C motif) ligand 9
(CXCL9), CXCL10, and Chemokine (C-C motif) ligand 5 (CCL5). Additionally, M1-like macrophages
express major histocompatibility complex (MHC) class II. These factors allow the M1-like macrophage
to be recognized by and induce an immune response from T helper 1 (Th1) cells [19].

The M2-like macrophage primarily serves an anti-inflammatory and tissue regenerative purpose.
M2-like macrophage polarization has a wider variety of activating stimuli. Anti-inflammatory signals
such as IL-4, IL-13, macrophage colony-stimulating factor (CSF-1), and transforming growth factor
beta (TGF-β) are associated with differentiation to the M2-like tissue regenerative and remodeling
phenotype [20]. IL-4 and IL-13 were among the first to be discovered as inhibitors of the classical M1-like
phenotype [16]. IL-21 is another important cytokine that drives M2-like polarization. Additionally,
IL-33 is a cytokine of the IL-1 family that amplifies IL-13-induced polarization of macrophages to the
M2-like phenotype. The M2-like phenotypes are characterized by the expression of chitinase 3 like 1
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(CHI3L1), CCL24, CCL17, and arginase 1. M1-like macrophages metabolize arginine through NOS2
to produce nitric oxide (NO), M2-like macrophages use arginase 1 (ARG1) to metabolize arginine
into polyamines that are used for proliferation and tissue remodeling [16]. M2-like macrophages
express Th2 attracting chemokines CCL17 and CCL24, allowing the M2-like macrophages to work
synergistically with Th2 cells to resolve inflammation and promote tissue remodeling, angiogenesis,
and immunoregulation. Even within the M2-like “classification” there appear to be M2-like subtypes
based on in vitro activation studies, expression profile, and function. M2a macrophages are activated by
IL-4 and IL-13, express scavenger and phagocytic receptors, and secrete fibronectin, insulin-like growth
factor (IGF), and TGFβ. M2b macrophages produce the proinflammatory IL-1β, IL-6, and TNF-α,
and the anti-inflammatory IL-10. M2b cells are activated by Toll-like receptors and IL-1 receptor
antagonists. M2c macrophages are activated through IL-10 and glucocorticoids. They remove apoptotic
cells through expression of tyrosine-protein kinase MER (MerTK). Finally, M2d macrophages express
IL-10 and vascular endothelial growth factor (VEGF). This wide variety of “M2” macrophage subtypes
emphasizes the current understanding that M1-like and M2-like macrophages define extremes of a
“macrophage activation spectrum” in terms of activation, gene expression, and function [21–24].

Figure 1. Polarization of monocytes to M1-like or M2-like macrophages. Macrophages can be
polarized along an activation spectrum in response to different signals within their microenvironment.
An undifferentiated macrophage will lean more M1-like under proinflammatory conditions, propagating
a “kill” response. Conversely, a macrophage may lean more M2-like under anti-inflammatory conditions
usually following M1 damage where a “heal” response is necessary.
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3. Macrophages Can Impair β-Cell Function and Survival

Extensive findings demonstrate that M1-like macrophages have deleterious effects on β-cells
by impairing glucose-stimulated insulin secretion (GSIS), inducing apoptosis, and causing β-cell
dedifferentiation. NOD mice that spontaneously develop T1D, can have diabetes development impaired
through macrophage depletion [25]. These findings have been substantiated in the BioBreeding
Diabetes Prone rat (DP-BB) model [26]. Similarly, human tissue sections from T1D patients demonstrate
macrophage infiltration of the islet [27,28]. The key proinflammatory cytokines observed in T1D are
TNF-α, IL-1β, and IFN-γ, all of which are produced by macrophages [29]. Macrophages isolated
from T1D patients have elevated proinflammatory gene expression. Interestingly, macrophages from
long-term T1D patients have an impaired ability to undergo M2-like activation, suggesting potential
changes to the macrophage population over time [30]. Macrophages exposed to oxidative stress
produced elevated ROS levels that can push the macrophage toward an M1-like phenotype, which can
be reverted to an M2-like phenotype with the use of ROS scavengers [31,32].

Islet inflammation is also a characteristic of T2D. Increased macrophage numbers have been
observed in human T2D pancreata as well as rodent T2D models such as db/db mice, GK rats,
and diet-induced obesity models [18,33–39]. Islets from T2D patients have elevated IL-6, IL-8, CXCL1,
granulocyte colony-stimulating factor (GCSF), and macrophage inflammatory protein-1 alpha (MIP1α)
levels [33]. Hyperglycemia and hyperlipidemia induce islet chemokine secretion which results in
macrophage islet infiltration. These macrophages express M1-like markers, and depletion of M1-like
macrophages suppresses β-cell lipotoxicity in vivo [9,36]. Various systemic changes associated with
obesity can induce macrophage activation to an M1-like phenotype, and result in increased secretion
of inflammatory cytokines such as IL-1β, IFN-γ, and TNF-α that directly signal to and affect β-cell
function and survival [40]. Using clodronate-mediated macrophage suppression, db/db and KKAy
mice have improved glucose tolerance and insulin secretion, demonstrating that macrophages in these
T2D models impair β-cell function [36]. β-cell dedifferentiation is a hallmark of T2D and plays a major
role in decreasing functional β-cell mass [41]. Db/db islets have impaired expression of β-cell identity
genes, such as MAF BZIP Transcription Factor A (MafA), pancreatic and duodenal homeobox 1 (Pdx1),
Glut2, and potassium inwardly rectifying channel subfamily J member 11 (Kcnj11). Interestingly,
β-cell identity gene expression improves when macrophages are depleted from db/db islets [42].
These results demonstrate that M1-like macrophages have a deleterious effect on functional β-cell mass
in T1D and T2D.

Macrophage Produced Secreted Factors That Negatively Modulate Functional β-Cell Mass

The primary cytokines produced by macrophages that negatively impact functional β-cell mass
are IL-1β, IL-6, IFN-γ, and TNF-α (Table 1). These cytokines have negative effects on functional β-cell
mass by impairing GSIS, inducing cell death, and increasing β-cell dedifferentiation. IL-1β is a member
of the interleukin 1 (IL-1) family of cytokines. As such, IL-1β is involved early in the immune response
to signal the production of other cytokines. Although the islet is capable of producing IL-1β under
diabetogenic conditions, mouse and human islet studies have shown that macrophages secrete the
overwhelming majority of IL-1β [43]. Additionally, β-cells express high levels of interleukin-1 receptor
(IL-1R), and as such are highly sensitive to IL-1β [44]. It has been shown that when β-cells are subject
to acute exposure of IL-1β, GSIS and overall β-cell survival improve. However, numerous studies have
shown that chronic exposure to IL-1β common to diabetogenic or obese conditions causes impaired
GSIS and increased β-cell de-differentiation and death [43,45,46]. Blocking IL-1β or inhibiting IL-1R
results in improved outcomes in the restoration of β-cell function, mass, and the reversal of T2D
phenotypes [9,47,48].

IL-1β signaling results in activation of nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) and mitogen-activated protein kinase (MAPK) pathways [49], through which the
β-cell releases chemokines such as CXCL1 and CXCL2 to recruit cells of the innate and adaptive
immune system. In a study using neonatal NOD mice, those treated with a neutralizing anti-IL-1β
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monoclonal antibody (mAb) had decreased macrophage and neutrophil islet infiltration [50]. Similarly,
mice treated with anti-IL-1β mAb demonstrated a significant decrease in islet produced CXCL1
and CXCL2, which recruits infiltrating immune cells through the CXCR2 receptor [51,52]. The use
of IL-1R antagonist drugs has shown significant reductions in islet macrophage infiltration [53].
Finally, β-cells exposed to IL-1β increase expression and secretion of other proinflammatory signals
monocyte chemoattractant protein-1 (MCP-1), IL-6, and TNF-α, thus inducing greater macrophage
migration and islet inflammation [18]. The combined exposure of islets to IL-1β and IL-6 decreases GSIS,
increases endoplasmic reticulum (ER) stress marker expression (such as Inducible nitric oxide synthase
2 (iNOS2), activating transcription factor 4 (ATF4), and CCAAT/enhancer binding protein (C/EBP)
homologous protein (CHOP)), induces calcium handling deficiencies, and increases cell death [54].
These data demonstrate the IL-1β signaling at the β-cell results in the production of signals to enhance
islet inflammation.

Culturing macrophages ex vivo with elevated glucose or fatty acids induces IL-1β release [47,55].
Min6 β-cells cultured with conditioned media from palmitate-treated macrophages demonstrated
that preclearing the media with neutralizing antibodies blocked the effect of these cytokines to impair
β-cell function [36]. Macrophages cultured with Min6 β-cells result in increased cytokine secretion,
which impedes GSIS, and the addition of anti-IL-1β and anti-TNF-α antibodies improves GSIS [36].
β-cell IL-1β signaling through the MAPK and c-Jun N-terminal kinase (JNK) pathway results in
downregulation of the phosphatidylinositol 3-kinase-protein kinase B signaling pathway (P13K-AKT)
signaling cascade, and ultimately decreases PDX1-mediated gene expression [45,56]. This results in a
decrease in insulin mRNA levels and impaired GSIS [57–63].

IL-1β induces pro-apoptotic and necrotic pathways in the β-cell through the extracellular
signal-regulated kinase (ERK) signaling pathways [64]. ER stress that is characteristic of T2D β-cells
potentiates the IL-1β signaling pathway and leaves the β-cell more susceptible to IL-1β-mediated cell
death [54]. TNF-α and IFN-γ work synergistically with IL-1β to induce β-cell apoptosis via the intrinsic
and extrinsic apoptotic pathways. IL-1β and IFN-γ induce the intrinsic apoptotic pathway through
the activation of the NF-κB-mediated gene network. NF-κB activation subsequently leads to NO and
cytokine production, depletion of ER calcium stores, and induction of ER stress. Rat islets cultured
with IL-1β and IFN-γ revealed expression changes to genes associated with inflammation, cell death,
antigen presentation, and cytokines/chemokine production [65]. ER stress results in mitochondrial
damage, cytochrome c release, and mitochondrial death signals that activate caspase 9 and caspase 3
resulting in activation of the intrinsic apoptosis pathway [66,67]. Human islets cultured with TNF-α,
IFN-γ, and IL-1β with or without NO induced ER stress as indicated by increased expression of CHOP,
activating transcription factor 3 (ATF3), binding immunoglobulin protein (BIP), and X-box binding
protein-1 (XBP1). IL-1β can also induce apoptosis via the extrinsic pathway by up-regulating Fas
receptor expression [68].

IL-1β can induce β-cell dedifferentiation. Human and rodent islets cultured with IL-1β, IL-6,
and TNF-α present with β-cell dedifferentiation [69]. Furthermore, IL-1β induces downregulation
of forkhead box protein O1 (Foxo1), which is essential for maintaining β-cell differentiation.
Similar results are observed with EndoC-βH1 and human islets, where culture with the same mixture
of cytokines induces upregulation of progenitor genes such as SRY-Box Transcription Factor 9 (Sox9),
and downregulation of mature β-cell genes [70]. Interestingly, culturing β-cells with non-cytotoxic
IL-1β levels impaired insulin secretion, reduced β-cell proliferation, and decreased expression of β-cell
identity genes such as MafA and Urocortin-3 (Ucn3) [71]. These changes, however, were reversible
as IL-1β removal restored β-cell identity gene expression. While these data strongly suggest that
IL-1β plays a critical role in inducing β-cell dedifferentiation, pancreatic IL-1R deletion (the receptor
by which IL-1β signal transduction occurs) also results in impaired β-cell function and increased
expression of the dedifferentiation marker Aldh1a3 [45]. More studies will need to be completed to
clearly understand the role of IL-1β on β-cell dedifferentiation.
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One of the key differences between M1-like and M2-like macrophages is arginine metabolism.
M1-like macrophages use arginine to produce NO by way of iNOS2. Macrophage production of
NO and ROS have direct effects on functional β-cell mass due to low β-cell expression of radical
scavenging pathways. NF-κB regulates the expression of inducible nitric oxide synthase (iNOS) in
β-cells, with many of the gene expression changes associated with cytokine exposure being secondary
to iNOS-mediated NO formation. Increased macrophage produced NO and ROS leads to DNA damage
and activation of poly (ADP-ribose) polymerase (PARP) to facilitate DNA repair. PARP activation
depletes the β-cells NAD pool, which can lead to β-cell necrosis [72]. IL-1β stimulates β-cell iNOS
expression, which leads to elevated internal NO levels. Increased cellular NO impairs electron transfer,
decreases mitochondrial ATP production, and induces the expression of proinflammatory genes in the
β-cell [73].

IL-6 signals through the IL-6 receptor system. This results in signal transducer and activator of
transcription 3 (STAT3) activation and MAPK activation and increased transcription of downstream
target genes [74,75]. IL-6 is sufficient to impair GSIS and decrease islet insulin content [76,77].
Conversely, chemically inhibiting IL-6 signaling at the IL-6 receptor improves insulin content and
GSIS [78]. The observed decrease in insulin content due to IL-6 is due to transcriptional changes,
as IL-6 decreases Ins1, Ins2, and PDX1 mRNA levels [79]. IL-6 signaling may also impair mitochondrial
function through inducing mitochondrial fission and potentially increased mitophagy [80].

IFN-γ is a pro-inflammatory cytokine responsible for β-cell destruction. IFN-γ signals to the
β-cell through the interferon-gamma receptor (IFNGR) complex. This receptor complex activates the
JAK/STAT and the NF-κB signaling cascades [49,81]. This leads to activation of the transcription factor
interferon regulatory factor 1 (IRF-1) and upregulation of caspase-1, caspase-3, caspase-9 [82], and other
proapoptotic gene expression [82]. Loss of STAT1 signaling impairs IFN-γ-mediated cell death [83].
Furthermore, loss of STAT1 impairs IP-10 and iNOS gene expression [83]. IFN-γ also impairs β-cells
insulin content and GSIS [84,85]. Finally, IFN-γ potentiates IL-1β-mediated iNOS expression and NO
production in the β-cell [86–88].

TNF-α was originally thought to be produced by T-cells, however, data demonstrate that TNF-α is
primarily produced by macrophages and dendritic cells in the islet [89,90]. TNF-α signals through the
TNFR and activates the NF-κB and MAPK signaling cascades [49,91]. Once a threshold of activation
through NF-κB is activated, proapoptotic and inflammatory pathways are activated [92]. Inhibition of
TNF-α, NF-κB, and JNK has been shown to improve β-cell survival and function [93]. These signaling
cascades can lead to β-cell dysfunction and death [93]. TNF-α, IL-1β, and IFN-γ all induce ROS
production in β-cells through activation of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases [94]. They also upregulate iNOS expression, resulting in increased NO production [95,96].
Increased ROS and NO production results in mitochondrial damage and activation of the intrinsic
apoptotic pathway [97]. Induction of iNOS through the TNF-α signaling cascade functions through
the IRF transcription factor [98,99]. Human islets exposed to TNF-α, IL-1-β, and IFN-γ have increased
expression of various cytokines that enhance immune cell migration, including CXCL1, CXCL8,
CCL20, CCL2, and CXCL10 through the NF-κB and STAT1 signaling cascade [100]. TNF-α also
induces β-cell Ca2+ influx, which can negatively affect insulin secretion and β-cell survival [101].
Finally, using a TNF-α antagonist partially restored β-cell identity gene expression that are lost
during dedifferentiation [69]. These data demonstrate the negative effect that these various M1-like
macrophages produced secreted factors have on the pancreatic β-cell.
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Table 1. Macrophages secreted factors that have a negative effect on functional β-cell mass.

Effectors Target

IL-1β

Initiates β-cell apoptosis through ERK signaling pathways [18,64]
Decreases insulin mRNA levels [57–63]

Impairs GSIS [57–63]
Increases IL-6 release in β-cell [18]

Transcriptional changes of 3068 genes associated with inflammation, cell death, antigen
presentation, and cytokines/chemokines [65]

Contributes to increased ER stress [68]
Increases Fas expression [77]

IL-6 Impairs GSIS [76,77]
Decreases Ins1, Ins2, and PDX1 mRNA levels in the islet [79]

IFN-γ

Participates with IL-1β to activate NF-κB genes, leading to NO and cytokine production leading to
ER stress [65]

Participates with IL-1β to cause transcriptional changes to 3068 genes associated with
inflammation, cell death, antigen presentation, and cytokines/chemokines [65]

Impairs β-cell insulin secretion [84,85]

TNF-α

Contributes to increased ER stress [68]
Participates in NF-κB pathway activation [92]

Activates proapoptotic and proinflammatory pathways through NF-κB [49,91,93]
Increases iNOS and NADPH oxidase activity, leading to increased ROS production and

mitochondrial damage [94–97]
Induces intrinsic apoptosis [97]

Increases the expression of cytokines CXCL1, CXCL8, CCL20, CCL2, and CXCL10, which promote
immune cell infiltration of the islet [100]

Induces Ca2+ influx in β-cells, impairing insulin secretion [101]

4. M2-Like Macrophage Can Enhance the Development, Maintenance, and Function of β-Cells

There is an intimate relationship between macrophages and the development of pancreatic
islets, and specifically β-cell proliferation and survival. Mature F4/80+ macrophages are found
in the pancreatic bud by E14.5 [102]. The presence of these macrophages is directly linked to
the expansion of β-cell number during development. Pancreas explants cultured with exogenous
macrophage colony-stimulating factor (M-CSF), which is sufficient to induce macrophage proliferation,
results in increased macrophage and β-cell number more than four-fold over the explants cultured
without M-CSF, suggesting a connection between macrophage signaling and β-cell proliferation [102].
The presence and increased migration of macrophages to the developing pancreas is necessary
for the delamination of endocrine cells from the pancreatic ducts and their ultimate migration to
nascent islets [103]. Similarly, macrophages are observed in the human pancreas as early as 6 weeks
of development, with elevated levels of the cytokine CSF-1 also being detected [104]. As CSF-1 is
essential for macrophage differentiation, these data suggest that macrophages are needed for nascent
β-cell expansion. CSF-1-deficient osteopetrotic CSF-1 op/op mice, which have impaired production
of myeloid-derived macrophages and dendritic cells, also have decreased β-cell mass and impaired
β-cell proliferation when compared to CSF-1 op/+ littermates [102,103]. These data demonstrate that
macrophages are necessary for β-cell proliferation during embryonic development. Furthermore,
given the function of these macrophages, these data suggest a M2-like phenotype.

While the data for macrophage-mediated β-cell proliferation during development are strong,
there are equally compelling data regarding the effects of the macrophage on β-cell survival
and proliferation during adulthood or during disease states. Mice fed a high-fat diet initially
demonstrate increased β-cell proliferation. This proliferation correlates with increased intra-islet
macrophage accumulation, where these macrophages express markers indicative of an M2-like
activation state [105,106]. In fact, hyperplastic islets observed in diet-induced obesity have greater
macrophage concentrations, suggesting that macrophages may be needed to open the extracellular
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matrix and create an expansion niche for the growing islet [33]. These studies are supported by
other models that demonstrate the effect of macrophages on the β-cell. Macrophages with an M1-like
expression profile shifted to an M2-like profile in response to diphtheria toxin-mediated β-cell damage
and in correlation with the subsequent β-cell expansion [107,108]. Clodronate-mediated macrophage
ablation attenuates β-cell regeneration, suggesting that macrophages are needed for β-cell expansion
in this model. Similarly, pancreatic ductal ligation-mediated β-cell regeneration is dependent on
M2-like macrophages [109–112]. Using a chronic pancreatitis model of β-cell loss, it was shown
that M2-like activated macrophages were essential for β-cell proliferation and that transplantation
with CSF-1R -/- bone marrow (which has impaired macrophage production) results in lost β-cell
mass [113]. Changes in vascularization were also observed, and given the ability of macrophages
to assist in vascular remodeling, some of the β-cell maintenance and proliferation may be vascular
mediated [20]. β-cell regeneration after VEGF-A-mediated β-cell loss was shown to be dependent
on M2-like macrophages [114,115]. Finally, recent observations demonstrate that human pancreatic
donors demonstrated a strong correlation between the presence of M2-like macrophages and increased
islet vascularization and β-cell proliferation marker expression [116]. These data demonstrate a direct
connection between M2-like macrophages and the maintenance and expansion of β-cell mass in various
models of β-cell damage and regeneration.

Macrophage Produced Secreted Factors That Positively Modulate Functional β-Cell Mass

M2-like macrophages clearly play a protective role inβ-cells in terms of maintaining and expanding
functional β-cell mass. This protective role is mediated by various factors secreted from the macrophage
that directly affect the β-cell (Table 2). Using a streptozotocin (STZ) model of β-cell destruction,
recruitment of M2-like macrophage to islets was observed. It was shown that these M2-like macrophages
produce and release wingless-type MMTV integration site family, member 3A (Wnt3a), which induces
the Wnt/β-catenin pathway in the β-cell, which resulted in increased β-cell proliferation [117]. Similarly,
using a diphtheria toxin-induced model of β-cell injury, M2-like macrophages were shown to induce
β-cell survival and proliferation through macrophage produced Wnt and activation of the β-cell
Wnt/β-catenin signaling pathway [107,118].

Resident macrophages can be moved to an M2-like phenotype through IL-33 signaling.
In response to islet secreted IL-33 and the change of the macrophage phenotype to an M2-like
state, changes in secreted factors are observed. This signaling cascade, also facilitated by IL-13 and
CSF-2, induces expression of aldehyde dehydrogenase 1 family, member A2 (Aldh1a2), which produces
retinoic acid. Retinoic acid released from resident macrophages (and dendritic cells) results in the
induction of retinoic acid receptor beta (RARβ) expression in the β-cell and increased insulin [119].

Using a partial pancreatic ductal ligation demonstrates additional macrophage secreted factors that
affect functional β-cell mass. M2-like macrophages were shown to migrate in response to ductal ligation
and secrete TGFβ1 and EGF. TGFβ1 induced β-cell upregulation of mothers against decapentaplegic
homolog 7 (SMAD7) and SMAD2, where SMAD7 is sufficient to induce proliferation and SMAD2
acts as an inhibitor of the SMAD7 proliferation cascade. In addition to secreting TGFβ1, the M2-like
macrophages also secreted EGF. The EGF signaling cascade resulted in inhibition of SMAD2 nuclear
localization. This allowed β-cells to undergo proliferation through upregulation of the cell cycle
activators cyclin D1/D2 and nuclear exclusion of the cell cycle inhibitor p27CDKN1B [111]. TGFβ has
also been shown to be essential for proper pancreas development [120,121]. Furthermore, knockout of
TGFβ receptor I and II in β-cells inhibits M2-like macrophages-mediated β-cell proliferation [111,121].

EGF is not the only growth factor secreted from macrophages that have been shown to have
a positive effect on β-cells. Macrophages from obese mice have been shown to increase β-cell
proliferation. This occurs due to PDGF release from the macrophage and signaling to the β-cell through
platelet-derived growth factor receptor (PDGFR) [122]. Hepatocyte growth factor (HGF) has been
shown to push macrophages to an M2-like phenotype [123], and M2-like macrophages are capable of
secreting HGF [10]. HGF has been shown to increase β-cell proliferation and increase insulin secretion,
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as well as induce β-cell regeneration in a partial pancreatectomy model [124,125]. IGF-1 produced
from M-2 like macrophages has been shown to play a critical role in maintaining functional β-cell mass
by maintaining glucose-stimulated insulin secretion [126].

In addition to producing growth factors, M2-like macrophages release IL-10, which has direct
effects on maintaining functional β-cell mass. β-cells exposed to IL-10 express elevated levels of
anti-apoptotic genes [127]. IL-10 can induce β-cell iNOS protein levels, thus potentially decreasing
NO levels [128]. Finally, IL-10 can enhance insulin secretion, as measured by c-peptide levels [129].
A recent publication showed that human islets have macrophages in the perivascular region that are
the primary source of islet IL-10 levels, and that loss of the ability to produce IL-10 in the obese and
diabetic state leads to β-cell loss [130].

Finally, islet expansion is dependent on the remodeling of the islet vasculature and the extracellular
matrix (ECM), as well as the release of growth factors bound in the ECM. M2-like macrophages produce
and secrete matrix metalloproteinases (MMP) that are critical for this process. Macrophages from
human islets are the primary source of MMP9 [130]. Macrophages that migrate to the islets in a chronic
pancreatitis model of diabetes express various M2-like markers, including MMP9, which is essential for
islet vascularization and β-cell expansion [113]. Together, these data demonstrate the various factors
secreted from the M2-like macrophages that have direct effects on maintaining functional β-cell mass.

Table 2. Macrophages secreted factors that have a positive effect on functional β-cell mass.

Effectors Target

WNT3A Increases β-cell proliferation and survival via Wnt/β-catenin pathway [107,117,118]

RETINOIC ACID Increased expression of RARβ and increased insulin production and secretion [119]

TGFβ1 Induces upregulation of SMAD7, which is responsible for increased β-cell proliferation [111]
Induces upregulation of SMAD2, which is a SMAD7 inhibitor [111]

EGF Inhibits SMAD2 nuclear localization, working in conjunction with TGFβ1 to induce β-cell
proliferation [111]

PDGF Induces β-cell proliferation [122]

IGF-1 Promotes β-cell survival by maintaining GSIS [126]

IL-10
Induces upregulation of anti-apoptotic genes, promoting greater β-cell survival [127]

Increases iNOS levels, decreasing NO levels in β-cells [128]
Increases insulin secretion [129]

MMP9 Promotes islet vascularization and β-cell expansion [113]

5. Use of Macrophages to Improve Functional β-Cell Mass as a Treatment for Diabetes

The previous studies demonstrate the potential for M2-like macrophages to be harnessed to
ameliorate functional β-cell mass as a treatment for T1D and T2D. Various studies have begun to
demonstrate this feasibility. While macrophages from long-term T1D patients have impaired ability to
undergo M2-like activation [30], NOD mice treated with the BET antagonist I-BET151 demonstrated
significant M2-like activation and β-cell regeneration [131]. Similarly, NOD mice that received adoptive
transfer of M2-like macrophages resulted in greater than 80% protection against T1D phenotypes for
over 3 months compared to NOD mice that did not receive adoptive macrophage transfer or mice that
received adoptive transfer of non-M2-like macrophages [132]. In this model, it was shown that the
adoptively transferred M2-like macrophages preferentially migrated to the pancreas, where a greater
number of islets were maintained after M2-like macrophage adoptive transfer. Using an STZ model of
β-cell injury, it was shown that adoptive transfer of M2-like macrophages was sufficient to protect
functional β-cell mass and diabetes-induced kidney damage. Mice that received M2-like macrophage
adoptive transfer had greater islet area, as well as improved HbA1c and non-fasting blood glucose
levels [133]. Finally, STZ mice transplanted with mesenchymal stem cells resulted in improved fasting
blood glucose, β-cell area, and β-cell proliferation. This corresponded with increased infiltration of
M2-like macrophages [117]. It was shown that the mesenchymal stem cells were inducing endogenous
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macrophages to undergo M2-like activation. The M2-like macrophages induced β-cell proliferation
through induction of the Wnt3a/β-catenin signaling pathway. Although these preliminary rodent
studies demonstrate the ability of M2-like macrophages to block or reverse diabetes progression and
loss of functional β-cell mass, future studies in humans will be required.

6. Concluding Remarks

The purpose of this review was to highlight the detrimental and beneficial effects of macrophages,
based on their activation state, on functional β-cell mass. From the studies reviewed here, it is clear
that macrophages can have opposing effects on the β-cell. The various signals from the islet, from other
autoimmune cells, and from systemic inflammation present in either T1D or T2D have the potential to
induce M1-like activation of the macrophage and macrophage-mediated decrease in functional β-cell
mass. Alternatively, signals from the β-cell under normal physiology or in response to certain forms of
β-cell damage can result in M2-like macrophage activation and secretion of factors that promote β-cell
proliferation, survival, and insulin secretion.

One potential caveat of these findings is the applicability to human β-cells. Given the physiological
differences between rodent and human islets, it will be essential to validate the beneficial effects of
M2-like macrophages that have been observed in rodent islets in human islets. Rodent islets or mice
were the primary models used in the majority of studies cited in this review (Table 3). Fortunately,
there are more and more studies looking at the effect of macrophages on human islets, or exploring
the role of macrophages in vivo on human functional β-cell mass. For the greater application of these
findings, these studies will need to be expanded.

Table 3. References that studied the effect of M1-like or M2-like macrophages on rodent islets, human
islets, or both.

Rodent or Human Islets References

Rodent [18,25,26,31–34,37,38,40,42,45–47,50–52,55,56,58,62,64,67,71,73,79,86,89,94,98,99,
102,103,106–108,111,113,115,116,118,119,121,123,124,127,132,133]

Human [27,28,30,36,39,43,48,61,63,69,77,78,100,104,117,130,131]

Both [5,17,20,59,66,76,93,97,120]

A clearer understanding of the processes of macrophage activation and the macrophage produced
factors that directly affect the β-cell could be utilized as a potential therapeutic to maintain and expand
functional β-cell mass as a treatment for both T1D and T2D (Figure 2). Furthermore, understanding the
differences between resident and recruited macrophages and their ability to maintain or damage β-cells
may be leveraged to improve patient care. In addition to having direct application to T1D, these findings
may be applicable to other autoimmune disorders. Similarly, understanding the macrophage-mediated
changes observed at the pancreatic islet in T2D may be beneficial for other obesity-related pathologies
in other organs.
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Figure 2. How the M1-like and M2-like extremes of the macrophage activation spectrum affect β-cell
function, survival, and proliferation through secreted factors. M1-like macrophages are inflammatory
in nature, producing and secreting inflammatory cytokines, NO, and ROS. M2-like macrophages play
more of a protective role by inducing β-cell survival and proliferation. M2-like macrophages secrete
anti-inflammatory cytokines, signaling peptides, and enzymes involved in tissue remodeling, inducing
β-cell proliferation and enhancing insulin secretion.
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Abbreviations

Aldh1a2 Aldehyde dehydrogenase 1 family, member A2
ARG1 Arginase 1
ATF3 Activating transcription factor 3
ATF4 Activating transcription factor 4
ATP Adenosine triphosphate
BET Bromodomain and extraterminal domain family
BIP Binding immunoglobulin protein
CCL17 Chemokine (C-C motif) ligand 17
CCL20 Chemokine (C-C motif) ligand 20
CCL24 Chemokine (C-C motif) ligand 24
CCL5 Chemokine (C-C motif) ligand 5
CHI3L1 Chitinase 3 Like 1
CHOP CCAAT/enhancer binding protein (C/EBP) homologous protein
CSF-1 Macrophage colony-stimulating factor
CSF-1R Colony-stimulating 1 receptor
CSF-2 Granulocyte-macrophage colony-stimulating factor
CXCL1 Chemokine (C-X-C motif) ligand 1
CXCL10 Chemokine (C-X-C motif) ligand 10 (see also IP-10)
CXCL2 Chemokine (C-X-C motif) ligand 2
CXCL8 Chemokine (C-X-C motif) ligand 8
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CXCL9 Chemokine (C-X-C motif) ligand 9
CXCR2 Chemokine (C-X-C motif) receptor 2
Db/db Diabetic mouse model
DNA Deoxyribonucleic acid
DP-BB BioBreeding Diabetes Prone rat
ECM Extracellular matrix
EGF Endothelial growth factor
ER Endoplasmic reticulum
ERK Extracellular signal-regulated kinase
Fas Apoptosis antigen 1
Foxo1 Forkhead box protein O1
GCSF Granulocyte colony-stimulating factor
GK Goto-Kakizaki rat
GSIS Glucose-stimulated insulin secretion
HGF Hepatocyte growth factor
I-BET151 BET bromodomain inhibitor
IFN-γ Interferon-gamma
IFNGR Interferon gamma receptor
IGF Insulin-like growth factor
IGF-1 Insulin-like growth factor 1
IL-1 Interleukin-1
IL-12 Interleukin-12
IL-13 Interleukin-13
IL-18 Interleukin-18
IL-1β Interleukin-1 beta
IL-21 Interleukin-21
IL-33 Interleukin-33
IL-4 Interleukin-4
IL-6 Interleukin-6
IL-8 Interleukin-8
iNOS Inducible nitric oxide synthase
iNOS2 Inducible nitric oxide synthase 2
IP-10 Chemokine (C-X-C motif) ligand 10 (see also CXCL10)
IRF-1 Interferon regulatory factor 1
Isl-1 Insulin gene enhancer protein 1
JAK/STAT Janus kinase/signal transducer and activator of transcription
JNK c-Jun N-terminal kinase
Kcnj11 Potassium Inwardly Rectifying Channel Subfamily J Member 11
LPS Lipopolysaccharide
mAb Monoclonal antibody
MafA MAF BZIP Transcription Factor A
MAPK Mitogen-activated protein kinase
MCP-1 Monocyte chemoattractant protein-1
M-CSF Macrophage colony-stimulating factor
MerTK Tyrosine-protein kinase MER
Min6 Mouse insulinoma cell line
MIP1α Macrophage inflammatory protein-1 alpha
MMP Metalloproteinase
MMP9 Metalloproteinase 9
mRNA Messenger ribonucleic acid
NAD Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 NOD-, LRR- and pyrin domain containing 3
NO Nitric oxide
NOD Non-obese diabetic
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NOS Nitrogen species
NOS2 Nitric oxide synthase
p27CDKN1B Cyclin-dependent kinase inhibitor 1B
PARP Poly (ADP-ribose) polymerase
PDGF Platelet-derived growth factor
PDGFR Platelet-derived growth factor receptor
PDX1 Pancreatic and duodenal homeobox 1
PI3K-AKT Phosphatidylinositol 3-kinase-protein kinase B signaling pathway
RARβ Retinoic acid receptor beta
ROS Reactive oxygen species
SMAD2 Mothers against decapentaplegic homolog 2
SMAD7 Mothers against decapentaplegic homolog 7
Sox9 SRY-Box Transcription Factor 9
STAT1 Signal transducer and activator of transcription 1
STAT3 Signal transducer and activator of transcription 3
STZ Streptozotocin
T1D Type 1 diabetes
T2D Type 2 diabetes
TGFβ Transforming growth factor alpha
TGF-β1 Transforming growth factor beta 1
Th1 T-helper type 1 cell
Th2 T-helper type 2 cell
TNF-a Tumor necrosis factor alpha
TNFR Tumor necrosis factor receptor
Ucn3 Urocortin-3
VEGF Vascular endothelial growth factor
VEGF-A Vascular endothelial growth factor A
Wnt3a Wingless-Type MMTV Integration Site Family, Member 3A
XBP1 X-box binding protein-1
YM1 Synonym for chitinase-like 3
ZDF Zucker diabetic fatty rat

Note: References [5,30,33,37–39,43,47,58,69,76,102–104,107,113,115–117,122,130–133] indicates key finding in the
field, relative to this topic.
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Abstract: Compelling evidence from earlier studies suggests that the pancreatic beta cell is inherently
weak in its antioxidant defense mechanisms to face the burden of protecting itself against the increased
intracellular oxidative stress following exposure to proinflammatory cytokines. Recent evidence
implicates novel roles for nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (Noxs)
as contributors to the excessive intracellular oxidative stress and damage under metabolic stress
conditions. This review highlights the existing evidence on the regulatory roles of at least three
forms of Noxs, namely Nox1, Nox2, and Nox4, in the cascade of events leading to islet beta cell
dysfunction, specifically under the duress of chronic exposure to cytokines. Potential crosstalk between
key signaling pathways (e.g., inducible nitric oxide synthase [iNOS] and Noxs) in the generation
and propagation of reactive molecules and metabolites leading to mitochondrial damage and cell
apoptosis is discussed. Available data accrued in investigations involving small-molecule inhibitors
and antioxidant protein expression methods as tools toward the prevention of cytokine-induced
oxidative damage are reviewed. Lastly, current knowledge gaps in this field, and possible avenues
for future research are highlighted.

Keywords: proinflammatory cytokines; oxidative stress; NADPH oxidases; Rac1; pancreatic beta
cell; diabetes

1. Introduction

Type-1 diabetes (T1DM) is characterized by an absolute insulin deficiency arising from autoimmune
destruction of the pancreatic isletβ-cell. It is generally accepted that, during the course of the progression
of T1DM, proinflammatory cytokines (e.g., IL-1β, TNF-α, and IFN-γ) are released by infiltrating activated
immune cells. However, the exact molecular and cellular mechanisms by which cytokines induce
β-cell dysregulation and demise remain only partially understood. In this context, while a host of
competing signaling pathways have been proposed to contribute to the beta cell dysfunction under
the duress of cytokines, apoptosis is considered as the primary mode of beta cell death in human
and mouse models of T1DM [1–3]. Interestingly, published evidence also implicates mitochondrial
dysfunction as the hallmark of beta cell demise under exposure to proinflammatory cytokines [4–9].
The mitochondrial damage via loss of membrane permeability pore transition (MMPT) leads to the
release of the mitochondrial cytochrome C into the cytosolic compartment to promote the activation
of caspases, culminating in the degradation and functional inactivation of key intracellular proteins
that may be necessary for cell proliferation and survival, including G protein prenylating enzymes and
nuclear lamins [10,11]. From a mechanistic standpoint, extant studies have suggested potential roles of
increased oxidative stress, inflammation, and endoplasmic reticulum (ER) stress as contributors to the
islet beta cell dysfunction under the duress of the above-mentioned pathological stimuli. The reader is
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referred to select reviews highlighting the contributory roles of increased intracellular metabolic stress
in the pathology of islet beta-cell destruction under diabetogenic conditions [2,5,12–15].

At the outset, it is important to note that the pancreatic beta cell is relatively more vulnerable to
oxidative damage due to the inherent deficiency of a strong antioxidant capacity to counteract the excessive
generation of reactive oxygen species (ROS) under conditions of exposure to various pathological insults,
including exposure to proinflammatory cytokines. In this context, original contributions from the laboratory
of Lenzen and coworkers provided compelling evidence demonstrating poor antioxidant enzymatic
machinery in the islet beta cell [16]. Using Northern blot hybridization methodology, these investigators
quantified the gene expression of various antioxidant enzymes in mouse tissues. Their data revealed
significantly low levels of these genes in pancreatic islets compared to the other tissues studied. For example,
Cu-Zn superoxide dismutase and Mn-superoxide dismutase (Mn-SOD) activities in the islet were only
38% and 30%, respectively, of the levels of these enzymes in the liver. Likewise, the expression of the
glutathione peroxidase (GPx) gene in the islet was only 15% of the level seen in the liver. Lastly, catalase
gene expression was undetectable in the islet. Based on the above findings, these investigators proposed
that a relatively low abundance of the antioxidant enzymes in the islet may contribute to its susceptibility
to oxidative stress in human and animal diabetes [16]. Several follow-up studies assessed the antioxidant
capacity of human islet beta cells. Gurgul-Convey and coworkers demonstrated that the antioxidant
enzyme profiles in clonal EndoC-βH1 human beta cells are comparable to those in human and rodent islets.
Specifically, these studies have shown relatively high levels of SODs and low levels of H2O2-inactivating
GPx and catalase in these cells [17]. Along these lines, more recent studies by Miki and coworkers [18]
demonstrated a significantly high degree of susceptibility of beta cells to oxidative stress compared to alpha
cells in the human islet; this is further supported by remarkably low expression levels of GPx and catalase
in human beta cells compared to the alpha cells. Together, data accrued in these investigations indicate a
clear imbalance between the enzymatic machinery involved in the generation and removal of H2O2 in
pancreatic beta cells in critical intracellular compartments, including mitochondria, leading to cellular
dysregulation and demise under the duress of proinflammatory cytokines [17,19,20]. It is well established
that IL-1β mediates its cytotoxic effects on rat beta cells via accelerating the NFκB-mediated induction of
the inducible nitric oxide synthase (iNOS) and the release of nitric oxide (NO) and downstream signaling
events, culminating in cell dysfunction. Interestingly, however, studies in clonal EndoC-βH1 human
beta cells, human islets, and mouse islets (not rat islets) implicate NO-independent effects of cytokines
in the induction of metabolic stress and cellular dysregulation [17,21–23]. These observations clearly
provide additional support and clarification for the differences reported in earlier studies with regard
to differential responses and effects of proinflammatory cytokines on rat, mouse, and human islets and
a wide variety of clonal beta cell lines [21]. Based on the above discussion, a clear picture is emerging
to suggest critical roles for an inefficient handling of high levels of intracellularly generated H2O2 in
the beta cell under the duress of cytokines, leading to the pathology of islet beta cell dysfunction and
demise. Altogether, a host of intracellularly generated reactive oxygen species (ROS, e.g., superoxide
radicals, hydroxyl radicals, and H2O2) and reactive nitrogen species (RNS, e.g., NO and peroxynitrite)
could play significant roles in the induction of proinflammatory cytokine-induced damage to the islet
beta cell [20]. Lastly, superoxide radicals, which are generated by NADPH oxidases (Noxs), undergo
dismutation by SODs to promote generation of H2O2 in relevant subcellular compartments (e.g., cytosol)
in the cytokine-challenged beta cell, leading to damage and loss of functional beta cell mass (see below).
The reader is referred to previously published articles for additional details highlighting the deficiency of
a robust antioxidant status and the activation of NADPH oxidases as the potential contributing factors for
islet beta cell failure and demise under the duress of diabetogenic conditions [20,24–26].

2. NADPH Oxidases Play Key Roles in Islet Function in Health and under Stress Induced
by Cytokines

In the back drop of the above discussion about the unique situation the islet beta cell faces,
namely poor antioxidant defense, and a high degree of intracellular oxidative stress, which is created

56



Metabolites 2020, 10, 480

under diabetogenic conditions, I have overviewed our current understanding of the roles of NADPH
oxidases (Noxs) in the onset of metabolic dysfunction of the beta cell under the duress of exposure to
pro-inflammatory cytokines. The Nox superfamily represents a class of flavocytochromes that promote
transport electrons through biological membranes and catalyze the cytosolic NADPH-dependent
reduction of molecular oxygen to superoxide radicals [25–35]. Interestingly, however, despite a
considerable degree of similarity in their ability to generate high levels of superoxide radicals
under metabolic stress conditions, they significantly differ in structural composition, subcellular
distribution, and response to specific external stimuli (Figure 1). Briefly, the Nox superfamily consists
of seven members, namely Nox1-5, dual oxidases 1 (Duox1), and 2 (Duox2). Nox1-3 are membrane
bound and require other cytosolic core proteins for holoenzyme assembly and activation. For
example, the regulatory components for Nox1 include p22phox, NOX organizers NOXO1 and NOXA2,
and the small G protein Rac1. The Nox2 holoenzyme is comprised of membranous cytochrome b558,
a heterodimer consisting of p22phox, gp91phox, and the cytosolic core of proteins, including p40phox,
p47phox, p67phox, and small G protein Rac1. It has also been proposed that Rap1, a membrane-associated
small G protein, contributes to functional regulation of Nox2 holoenzyme [36]. However, potential
regulatory roles of Rap1 in functional activation of Nox2 or other forms of Nox in the pancreatic beta
cell remain to be elucidated further.

Figure 1. A schematic representation of various members and their subunit composition of the
Nox superfamily.

The Nox3 is comprised of p22phox, NOXO1, NOXA1, and Rac1. Interestingly, Nox4, which is
localized intracellularly, requires only p22phox but no cytosolic core of proteins. From a mechanistic
standpoint, its activity is regulated by its expression, and hence, it is considered constitutively
active [29]. It is important to note that Nox 1-4 have a critical requirement for p22phox and Nox1-3
require Rac1 for optimal catalytic function [33]. Lastly, Nox5, Duox1, and Duox2 are associated
with the plasma membrane and do not require the intermediacy of cytosolic core of proteins [29,33].
However, these Noxs have calcium-binding motifs (EF hands) for optimal activation (Figure 1). Lastly,
it is noteworthy that the Nox5 gene is not expressed in mice and rats [32]. The reader is referred
to recent reviews that highlight subunit composition, regulation of individual subunit function via
post-translational modifications, translocation to the membrane, holoenzyme assembly, and functional
activation of individual members of the Nox superfamily [25–34]. It may be germane to point out that
investigations from multiple laboratories have reported expression of Nox1 [37–39], Nox2 [26,40–43],
Nox4 [41,44], and Nox5 [45] in human islets, thus making these oxidases potential regulators of islet
function and dysfunction in health and disease. Lastly, it should be noted that, of the seven members
that belong to the Nox superfamily, only Nox1 and Nox2 are studied extensively in the context of their
roles in cytokine-mediated dysregulation of the islet beta cell (see below). Therefore, this review will
focus on potential roles of Nox1 and Nox2 in the onset of metabolic defects in the pancreatic islet beta
cell under the duress of proinflammatory cytokines.
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3. Regulatory Roles of Noxs in Physiological Insulin Secretion

Published evidence from several laboratories has provided convincing evidence on the expression
of various members of the Nox superfamily, specifically Nox1, Nox2, and Nox4, in pancreatic beta cells.
Examples of relevant studies are highlighted here. Using a variety of complementary experimental
approaches, Rebeleto and coworkers [40] reported expression of various subunits of Nox2 in clonal
pancreatic beta cells, and rodent and human islets. In addition, they demonstrated inhibition of glucose
metabolism and GSIS in these cells following inhibition of Nox2, thus suggesting regulatory roles of
Nox2 in physiological insulin secretion. Along these lines, studies by Uchizono and Sumimoto [46]
showed an association of Nox1, Nox2, Nox4, and p22phox with the membrane in rodent pancreatic
islets. Furthermore, they reported cytosolic distribution of p47phox, Noxo1 (homologue of p47phox),
Noxa1 (homologue of p67phox), and p40phox in these cells. Compatible with findings of Rebeleto and
coworkers [40], these studies have also observed inhibition of GSIS by diphenyleneiodonium (DPI),
a known inhibitor of Nox2. In another set of investigations, Oliviera and coworkers [47] studied
subunit expression and functional regulatory roles of Nox2 in islet beta cell function. Using RT-PCR
and/or Western blotting methods, they reported expression of various Nox2 subunits in rat pancreatic
islets. Using immunohistochemical approaches, they demonstrated glucose-induced Nox2 activity in
these cellular preparations. Lastly, mechanistic studies involving phorbol myristate acetate, a known
activator of protein kinase C (PKC), and GF109203X, a specific inhibitor of PKC, further implicated novel
roles of PKC in glucose-mediated regulation of Nox2 in pancreatic islets [47]. Together, data from the
above studies have suggested acute regulatory roles for the Nox subfamily of enzymes in physiological
insulin secretion. The following sections will highlight our current understanding of regulatory roles of
various members of the Nox family in cytokine-mediated dysregulation of the islet beta cell, which is
the primary focus of this review.

4. Regulatory Roles of Nox1 in Cytokine-Induced Dysfunction of the Beta Cell

In a series of investigations, Weaver and coworkers addressed potential roles of Nox1 in
cytokine-induced islet beta-cell dysfunction. In a study published in 2012, they reported a significant
increase in the expression of Nox1 in human islets, mouse islets, and clonal beta cell lines exposed
to a mixture of proinflammatory cytokines [37]. A significant increase in the expression of monocyte
chemoattractant protein-1 (MCP-1), ROS generation, loss in GSIS, and associated increase in cell death
was also reported under these conditions. Coprovision of pharmacological inhibitors of Nox (apocynin,
DPI, and a dual selective inhibitor of Nox1/Nox4) markedly attenuated cytokine-induced MCP-1
expression and ROS generation. Follow-up studies by these investigators provided additional support
for regulatory roles of Nox1 in cytokine-induced dysregulation of the islet beta cell [38]. They revealed
that exposure of murine beta cells to ML171, a selective inhibitor of Nox1, significantly impeded
cytokine-induced ROS generation, caspase-3 activation, and cell death via apoptosis. Moreover, ML171
significantly prevented loss in GSIS induced by proinflammatory cytokines in both clonal beta cells
and isolated mouse islets. Based on these data, these researchers concluded that cytokine-induced
metabolic dysfunction of the islet beta cell involves Nox-1-mediated increase in ROS generation and
associated intracellular oxidative stress. They also proposed that targeting of Nox-1 might serve as a
valuable approach to protect proinflammatory cytokine-induced metabolic dysfunction of the beta cell
in diabetes [38]. Subsequent investigations by these researchers have further affirmed the contributory
roles of Nox-1 in intracellular generation of ROS and oxidative stress in pancreatic beta cells [48].
Forced expression of Nox1 in pancreatic beta cells resulted in increased generation of ROS, loss in
GSIS, and increased cell death via apoptosis. It is important to note that these cellular events are
comparable to those observed in beta cells under the duress of exposure to proinflammatory cytokines
since shRNA-mediated suppression of Nox-1 markedly prevented deleterious effects of cytokines.
Taken together, these studies have identified Nox-1 as a potential therapeutic target in the prevention
of cytokine-induced islet dysfunction in diabetes.
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Published evidence suggests that the 12-lipoxygenase (12-LO), which catalyzes the oxidation of
fatty acids to their respective hydro peroxides, plays novel roles in cytokine-mediated dysregulation of
the pancreatic islet beta cell [49,50]. In this context, studies by Weaver and coworkers demonstrated that
12-hydroxyeicosatetranoic acid (12-HETE), a product of 12-LO, significantly increased the expression
of Nox-1 in human islets [37]. More importantly, NCTT-956, a selective inhibitor of 12-LO, but not its
inactive analog (NCTT-695), markedly suppressed cytokine-induced Nox-1 expression, ROS generation,
and caspase-3 activation in clonal beta cell preparations. Taken together, these findings provide a novel
model, which implicates key regulatory roles of the 12-LO-Nox1 signaling axis in proinflammatory
cytokine-induced metabolic dysregulation of the islet beta cell.

5. Regulatory Roles of Nox2 in Cytokine-Induced Dysfunction of the Beta Cell

As stated above, considerable efforts were made previously to assess the regulatory roles of
phagocyte-like NADPH oxidase (Nox2) in cytokine-induced metabolic dysregulation of the islet beta
cell [25,26]. Briefly, Nox2 has been shown to play key roles in phagocytosis by professional phagocytic cells
(e.g., neutrophils, eosinophils, monocytes, and macrophages). The Nox2 holoenzyme is a highly regulated
membrane-associated protein complex, the activation of which results in the generation of large quantities
of intracellular ROS, which, in turn, promote activation of several downstream signaling events, including
mitochondrial dysfunction, culminating in cell demise. Along these lines, several mechanisms have been
put forth for the generation of ROS and associated oxidative stress in a variety of non-phagocytic cell
types, including the islet β-cell [25,26]. As depicted in Figure 1, the Nox2 is a multicomponent system,
which is comprised of membranous and cytosolic cores. The membrane-associated catalytic core is
comprised of gp91phox and p22phox. The cytosolic core of Nox2 (also referred to as the regulatory core) is
comprised of p40phox, p47phox, p67phox, and Rac. Following cell stimulation, the cytosolic (regulatory)
core proteins translocate to the membranous compartment to associate with the catalytic core for the
formation of Nox2 holoenzyme, resulting in the catalytic activation of Nox2 and generation of ROS.
Several mechanisms, including phosphorylation of p40phox, p47phox, and p67phox, have been proposed as
requisite steps for the translocation of the cytosolic core to the membrane. In the case of Rac1, it appears
that its activation (GTP-bound conformation), mediated by specific guanine nucleotide exchange factors
(GEFs, e.g., Tiam1), favors its association with p67phox, thus enabling the translocation of Rac1-p67phox

dimer to the membrane [11,26,51]. The experimental findings described in the following section will
highlight potential contributory roles of Nox2 in the cascade of events leading to proinflammatory
cytokine-induced metabolic dysfunction of the islet beta cells.

Using primary mouse islets and insulin-secreting BRIN-BD11 β-cells, Michalska and Newsholme
reported significant inhibition of GSIS and an increase in the expression of p47phox and iNOS in these
cells following exposure to proinflammatory cytokines [52]. Interestingly, coprovision of antioxidants,
such as SOD, catalase, and N-acetylcysteine (NAC), markedly suppressed effects of H2O2 or palmitate
but not those elicited by proinflammatory cytokines. These studies also demonstrated a significant
prevention of deleterious effects of cytokines and H2O2 following pharmacological inhibition of Nox
and/or iNOS. It was concluded that H2O2 might play contributory roles in positive feedback redox
sensitive regulation of β-cell dysfunction via its effects on Nox and iNOS [52].

Subasinghe and coworkers examined the roles of Nox2 in cytokine-induced metabolic dysfunction
of the islet beta cell [53]. Specifically, they investigated the contributory roles of Rac1 in the onset of
beta cell dysfunction under the duress of cytokines. They observed a significant increase in Nox2
activation, ROS generation, and in the expression of p47phox subunit, but not p67phox subunit, in INS-1
832/13 cells following exposure to a mixture of proinflammatory cytokines. The hypothesis that Nox2
is involved in cytokine-induced Nox2 activation and ROS generation was further confirmed using
siRNA-p47phox. These observations were further validated by using pharmacological inhibition of
Nox2 using apocynin. Specific inhibitors of Rac1, namely NSC23766 (inhibitor of Tiam1-Rac1 signaling)
and GGTI-2147 (inhibitor of prenylation of Rac1), significantly suppressed the cytokine-induced Rac1
activation and alterations in MMPT in these cells. Data accrued from these studies also suggested
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that the cytokine-mediated Tiam1/Rac1 signaling pathway may not be necessary for iNOS expression
and NO release since NSC23766 failed to exert any significant effects on IL-1β (or a mixture of
cytokines)-induced NO release in INS 832/13 cells [53]. Collectively, these findings suggested novel
roles for the Tiam1-Rac1 axis in cytokine-induced ROS but not NO generation in beta cells under
the duress of cytokines. In addition, these studies have provided the first evidence to suggest that
prenylation of Rac1 is a requisite for cytokine-mediated effects. Based on these findings it was
suggested that the combined effects of intracellularly generated NO (via activation of iNOS) and ROS
(via activation of Nox2) could contribute to alterations in mitochondrial function, leading to caspase-3
activation and metabolic dysfunction of the β-cell [53].

Along these lines, Mohammed and coworkers [54] demonstrated a time-dependent phosphorylation
of p47phox in INS-1 832/13 cells exposed to a mixture of cytokines. A significant increase in the expression
of gp91phox was also noted under these conditions. Lastly, 2-Bromopalmitate, a known inhibitor
of protein palmitoylation, markedly attenuated cytokine-induced, Nox2-mediated ROS generation,
and iNOS-mediated NO generation [54]. Together, these studies identified palmitoyltransferase as a
target for inhibition of cytomix-induced oxidative and nitrosative stress in the pancreatic beta cell. Based
on the NSC23766-mediated inhibition of Rac1, it is likely that cytokine-induced activation of iNOS and
Nox2 are under the control of (at least) two G proteins that require palmitoylation [53,54] (see below).

Previously published evidence suggests that phosphorylation of p47phox may be mediated by
PKC, a signaling event that has been implicated in the translocation of this subunit to the membranous
core for Nox2 holoenzyme assembly [33,55–57]. In further support of this hypothesis, studies by
Morgan et al. demonstrated partial restoration of IL-1β-induced ROS to normal levels following
exposure to GF109203X, a known inhibitor of PKC [58]. These findings support the formulation for
a multifactorial regulation of Nox2 subunits by proinflammatory cytokines, leading to its activation
and ROS generation, and culminating in the activation of downstream signaling events involved in
cell dysfunction.

Lastly, earlier studies in animal models of impaired insulin secretion and diabetes affirmed
critical regulatory roles of Nox2 in cytokine-induced metabolic dysregulation of the islet. For example,
Xiang and coworkers demonstrated that deficiency of Nox2 decreases beta cell destruction and
preserves islet function in STZ-induced diabetes by reducing ROS production, immune response,
and β-cell apoptosis [59]. Studies of Veluthakal and coworkers demonstrated that administration of
NSC23766, a known inhibitor of the Tiam1-Rac1-Nox2 signaling pathway, significantly prevented
the development of spontaneous diabetes in the non-obese diabetic (NOD) mice [60]. In addition,
they observed that NSC23766 treatment markedly suppressed Rac1 expression, activity, and ER stress in
NOD islets. Based on the findings, it was concluded that the Tiam1-Rac1-Nox2 signaling pathway plays
critical regulatory roles in the onset of spontaneous diabetes in the NOD mouse model. Collectively,
findings from both in vitro and in vivo provide compelling evidence for critical regulatory roles of
Nox2 in proinflammatory cytokine-induced ROS generation and metabolic dysfunction culminating in
the onset of islet dysfunction and diabetes.

6. Roles of Nox3, Nox4, and Nox5 in Cytokine-Induced Dysfunction of the Beta Cell

It is noteworthy that a recent literature search (Pubmed; October 2020) indicated no clear evidence of
contributory roles of Nox3 in islet function. With respect to regulatory roles of Nox4, Wang et al. undertook
a pharmacological approach to assess the roles of various Noxs (Nox-1, Nox-2, and Nox-4) in human
pancreatic beta-cell dysfunction induced under a variety of diabetogenic conditions, including exposure to
proinflammatory cytokines [41]. They demonstrated that pharmacological inhibition of Nox (using DPI,
dapsone, GLX351322, and GLX481372) attenuated ROS levels, caspase activation, and loss in cell viability
in human islets under the duress of glucolipotoxic conditions. ML171, a specific inhibitor of Nox1, failed to
exert any significant effects on cellular dysfunction induced by diabetogenic condition, including exposure
to cytokines in human islet cells. Furthermore, Phox-I2, a known inhibitor of Nox2, elicited partial
protective effects induced by glucolipotoxic conditions in human islets without significantly affecting
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cytokine-induced dysfunction of the islet beta cell. Lastly, GLX7013114, a highly selective inhibitor of
Nox4, exhibited protective effects in human beta cells under the duress of glucolipotoxicity and cytokine
exposure. Based on these findings, the authors proposed that Nox4 mediates pro-apoptotic effects in
intact islets under stressful conditions and that selective Nox4-inhibition may be a therapeutic strategy in
type 2 diabetes [41]. Interestingly, the findings that Nox1 and Nox2 are not involved in cytokine-induced
effects are in contrast to findings of the studies described in the above sections. Additional investigations
are needed to explain the differences between these experimental outcomes and conclusions drawn in
these studies.

It is noteworthy that, in a manner akin to Nox3, a recent review of the literature yielded very
limited details on the potential regulatory roles of Nox5 in cytokine-induced dysregulation of the islet
beta cell. Interestingly, however, Nox5 does appear to contribute to islet beta cell dysfunction under the
duress of other pathological stimuli. For example, Bouzarki and coworkers [45] reported expression
of Nox5 in somatostatin-containing delta cells in human islets under basal conditions. Selective
depletion of expression of Nox5 using siRNA-Nox5 significantly attenuated GSIS, suggesting novel
regulatory roles of Nox5 in physiological insulin secretion. Furthermore, long-term exposure of human
islets to high glucose resulted in increased expression of Nox5 in the beta cells. Lastly, the degree of
impairment in GSIS following high-fat feeding was markedly aggravated in animals in which Nox5
was conditionally increased in beta cells. Taken together, these investigations provided novel insights
into the roles of Nox5 in promoting crosstalk between various cell types (i.e., the paracrine relationship
between delta and beta cells) of the pancreatic islet under physiological conditions. Their findings
also implicated novel roles for Nox5 in promoting vulnerability of the islet beta cell for damage
under various pathological conditions [45]. As stated above, potential regulatory roles of Nox5 in
proinflammatory cytokine-induced metabolic dysfunction of the islet beta cell remain to be studied
further. It should also be kept in mind that Nox5 is not expressed in rats and mice [27,32]. Therefore,
future studies should be focused on human islet cells in which Nox5 appears to be expressed and
regulated under defined experimental conditions.

Taken together, it is evident that Nox1, Nox2, and Nox4 play critical regulatory roles in
cytokine-induced metabolic dysregulation and demise of the islet beta cell. Additional investigations
are needed to further explore the regulatory roles of other Nox forms, namely Nox3 and Nox5, in the
cascade of events leading to islet dysfunction under the duress of cytokines. More importantly, studies
in human islet cells are needed to ascertain the translational significance of these signaling pathways
in the onset of beta cell dysfunction in human diabetes.

Based on the available evidence on regulatory roles of Noxs, a working model is proposed
(Figure 2), which states that chronic exposure of pancreatic islet beta cells to proinflammatory cytokines
results in the activation of at least three members of the Nox superfamily (Nox1, Nox2, and Nox4),
leading to the generation of ROS and the onset of intracellular oxidative stress. Several lines of
evidence (highlighted above) suggest that functional regulation of specific subunits of Nox is precisely
mediated via post-translational modifications, including phosphorylation (e.g., p47phox, p60phox etc.),
prenylation, and palmitoylation (e.g., Rac1). Such modifications are a requisite for their translocation
to the membrane for association with the membranous core of Nox to complete holoenzyme assembly
and functional activation of the Nox. As stated in the above sections, the 12-LO pathway also plays a
critical regulatory role in the initiation of metabolic signals and events culminating in islet beta cell
dysregulation following exposure to proinflammatory cytokines. It should be noted that Rac1 is an
integral part of Nox1 and Nox2 but not Nox4 (Figure 1). Therefore, Rac1-independent mechanisms
must underlie cytokine-induced regulation of Nox4. It is proposed that sustained intracellular oxidative
stress and an imbalance in the ROS scavenging steps lead to mitochondrial dysfunction and activation
of proapoptotic caspases (e.g., caspase-3), culminating in the cleavage and inactivation of pro-survival
proteins, and resulting in accelerated beta cell dysfunction and demise [10,11].
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Figure 2. Potential signaling mechanisms involved in cytokine-induced Nox-mediated dysregulation
of the islet beta-cell.

7. Potential Crosstalk between iNOS and Nox2 Signaling Pathways in the Onset of
Cytokine-Induced Metabolic Dysregulation of the Islet Beta Cell

Peroxynitrite (PN) is generated rapidly in the cell from the interaction between NO and superoxide
radicals. Increased intracellular PN levels leads to accelerated oxidation of proteins, lipids, DNA,
as well as damage to intracellular organelles, including the mitochondria. Indeed, such cellular events
are involved in a variety of pathological states, including cardiovascular, neuronal, and metabolic
diseases [61–64]. Under healthy conditions, PN is short-lived and considered not harmful. However,
under pathological conditions, a high degree of production of iNOS-derived NO and Nox-derived
ROS and superoxide radicals could lead to substantially high levels of PN. As recently reviewed by
Pacher and coworkers [61], a modest increase in superoxide radicals and NO by 10-fold results in a
100-fold increase in PN. The authors suggested that under proinflammatory conditions, the generation
of NO and superoxide is expected to increase by 1000-fold, which results in remarkably high levels
(1,000,000-fold) of PN. Indeed, such an insult would be much more damaging to the islet beta cell,
which is inherently ill equipped with adequate antioxidant defense mechanisms [16,20,24,65].

Considerable debate still exists concerning potential contributory roles of PN in cytokine-induced
dysfunction of the pancreatic islet beta cell. From a historical perspective of this topic, original
investigations by Delaney and coworkers provided the first evidence to suggest sensitivity of human
islets to PN leading to dysfunction and demise [66]. They reported that acute exposure of human islets to
PN leads to inhibition of glucose oxidation and accelerated DNA damage (strand breaking). Significant
alterations in cell ultrastructure, including organelle degradation, mitochondrial swelling, and matrix
loss, were also noted under these conditions. Cell death analysis studies suggested necrotic, rather than
apoptotic, demise of these cells following exposure to PN. Data from studies of Lakey et al. provided
evidence for critical regulatory roles of PN in cytokine-mediated dysfunction of human pancreatic
islets [67]. They reported high levels of nitrotyrosine, a marker of PN, in islet cells exposed to a mixture
of proinflammatory cytokines. In a manner akin to the effects of cytokines, provision of exogenous PN
led to nitrotyrosine formation and cell dysfunction. Lastly, co-provision of guanidinoethyldisulphide
(GED), a known inhibitor of iNOS and scavenger of PN, attenuated cytokine-induced NO release,
H2O2 production, nitrotyrosine formation, and associated cell dysfunction. Based on these observations,
it was concluded that PN formation is causal to cytokine-mediated effects on human islets. Subsequent
studies by Suarez-Pinzon et al. demonstrated that GED significantly reduced the onset of diabetes in
the NOD mouse model [68]. Furthermore, GED markedly suppressed NO and nitrotyrosine formation
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and cell demise in NOD mouse islets incubated with proinflammatory cytokines. It was concluded that
increases in intracellular superoxide radicals and NO levels culminate in the formation of PN, which,
in turn, leads to beta cell destruction in autoimmune diabetes. Further investigations by Mabley and
coworkers [69] affirmed the therapeutic efficacy of GED in preventing the onset of islet dysfunction
in these experimental models. Contrary to the evidence described above, more recent findings from
Corbett’s laboratory have suggested that NO, but not PN, mediates cytokine-induced dysfunction of
the islet. Evidence is also presented by these researchers that endogenous cytosolic peroxiredoxin 1
(Prdx1) affords protection to the beta cell against intracellularly generated ROS and reactive nitrogen
species (RNS) [70]. Collectively, it is evident from the above narrative that cytokine-induced NO and
ROS levels exert deleterious effects singly, or in combination, on beta cell function. As stated above, it is
important to note that data accrued from investigations involving human islets revealed that the human
beta cells are not equipped to generate NO as they do not express iNOS. However, they have been
shown to elicit sensitivity to RNS, when co-provided exogenously, resulting in increased interaction
with super oxide radicals, intracellularly culminating in beta cell dysfunction. [17,21–23]. These aspects
must be kept in mind in the interpretation of experimental data from earlier investigations, and in
planning future studies to further decipher roles of this signaling module and PN in the cascade of
events leading to cytokine-induced damage to the islet beta cell.

8. Restoration of Intracellular Redox Environment Prevents Cytokine-Induced Metabolic Defects
in the Beta Cell

Despite the rapid advances in the field, several knowledge gaps still exist, specifically in addressing
the fact that the beta cell antioxidant capacity and its ability to scavenge H2O2 are relatively low
compared to other cell types. Extant studies have utilized many approaches, including provision
of antioxidants to “rescue” the beta cell against noxious effects of diabetogenic stimuli, including
proinflammatory cytokines. For example, using insulin-secreting BRIN-BD11 beta cells, Michalska et al.
reported beneficial effects of antioxidants, such as SOD, catalase, and NAC, against deleterious effects
of H2O2 but not cytokines [52]. In a series of methodical investigations Tran et al. demonstrated that
adenoviral overexpression of glutamylcysteine ligase, an enzyme involved in the de novo biosynthesis
of glutathione, protects pancreatic islets against IL-1β-induced loss in GSIS; such effects were shown
to be via an increase in intracellular reduced glutathione (GSH) levels [71]. Studies by Gurgul and
coworkers provided evidence for significant protection of insulin-secreting RINm5F cells overexpressing
mitochondrial catalase against proinflammatory cytokine-induced cell death; these findings affirm
contributory roles for mitochondrial ROS in cytokine-mediated effects [72]. Using stable expression and
suppression of MnSOD in RINm5F cells, Lortz and associates further validated the hypothesis that an
imbalance between superoxide generation and H2O2 detoxification enzymes dictates the vulnerability
of beta cells to cytokine-induced damage [73]. Overexpression of catalase in the mitochondria has
also been shown to afford protection against cytokine-induced nitro-oxidative stress and demise in
insulin-producing RINm5F cells [19]. Interestingly, expression of an endoplasmic reticulum-targeted
and luminal-active catalase variant (ER-catalase N244) provided protection in INS-1E cells against
H2O2- but not cytokine-induced toxicity [74]. Lastly, studies of Mehmeti and coworkers [75] revealed
that overexpression of mitochondrial-specific catalase (MitoCatalase) prevented cytokine-induced
alterations in Bax/Bcl-2, and the downstream signaling events, including cytochrome C release and
activation of executioner caspases 3 and 9. Indeed, data from the above investigations provide support
for the overall hypothesis that deficiencies and/or alterations in ROS scavenging mechanisms within the
mitochondrial compartment increase the susceptibility of the islet beta cell to cytokine-induced damage.

Several other candidate genes were examined for their protective effects of beta cells against cytokine
insult. For example, Stancill and coworkers recently reported that pharmacological inhibition of Prdx1
(by conoidin A) or siRNA-mediated depletion of expression of endogenous Prdx1 significantly increased
the vulnerability of clonal beta cells and rat islets to H2O2 and PN. Based on these findings, the authors
concluded that Prdx1 provides defense against intracellularly generated nitroso and oxidative stress in
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the cytokine-challenged beta cell [70]. In this context, Wolf and coworkers investigated the potential
cytoprotective roles of mitochondrial Prix III, a thioredoxin-dependent peroxide reductase, against
oxidative and nitrosative stress in rat insulinoma cells either over- or under-expressing Prdx III, under the
duress of a variety of stimuli, including H2O2 and proinflammatory cytokines [76]. Their findings
revealed a significant resistance in Prdx III-expressing cells to these stimuli as evidenced by a marked
suppression of iNOS gene expression and the downstream signaling events, including caspase-9 and
caspase-3 activation. Together, the above investigations revealed key protective roles of the Prdx
family of proteins against cytokine-mediated dysregulation of the islet beta cell. Lastly, using knockout
animal models, studies from Lammert’s laboratory demonstrated that antioxidant protein DJ-1, which is
encoded by the Parkinson’s disease gene PARK7, affords protection of beta cells against proinflammatory
cytokine-mediated cell dysfunction and demise [77,78]. Altogether, thee examples of studies cited above
affirm support for the proposal that maintenance (or boosting) of intracellular antioxidant capacity
(defense mechanisms) of the beta cell represents a viable therapeutic option to protect the beta cell
against cytokine insult.

9. Conclusions

A growing body of evidence, in in vitro and in vivo model systems, implicates intracellularly
generated oxidative stress as one of the contributing factors in the cascade of events leading to
cytokine-induced metabolic dysfunction and demise of the islet beta cell. In this review, I attempted
to summarize the known evidence in support of regulatory roles of Noxs, specifically Nox1 and
Nox2, in cytokine-induced alterations in the metabolic functions of the islet. Evidence in favor of a
regulatory role for Nox4 is emerging, but potential roles of Nox3 and Nox5 in this signaling cascade
remain relatively poorly understood. Several pharmacological approaches have been employed to
decipher the roles of Noxs, iNOS, and 12-LO as mediators of cytokine-induced metabolic dysregulation
of the islet beta cell (Table 1). Indeed, such approaches have provided useful insights into these
pathways as potential targets to prevent/halt the metabolic defects. Potential regulatory roles of PN
as a mediator of beta cell damage under the duress of cytokines remains to be examined further.
In addition, much is unknown with regard to signaling mechanisms and regulatory proteins/factors
that promote crosstalk between iNOS-12-LO-Nox2 signaling pathways in the cascade of events leading
to cytokine dysregulation of the islet beta cell. These aspects need to be addressed further.

Table 1. Inhibitors of the Nox, iNOS, and 12-LO signaling pathways employed in studies highlighted
in this review.

Inhibitor Mechanism(s) of Action Reference

GGTI-2147 Inhibitor of prenylation of G proteins (Rac1) [53]
NSC23766 Inhibitor of Tiam1-Rac1 signaling pathway [53]

Manumycin Pan inhibitor of farnesylation of G proteins (Ras) [79–81]
Damnacanthal Pan inhibitor of farnesylation of G proteins (Ras) [80,81]

Cerulenin Inhibitor of palmitoylation of G proteins [79]
2-bromopalmitate Inhibitor of palmitoylation of G proteins [54,79]

DPI Pan inhibitor of Noxs [37,41,58]
Apocynin Pan inhibitor of Noxs2 [37,53,54]

Gp91ds-tat Inhibitor of Nox2 [82]
Guanidinoethylsulphide Inhibitor of iNOS and scavenger of PN [67,68]

GLX7013114 Specific inhibitor of Nox4 [41]
GLX351322 Selective inhibitor of Nox4 (inhibits other Noxs) [41]
GLX481372 Selective inhibitor of Nox4 (inhibits other Noxs) [41]

Dapsone Inhibits expression/activity of Nox4 and DUOX1 [41]
ML171 Inhibitor of Nox1 [38,41]
Phox-I2 Inhibitor of Nox2 [41]
ML351 Inhibitor of 12/15-LO [83]

NCTT-956 Inhibitor of 12-LO [37,84]
GF109203X Inhibitor of PKC [58]
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Based on the evidence, principally accrued in our laboratory on the regulatory roles of small
G proteins in the generation of iNOS-derived ROS and Nox2-derived ROS, I propose a model for
a potential crosstalk between these signaling pathways in eliciting damage to the rat islet beta cell
following exposure to proinflammatory cytokines (Figure 3). Briefly, using pharmacological approaches,
it was demonstrated that IL-1β-induced iNOS expression and NO release are under the control of H-Ras,
a small G protein belonging to the Ras superfamily of G proteins [80,81]. These findings were further
confirmed with bacterial toxins that promote glucosylation and inactivation of small G proteins [80,81].
Interestingly, data accrued from the investigations involving bacterial toxins suggested that activation
of Rho G proteins (e.g., Rac1) is not a requisite for IL-1β-induced iNOS expression and NO acid
release [81]. Subsequent studies involving specific inhibitors of Rac1 (e.g., NSC23766) further affirmed
the postulation that Rac1 is involved in ROS generation but not NO production in a cytokine-challenged
beta cell [53]. The combined effects of intracellularly generated NO (due to activation of iNOS) and ROS
(due activation of Nox) could contribute to maximal damage of the mitochondrial membrane properties
leading to metabolic dysfunction of the beta cell (Figures 2 and 3). It is emphasized that this model,
involving H-Ras, may not be applicable to the human beta cells since they do not express the iNOS-NO
signaling pathway, and yet exert sensitivity to NO, which is secreted from activated immune cells.
The overall concept of intracellular generation of PN and its effects on mitochondrial dysregulation,
loss in GSIS, and apoptotic demise of the islet beta cell under the duress of cytokines was proposed
earlier [85]. Additional studies are needed to further substantiate this formulation. It is my hope that the
future advances in the field of Nox biology will help not only in our current understanding of this class
of enzymes but also in the development of small-molecule compounds (via combinatorial chemistry
approaches) with a high degree of specificity to inhibit the iNOS-Nox-LO pathways. The development
of methodologies to boost the overall antioxidant capacity of the islet beta cell is also warranted. Lastly,
novel approaches to accelerate detoxification of intracellularly generated H2O2 in specific subcellular
compartments (e.g., cytosol and mitochondria) might prove valuable in preventing cytokine-mediated
dysfunction and demise of the pancreatic islet beta cell.

Figure 3. Potential involvement of small G proteins in cytokine-induced NO release and ROS formation
leading to mitochondrial dysfunction and demise of the rat islet beta cell.
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Abbreviations

DPI diphenyleneiodonium
Duox1 dual oxidase1
Duox2 dual oxidase2
EF hands calcium binding domains or motifs
ER stress endoplasmic reticulum stress
FTase farnesyltransferase
GEFs guanine nucleotide exchange factors
GSH reduced glutathione
GSIS glucose-stimulated insulin secretion
12-HETE 12-hydroxyeicosatetranoic acid
IFNγ interferon γ

IL-1β interleukin 1β
iNOS inducible nitric oxide synthase
12-LO 12-lipoxygenase
MCP-1 monocyte chemoattractant protein-1
MMPT mitochondrial membrane pore transition
Nrf2 nuclear factor erythroid 2-related factor 2
NO nitric oxide
Nox1 NADPH oxidase 1
Nox2 NADPH oxidase 2
Nox3 NADPH oxidase 3
Nox4 NADPH oxidase 4
Nox5 NADPH oxidase 5
PKC protein kinase C
PN peroxynitrite
Prdx1 peroxyredoxin1
PrdxIII peroxyredoxin III
Prdx6 peroxyredoxin 6
siRNA small interfering RNA
SOD superoxide dismutase
TNFα tumor necrosis factorα
NAC N-acetylcysteine

NSC23766
N6-[2-[4-(Diethylamino)-1-methylbu-tyl]amino]-6-methyl-4-pyrimidinyl]-2-methyl-
4,6-qu-inolinediamine trihydrochloride

NOD non-obese diabetic
Rac1 Ras-related C3 botulinum toxin substrate 1
RNS reactive nitrogen species
ROS reactive oxygen species
T1DM type 1 diabetes mellitus
Tiam1 T-cell lymphoma invasion and metastasis-inducing protein 1
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Abstract: Exploring new avenues to control daily fluctuations in glycemia has been a central theme for
diabetes research since the Diabetes Control and Complications Trial (DCCT). Carbohydrate restriction
has re-emerged as a means to control type 2 diabetes mellitus (T2DM), becoming increasingly
popular and supported by national diabetes associations in Canada, Australia, the USA, and Europe.
This approval comes from many positive outcomes on HbA1c in human studies; yet mechanisms
underlying their success have not been fully elucidated. In this review, we discuss the preclinical
and clinical studies investigating the role of carbohydrate restriction and physiological elevations
in ketone bodies directly on pancreatic islet health, islet hormone secretion, and insulin sensitivity.
Included studies have clearly outlined diet compositions, including a diet with 30% or less of calories
from carbohydrates.

Keywords: low carbohydrate diet; ketogenic diet; insulin sensitivity; pancreas; islet of Langerhans

1. Introduction

Diabetes mellitus (DM) is a life-altering condition affecting a rapidly growing population worldwide.
Type 2 (T2) DM accounts for the majority of this increase and is characterized by hyperglycemia resulting
from insufficient endogenous insulin secretion due to beta cell dysfunction or hyperinsulinemia and
impaired tissue response to insulin [1]. Appropriately integrated hormonal signals are paramount
to initiating proper fasted and post-prandial responses to control glycemia. Both glucose and
active incretin peptides stimulate membrane depolarization of pancreatic beta cells and subsequent
insulin secretion [2,3]; however, overstimulation of beta cells can lead to impaired secretory function
and apoptosis [4]. Thus, modulation of dietary carbohydrate has long been considered for the
treatment of DM. Notably, extreme carbohydrate restriction was commonly advised to patients with
diabetes before the discovery of insulin [5]. However, recommendations by leading national diabetes
organizations have not remained consistent with this initial paradigm, with fat restriction being
commonly recommended from the 1970s until recently [6,7]. Since 2017, Diabetes Canada, Diabetes UK,
Diabetes Australia, and the American Diabetes Association have approved the use of low-carbohydrate
diets (LCD) and ketogenic diets (KD) with support from a physician to manage T2DM [8,9].

Restriction of dietary carbohydrates has become increasingly popular, specifically in T2DM, to
improve glycemic control. Increasing the time spent in an optimum glucose range (~4–7 mM) [10] is
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an important clinical target since the Diabetes Control and Complications Trial that demonstrated that
even small deviations in glycemia throughout the day significantly increases risks of secondary diabetic
complications [11]. It is understood that beta cells are sensitive to apoptotic signals and oxidative
stress in conditions which are exacerbated by overnutrition and obesity [12,13]. Insensitivity to insulin
by other metabolic tissues can promote hyperinsulinemia, beta cell hyperplasia, and contribute to
beta cell failure. Additionally, hepatic insulin resistance also contributes to hyperglycemia by failing
to suppress glucose production [14,15]. Insulin insensitivity, lipid accumulation in the pancreas,
and elevated circulating insulin concentrations have been reproducibly demonstrated as outcomes
of a Western-style obesogenic diet in animal models [16–19]. T2DM is a heterogeneous condition;
however, particularly in the early stages, it is postulated that an LCD may reduce metabolic strain,
oxidative stress, and proinflammatory conditions to positively impact beta cell health. However, this has
been incompletely demonstrated.

The KD is a very-LCD, typically less than 10% of kcal from carbohydrates, which can induce
the fasted-like state of ketosis. During ketosis, excess acetyl-CoA from the catabolism of lipids by
hepatic beta-oxidation can be used for ketogenesis, the production of ketone bodies acetoacetate,
beta-hydroxybutyrate (BHB), and acetone. Extra-hepatic tissues can take up ketone bodies for ketolysis
and generation of ATP through the tricarboxylic acid cycle and electron transport chain [20]. This diet
has been historically used to treat children with intractable epilepsy [21]. Further, supplementing
exogenous ketones while consuming other diets has also been explored for potential metabolic
benefits [22]. These studies provide insight into the effects of ketone bodies independent of the reduced
insulin requirement by carbohydrate restriction of KD. It is currently unclear whether the ability of a
diet to achieve or maintain ketosis plays a large role in the improved glucose regulation seen with KDs
in patients living with DM.

LCD and KDs have shown clinical benefit through reduced need for DM medication in many
patients with T2DM and have even been recommended by clinicians as a first approach [23].
However, large-scale, well-controlled trials in patients with T2DM are limited and preclinical research
to determine the mechanisms of observed improvements in human trials remains largely controversial.
Further, these studies are confounded by the effects of weight loss, appetite suppression, and differing
dietary composition of the intervention [24,25].

The aim of this review is to discuss the effects of LCDs, KDs, and dietary supplementation with
exogenous ketones on DM as it pertains to: (1) physiology of insulin-secreting beta cells, (2) secretion
of islet hormones insulin and glucagon, and (3) sensitivity of other tissues to insulin.

For the purposes of this review, LCDs are defined as having less than 30% of calories from
carbohydrates and diets referred to as KD have shown evidence of ketosis through significantly
elevated circulating ketone bodies (See Table 1 for all diet definitions). These definitions were used for
consistency between rodent, non-human primate, and human studies. Studies included had clearly
outlined diet compositions and used LCDs and KDs that are calorically unrestricted, isocaloric to
previous eating patterns, or without intentional caloric restriction past control diets. Pubmed search
terms included “low carbohydrate islet”, “ketogenic diet islet” “low carbohydrate diabetes”
“ketogenic diet diabetes”. The role of ketones in cancer, including pancreatic cancer have been
reviewed elsewhere [26,27].
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Table 1. Dietary definitions used for the purpose of this review. Percentages are percent of kilocalories.

Diet Carbohydrate Fat Protein

CRD
Carbohydrate-restricted

diet
A diet which intends to decrease

carbohydrate consumption <40% >30% 4–60%

LCD Low-carbohydrate diet
A CRD with less than 30% of kcal

from carbohydrates without evidence
of elevated ketone bodies

<30% 30–95% 4–60%

KD Ketogenic diet
An LCD with elevated ketone bodies
but some dietary carbohydrate and

typically low protein
<10% >70% 4–20%

CFD Carbohydrate-free diet A diet containing no
carbohydrates (preclinical) 0% 8–88% 12–83%

2. Islet Health and Survival

Progressive beta cell dysfunction and beta cell death are key features of T2DM. Beta cells
compensate for insulin insensitivity through hyperplasia and related hyperinsulinemia before a
dramatic loss of beta cells. This leads to insufficient insulin production, impaired glucose tolerance,
and exogenous insulin dependence [28–30]. Both ectopic lipid accumulation and hyperglycemia
induced by Western diet feeding have been demonstrated to promote beta cell toxicity and death
in rodents [16,31]. Whether the same pathways are engaged in patients is a matter of debate [32].
Although many KD and LCD studies focus on weight loss and glycemia, histological analysis of
pancreatic islet composition in animal models provides important insight into the health and survival
of insulin and glucagon secreting beta and alpha cells which remain unknown in human trials.
These studies may provide insight into the mechanisms behind the need for altered insulin or
anti-hyperglycemic medication which is characteristic of patients with diabetes in trials of LCDs.

2.1. Non-Obese, Non-Diabetic Animal Studies

Interestingly, few positive impacts have been reported on pancreatic islet health in rodents fed
LCD and KDs in studies using non-obese, non-diabetic models (Figure 1). C57BL/6 mice fed a KD for
22 weeks showed a greater than 50% decrease in alpha and a ~30% decrease in beta cell mass compared
to chow-fed mice without changes to islet density, suggesting increased size of the remaining cells [33].
Similarly, male Wistar rats fed LCD or KD for 4 weeks had decreased pancreas and beta cell volume
compared to chow-fed rats, even when normalized for body weight [34]. A recent study of young
male and female C57BL/6 mice on three different LCDs for 12 weeks found that only mice on the 1%
carbohydrate LCD (0 kcal sucrose) had similar beta cell proliferation (% Ki-67 positive cells) rate as
low-fat diet controls. In males, both 20% carbohydrate LCDs had increased proliferation, associated
with hyperplasia, whereas only the 20% carbohydrate diet with higher sucrose (775 kcal vs. 275 kcal)
was significantly elevated in females, despite identical macronutrients. There were no differences
in beta cell mass between diet groups in females, but male mice on the 1% carbohydrate LCD had
significantly reduced beta cell mass than even low-fat controls, despite similar proliferation rate [35].
In contrast, studies using obese and/or diabetic models did not report differences between non-obese,
non-diabetic control diet groups [36–38].
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Figure 1. Extreme carbohydrate-restricted diets may confer some benefits in obese and diabetic rodents
compared to healthy rodents. Some reports of ketogenic diet (KD) and carbohydrate-free diets (CFDs)
demonstrate protection against the onset of diabetes with improved beta cell survival or proliferation
after streptozotocin treatment. Low-carbohydrate diets (LCDs) improve fasted and random glycemia
but worsen insulin responsivity during hyperinsulinemic euglycemia clamp studies and increase
glycemia during glucose tolerance tests.

2.2. Animal Models of Diabetes and/or Obesity

In two studies by the same group, rats with streptozotocin-induced diabetes consuming 10%
carbohydrate LCDs had more beta cells than rats fed a high-carbohydrate diet. In the study with
a higher fat and lower protein LCD (60% fat, 30% protein), rats had less beta cells than chow-fed
controls, suggesting that this diet was inferior for islet mass preservation compared to typical
healthy feeding. [36,37]. More strikingly, streptozotocin-treated rats fed the very high protein
LCD (60% protein 30% fat) did not show signs of streptozotocin-induced beta cell death and islet
morphology perturbations, unlike in both chow and high-carbohydrate-fed rats [36]. Notably,
diabetes was induced by streptozotocin at different times in these two studies. The higher fat LCD
experiment induced diabetes at the onset of dietary intervention whereas in the experiment with higher
protein LCD, dietary intervention began 8 weeks prior to streptozotocin treatment. In both studies,
chow and high carbohydrate groups increased their food intake after streptozotocin treatment,
but LCD-fed rats did not [36,37].

In the diabetic susceptible mouse model db/db, Mirhashemi and colleagues found that a
carbohydrate-free diet (CFD) preserved beta cells and expression of glucose transporter (GLUT2) after
22 weeks of dietary intervention. Both the standard chow and obesogenic HFD feeding resulted in
diminished beta cell count [39]. Similarly, a 1983 study on the role of carbohydrate in db/db mice found
that the CFD-fed mice showed some islet hyperplasia and hypertrophy, but significantly reduced
islet atrophy and improved survival compared to those on diets of varied carbohydrates (8–60%) [40].
These results are corroborated in New Zealand Obese (NZO) mice fed a CFD for 22 weeks [41], but not
NZO mice fed a very LCD (6% kcal from sucrose) for 9 weeks; here, Lamont et al. found no changes to
pancreas weight, islet density, islet size, or beta cell mass [42]. These results suggest a benefit on islet
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health in rodents with a total lack of carbohydrate, not only carbohydrate restriction, as higher sucrose
(compared to 2% in standard diet) is detrimental to beta cell health [40]. However, this raises questions
on the durability of these effects upon the reintroduction of carbohydrates after a CFD. After 18 weeks
on a CFD, Kluth et al. fed NZO mice a diet with 32% of kcal from carbohydrates or continued the CFD.
When refed carbohydrates, mice quickly developed diabetes demonstrated by loss of insulin-positive
cells and increased caspase 3 expression [43]. It is important to note that the carbohydrate refeeding
diet was proportionately closer to a typical HFD (51.4% of kcal from fat, 32.4% kcal from carbohydrate),
which is known to be metabolically deleterious. However, a study on chow refeeding in rats after
8 weeks of KD demonstrated hyperphagia and enhanced weight gain compared to mice consistently
fed a chow diet. Islet and pancreas analyses were not performed [44]. Finally, in the ob/ob genetic model
of obesity, mice fed an LCD had reduced beta cell mass compared to ob/ob chow-fed mice, similar to
levels in wildtype chow fed mice, indicating hyperplasia in the chow-fed ob/ob mice which is attenuated
by the LCD [38].

3. Islet Hormone Secretion

Constant glucose homeostasis as a result of appropriate secretion of metabolism-regulating islet
hormones or treatment with diabetes medication is important for daily metabolism, avoidance of hyper-
and hypoglycemic events, and is crucial for patients with diabetes to avoid long term complications [11].
Physiological regulation of glucose by the endocrine pancreas occurs through the integration of nutrient
signals with a series of electrical gradients and molecular processes which result in the secretion of
glucoregulatory hormones, insulin and glucagon, from the islets of Langerhans. Investigating the
effects of LCD, KD, and their metabolites on glycemic load and islet secretory capacity compared to
standard diets is paramount to understanding their role in DM and its comorbidities.

3.1. Cell Studies

The canonical mechanism of insulin secretion occurs in response to glucose; however, in vitro
studies in isolated rat and human islets have shown that exposure to BHB in addition to glucose
further increases insulin secretion but does not have a significant effect alone [45–49]. Further,
while acetoacetate, BHB, and monomethyl succinate had no significant effects on insulin secretion
in INS-1 cells alone, incubation of either acetoacetate or BHB with monomethyl succinate induced
significant insulin secretion [48]. Similarly, monomethyl succinate and BHB together also stimulated
insulin secretion in isolated rat islets, though neither alone [48]. Interestingly, one 1995 study shows
that treatment of human islets for 48 h with BHB at concentrations seen in patients with uncontrolled
type 1 DM impairs insulin secretion in the presence of high glucose media [50]. Conversely, a recent
study found that supplementing high-glucose media with medium chain triglycerides improved
glucose-stimulated insulin secretion in isolated beta cells from aged rats [51]. Chromic (72 h)
treatment with medium chain triglycerides or BHB also increased glucose-stimulated insulin secretion
in the INS1E beta cell line [51] (Figure 2). Proinsulin biosynthesis in islets from ob/ob mice, in
significant contrast to glucose, was unchanged in the presence of ketone bodies [52]. A number of
studies have evaluated the expression and activity of ketone body transport and utilization enzymes
within islet cell lines, primary pancreatic tissue [53,54] and within mouse islets [55]. Additionally,
oxidation rates in islets isolated from ob/ob mice (6–8 months old) determined conversion of ketone
bodies to CO2 occurs at significant rates albeit much lower than other tissues, including the kidney [56].
However, surprisingly few studies have explored the physiological adaptation of islets to carbohydrate
restriction, nutritional ketosis, or consumption of ketone esters on the dynamics of hormonal secretion
and metabolism within islet cell populations.
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Figure 2. Short-term and chronic effects of metabolites on pancreatic beta cell insulin secretion. In vitro
investigations in isolated islets reveal an additive effect of BHB and glucose on insulin secretion, but no
insulin secretion with BHB alone. While long-term treatment with high glucose can lead to reduced
glucose-stimulated insulin secretion, some evidence suggests increased insulin secretion in response
to high glucose following chronic (72 h) treatment with ketones and medium chain triglycerides.
BHB: beta-hydroxy butyrate; MCT: medium chain triglycerides.

3.2. Healthy Animal Models

In non-obese, non-diabetic rodent studies, LCD and KD feeding often results in significantly
lower fasted glucose than rodents on a chow diet [34,57–60], or no different than chow or low-fat
diet [33,35,61,62] and improved compared to obesogenic HFDs. Fed state glucose was also decreased
in KD compared to chow-fed mice [61]; however, it was not different than chow-fed rats [37,63].
When challenged with systemic (insulin tolerance test) or neural hypoglycemia, mice on the
KD for 7 days had significantly lower glucagon and blood glucose compared to chow-fed mice,
indicating reduced protection for hypoglycemic events [60]. Jornayvaz et al. similarly found that mice
fed a KD had decreased fasted glucagon compared to chow-fed mice [59], whereas in another study,
KD mice had similar fed glucagon to weight matched, chow-fed controls [61]. Fasted insulin
has been reported to decrease with KD feeding compared to chow feeding [34,57,59,61,62,64];
however, other studies report that fasted insulin is not different between KD and chow-fed mice,
although decreased compared to HFD-fed male mice [35,58]. Interestingly, in the longest running
study we evaluated, mice fed a KD for 22 weeks had increased fasted insulin compared to chow-fed
mice [33]. Finally, non-human primates fed standard high carbohydrate diet had less insulin and
glucose perturbations with a LCD meal compared to high-carbohydrate, low-fat meal [65].

3.3. Animal Models of Obesity and Diabetes

Unlike in healthy rodents, KD feeding in rodent models of obesity and diabetes have more
varied fasted glucose outcomes. In ob/ob and diet-induced obese mice, fasted glucose was lower in
KD-fed mice than in chow-fed mice [38,57,61]. However, fasting glucose was not significantly different
from chow-fed rodents in pancreatectomized, obese, or streptozotocin treated rodents fed LCD and
KD [63,66,67] and was increased in LCD-fed NZO mice [42]. Unsurprisingly, fed glucose levels in
obese and diabetic rodents on LCDs are consistently lower than chow-fed rodents [37,38,42,61,68].
Interestingly, Park et al. report pancreatectomized KD mice had more than doubled average fasted
glucagon levels than pancreatectomized chow and exogenous ketone-supplemented groups [66],
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whereas Badman et al. found decreased fed glucagon levels in KD compared to chow-fed ob/ob
mice [61].

Unlike in the healthy rodents on LCDs who reproducibly have lower fasted insulin, only one
study using a mouse model of obesity (ob/ob), had decreased fasted insulin as compared to chow fed
mice [61]. Others, using pancreatectomized rats, streptozotocin treated rats, or obese (NZO) mice,
showed no change in fasted plasma insulin levels with LCD, KD, or exogenous ketones compared
to chow [42,66,67]. Using a CFD, Mirhashemi et al. found that non-fasted insulin was consistent
over time in db/db obese mice despite a decrease in insulin in HFD-fed mice at 6 weeks and chow-fed
mice by the endpoint (22 weeks), suggesting decompensation [39]. Finally, non-fasted insulin levels
of obese LCD and KD rodents tended to be decreased compared to higher carbohydrate chow and
HFDs [38,57,61,63,68]. Although, one study using NZO mice found increased fed insulin levels after
9 weeks of LCD feeding [42]. In all, LCD and KDs protect rodents from hyperglycemia and large
glycemic fluctuations.

3.4. Human Studies

In most cases, human studies on LCD and KD feeding report significantly reduced fasted and 24 h
insulin and increased fasted, non-fasted, and 24 h glucagon compared to control groups or baseline
measurement [69–74]. Interestingly, Samaha and colleagues found decreased insulin levels in severely
obese participants currently without DM medications, but not with those using DM medications [75].
In contrast, a 52-week study comparing LCD and high carbohydrate hypocaloric diet found no
difference in serum insulin between groups [76]. Similarly, a 2-week crossover study found no changes
to insulin or glucagon at basal insulin before hyperinsulinemic clamp [77].

Measurement of HbA1c provides a much more complete picture of glycemia than one-time
fasted or fed glucose measurement and is indicative of inadequate insulin secretion or glucose uptake
over time. Impressively, studies in patients with T2DM on LCD and KD both randomized and
non-randomized, controlled and uncontrolled trials, from 2 weeks to 44 months reproducibly resulted
in decreased HbA1c [69,71,72,75,78–86]. Similarly, case studies of varying lengths tended to also find
improvements in HbA1c after 20 weeks [87]. Controlled studies have found this improvement in HbA1c
on LCD and KDs compared against diets with the majority of energy coming from carbohydrates, diets
with low glycemic index and calorie restriction, and caloric restriction alone [69,79,81,84]. In addition,
continuous care regimens using KDs have be shown to greatly improve HbA1c in patients with T2DM
compared to current standard T2DM care [88,89]. Strikingly, many participants in the continuous
care group with KD had reversal (53.5%) or remission (17.6%) of their T2DM [88]. While continuous
care interventions introduce the confounding variables of extra support and resources, these studies
offer insight into the potential for improved care in conjunction with the benefits demonstrated by
other trials of CRDs alone. Conversely, one 6-month study comparing a LCD and a low-fat Diabetes
UK recommended diet, HbA1c only trended towards improvement in the LCD compared to the
control diet among participants with DM (p = 0.06) [75]. This study saw significantly decreased weight
compared to the low-fat group, and the decrease in fasting glucose that was seen in diabetic patients
was no longer significant after controlling for weight loss. In a 24 weeks study, Dyson and colleagues
found HbA1c was only significantly decreased with LCD feeding compared to baseline and not the
control low-fat diet when both patients with and without DM are considered and not DM alone,
despite increased weight loss with LCD compared to the low-fat diet [25]. Similarly, a 52-week study
found that improvements in HbA1c were not different than those of the high carbohydrate group [76].
Remarkably, Yancy et al. found that the decrease in HbA1c was greater than that which is predicted
by the weight loss and Vernon et al. found that HbA1c improvement was observed in patients with
and without weight loss, alike [78,80]. Additionally, by nature of carbohydrate restriction and the
positive outcomes above, human studies on the CRDs almost always result in decreased reliance
on anti-hyperglycemic agents and/or lowering of insulin dosage [69,71,75–77,79–81,83,84,90], and on
occasion even significantly more than calorie-restricted and low glycemic index diets [69,79].
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4. Insulin Sensitivity

Insulin insensitivity is an important hallmark of T2DM as a lack of tissue responsiveness to insulin
remains a barrier to stabilizing glycemia. In rodent studies, there are a number of accepted methods
for testing whole body and tissue-specific insulin sensitivity. The gold standard for insulin sensitivity
measurement is the hyperinsulinemic-euglycemic clamp; however, glucose and insulin tolerance tests
are very widely used. Additionally, when dynamic physiological tests are not performed, simple blood
draws can be used to measure homeostatic model assessment for insulin resistance (HOMA-IR) and
quantitative insulin sensitivity check index (QUICKI). While studies demonstrate consistencies between
methods in humans, such comparisons between methods in rodents are not as appropriate [91–93].

4.1. Non-Obese, Non-Diabetic Mouse Models

In both C57BL6 mice fed a KD for 3 days and 5 weeks and Wistar rats fed LCD and KD for
3 weeks, hyperinsulinemic-euglycemic clamp studies show reduced hepatic insulin sensitivity and
inability to suppress endogenous glucose production [34,58,59]. Additionally, in two of those studies,
rodents had impaired uptake of glucose during the clamp experiment [34], specifically in heart and
brown adipose tissue [59]. Most insulin tolerance tests (ITT) on healthy mice fed CRDs report lower
or the same glycemia compared to a standard chow diet [33,60,62,94]. Notably, two KD-fed mice
in one study became hypoglycemic during the ITT and required rescue with dextrose solution [62].
However, the shortest study included, with only 3 days on KD, reported increased area under the curve
of glucose compared to both a chow and obesogenic HFD during the ITT [58]. With only three days on
the diet it is possible that this represents a metabolic transition phase rather than an established state [58].
In non-obese, non-diabetic rats, three studies found that both LCD and KD impaired insulin tolerance
through elevated glucose during the ITT compared to chow-fed rats [34,63,64]. Similarly, Kinzig and
colleagues found that feeding a liquid high carbohydrate meal to rats on the LCD significantly increased
circulating insulin and glucose for 2 h after feeding compared to chow-fed rats [64]. Non-validated
measurements of insulin sensitivity in rodents, QUICKI and HOMA-IR, were improved in studies
of LCD and KD in healthy wildtype mice [59,62]. Studies in healthy rodents agree that CRDs impair
glucose tolerance as assessed by oral and intraperitoneal glucose tolerance test [33–35,38,58,62,64,94,95].
Interestingly, a recent study revealed that in healthy mice on diets with fixed 25% protein, those with
fat content of 41.7% and above were all glucose intolerant; this phenomenon was not seen with 10%
fixed protein, despite that being much closer to a typical KD [96].

4.2. Mouse Models of Obesity and Diabetes

Similar to healthy rodents, rodent models of diabetes and obesity fed CRDs had poorer outcomes
during hyperinsulinemic-euglycemic clamp experiments than chow-fed controls. NZO mice fed a CFD
fared similarly to HFD-fed mice with decreased glucose infusion rate to achieve euglycemia, decreased
glucose utilization, and decreased suppression of hepatic glucose production compared to chow-fed
mice [41]. Pancreatectomized rats on KD also had lower glucose infusion to achieve euglycemia
and increased hepatic glucose output. No differences were found in glucose uptake between KD,
chow, and BHB injection groups [66]. Interestingly, unlike KD rats, rats administered exogenous
BHB had decreased hepatic glucose output compared those on chow [66]. During hyperglycemic
clamp, BHB injected and KD rats had reduced first phase insulin secretion while only BHB injected
rats had reduced second phase insulin [66]. Both KD and BHB groups had reduced glucose infusion
rate and insulin sensitivity, measured as milligrams of glucose per kg of body weight over time [66].
This speaks to a potential benefit of increased fat content of KD over exogenous BHB which may
allow for adequate second phase insulin secretion. During ITTs, obese (ob/ob) mice had lower blood
glucose than chow-fed controls, indicating better insulin sensitivity; however, these mice again were
glucose intolerant. Mice with diet-induced obesity switched to an LCD were also glucose intolerant but
they had similar insulin tolerance to those switched to chow [35]. Similarly, LCD-fed rats treated with
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streptozotocin had similar ITT response as non-streptozotocin chow fed rats, but their glucose tolerance,
while improved at some time points, did not have significantly improved area under the curve (AUC)
glucose compared to HFD streptozotocin controls [67]. Genetically obese (fa/fa) rats fed an LCD with
high protein (34.7% kcal) also had similar insulin tolerance to chow-fed controls, with increased AUC
of glucose and insulin during a glucose tolerance test [63]. Conversely, two studies found that KD-fed
mice had similar glucose tolerance to chow-fed mice and improved glucose tolerance compared to
HFD-fed mice in models of diet and genetically (ob/ob) induced obesity [57,61]. Insulin sensitivity, as
determined by QUICKI, was improved in obese (ob/ob) mice [61].

4.3. Human Studies

Two human studies have assessed insulin sensitivity using hyperinsulinemic-euglycemic clamps
in LCD and KD fed participants with T2DM. In contrast to rodent studies, neither short term,
small population study had worsened insulin sensitivity with LCD and KD [71,77]. Notably, KD fed
participants in one study required significantly more glucose to maintain euglycemia than the same
participants did on their prior diets [71] (Figure 3). This inpatient study lacked a control group; therefore,
these improvements may be a reflection on the poor diet they consumed prior to the study but may
also serve as a more realistic comparison for the average person with T2DM eating a Western-style
diet [71]. Allick et al. compared their findings against a eucaloric, high carbohydrate diet and found
no differences between groups during the clamp study despite significantly worsened hepatic insulin
sensitivity in a similar study done on non-diabetic participants [77,97]. Additionally, in a study of
non-diabetic, obese adults over 60, participants on the LCD for 8 weeks had improved insulin sensitivity
during hyperinsulinemic-euglycemic clamp compared to baseline, while the low-fat group saw no
significant change. The difference between diet groups was not significant [73]. In mixed meal tests,
Rosenbaum et al. found that 17 healthy participants fed KD versus a baseline 50% carbohydrate diet
had worse insulin sensitivity with elevated AUC glucose during ketogenic and carbohydrate-based
meals and elevated AUC insulin during the carbohydrate-based meals [74]. Further investigation is
required to assess insulin sensitivity on LCDs in the context of T2DM.

Figure 3. Low-carbohydrate diets reduce the need for anti-hyperglycemic agents in type 2 diabetes.
Participants on LCDs with T2D have decreased glycemia, glycated hemoglobin, and improved blood
glucose regulation; thus, require less exogenous insulin and other anti-hyperglycemic medications and
may improve insulin sensitivity through restored insulin secretion in some patients.
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5. Paracrine Regulation and Metabolic Crosstalk

Paracrine regulation of islet hormone secretion may also be of importance to the LCD and
diabetes literature. The incretins glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic
polypeptide (GIP) are secreted by L and K cells in the intestine in response to nutrients [2].
Secreted, active GLP-1 and GIP can stimulate beta cells of the pancreas to potentiate glucose-stimulated
insulin secretion, with GLP-1 having the added effect of inhibiting glucagon secretion from alpha
cells [2]. However, the incretins are quickly cleaved and inactivated by dipeptidyl peptidase-4 (DPP4)
and cleared through the kidney [98]. Both DPP4 inhibitors and GLP-1 receptor agonists are currently in
use as DM medications [99,100]. One study reported that normal weight participants taking a ketone
ester drink had significantly lower total GLP-1 two to four hours after drink administration compared
to those taking a dextrose drink [101]. Similarly, Wallenius and colleagues reported that ketone bodies
reduce GLP-1 secretion in primary jejunal culture [102]. Alternatively, a small, uncontrolled study
reported increased fasted GIP in healthy patients on a KD but no changes to GLP-1 [74]. The differences
here may be due to the vastly different diets; very low-calorie diets and ketone ester drinks do not
provide the extreme fat content of a calorically unrestricted KD. Dietary fatty acids can signal through
G protein coupled receptors in the intestine which can potentiate GLP-1 and GIP secretion [103–105].
Further studies are required to understand the relationship between incretin secretion and KD for any
therapeutic benefits.

6. Discussion and Conclusions

In summary, the preclinical literature supports the concept that islet health may be positively
impacted by CRD in states of metabolic disease rather than in the healthy state. Much of the literature
on dietary modulation on pancreas and islet health centers on beta cell destruction; as such, the diet
regime is extreme with many studies using diets free of carbohydrates, which clearly limits its
translational value. Understanding the functional impact of different dietary regimes on the energy
sources presented to the beta cell becomes increasingly relevant as we learn more on the importance
of lipid storage within the pancreas, integrity of mitochondria and oxidative metabolism on insulin
secretion and the development of diabetes [106,107]. Additionally, it is clear, given the significant
effects of diets with a high percentage of fat reported on body weight, food intake, and energy
expenditure [108], that metabolic cross-talk from insulin sensitive tissues including adipose tissue, liver,
and skeletal muscle may also very dramatically influence the islet and metabolic outcomes associated
with the feeding of LCD or KD. CRDs with differing composition should be studied more closely and
rigorously to address the mechanisms underlying reported inconsistencies and the translational value
of these studies. Additionally, exercise can play an important role in the management of diabetes
and other metabolic dysfunction [109–111]. There is some evidence to suggest that an LCD or KD
may impair exercise ability [112–115], although this is not consensus and may depend on exercise
type [116–118]. Further studies on the role of ketosis and carbohydrate restriction on exercise capacity
in patients with diabetes is warranted.

Carbohydrate restriction (<30% kcal) has demonstrated benefits in human studies of T2DM
with regulating glycemia and reducing the need for DM medications. Interventional studies in
patients with T2DM examining changes in glycemia, insulin sensitivity, and beta cell function provide
valuable insight into the mechanisms underlying the consistency by which LCD or KD may improve
HbA1c levels. The value of improved glycemic control is evident given the significant role of the
length of exposure to hyperglycemia in the development of complications. It is currently unclear how
factors which influence the heterogeneity of T2DM including age, race, and genetics [119] influence
the ability of carbohydrate restriction to resolve morbidity. In addition, there is substantial debate
about the heterogeneity in the sources of fat present in the diet [120–122] which may also influence
the consistency of these outcomes. Further, like any dietary restriction or modulation, adherence is
a major obstacle to overcome when informing clinical practice and evaluating long-term outcomes.
While carbohydrate consumption was decreased in a study aiming to explore an LCD,
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participants randomized to the LCD group did not have significantly increased fat intake compared to
controls, rather decreased caloric intake [123]. A 2018 review also highlights the difficulty of adhering
to a KD [124]; thus, studying the transition from a more restrictive KD to an LCD for the long term
may be more clinically relevant.
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Abstract: Beta cells adapt their function to respond to fluctuating glucose concentrations and variable
insulin demand. The highly specialized beta cells have well-established endoplasmic reticulum
to handle their high metabolic load for insulin biosynthesis and secretion. Beta cell endoplasmic
reticulum therefore recognize and remove misfolded proteins thereby limiting their accumulation.
Beta cells function optimally when they sense glucose and, in response, biosynthesize and secrete
sufficient insulin. Overnutrition drives the pathogenesis of obesity and diabetes, with adverse effects
on beta cells. The interleukin signaling system maintains beta cell physiology and plays a role in beta
cell inflammation. In pre-diabetes and compromised metabolic states such as obesity, insulin resistance,
and glucose intolerance, beta cells biosynthesize and secrete more insulin, i.e., hyperfunction. Obesity
is entwined with inflammation, characterized by compensatory hyperinsulinemia, for a defined
period, to normalize glycemia. However, with chronic hyperglycemia and diabetes, there is a
perpetual high demand for insulin, and beta cells become exhausted resulting in insufficient insulin
biosynthesis and secretion, i.e., they hypofunction in response to elevated glycemia. Therefore,
beta cell hyperfunction progresses to hypofunction, and may progressively worsen towards failure.
Preserving beta cell physiology, through healthy nutrition and lifestyles, and therapies that are aligned
with beta cell functional transitions, is key for diabetes prevention and management.

Keywords: beta cell hypofunction; beta cell hyperfunction; ER stress; glucolipotoxicity;
oxidative stress

1. Introduction

Obesity and diabetes are globally pervasive, increasing in prevalence, and occur over the
life-course, often presenting earlier in life e.g., in childhood obesity and diabetes. Urbanization,
sedentary lifestyles, and unhealthy diets are some drivers of the global high prevalence of obesity
and diabetes, with healthy nutrition particularly important for obesity and diabetes prevention and
management. In obesity and early diabetes, overnutrition (i.e., hypercaloric overconsumption, excess
nutrients, or nutritional overload, such as chronic high-fat diet (HFD)/high saturated fatty acid (SFA)
overconsumption), increases the demand for insulin biosynthesis and secretion, leading to the onset of
hyperglycemia and insulin resistance. Beta cells are highly specialized to biosynthesize and secrete
insulin to maintain glucose homeostasis. Exposure to chronic hyperglycemia (glucotoxicity) and
lipids (lipotoxicity) trigger beta cell dysfunction and death [1–3], and in combination, i.e., an excess
of glucose and lipids (glucolipotoxicity), synergize rapid and progressive beta cell demise [4,5].
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Glucolipotoxicity therefore is the combined deleterious consequences of elevated chronic glucose and
SFA (e.g., palmitic acid) concentrations on specific organs (e.g., the pancreas), micro-organs (e.g., islets)
and cells (e.g., beta cells) [6].

2. Systemic and Islet Inflammation in Obesity and Diabetes

Overnutrition, particularly with high SF intake, results in fat accretion, weight gain and obesity [7].
After ingestion, adipose tissue stores ~90% of the non-esterified fatty acid (NEFA) load, and thus
substantial adipocyte remodeling occurs. This primarily involves adipose tissue hypertrophy with
some hyperplasia to meet triglyceride storage requirements [7]. Hypertrophic adipocytes have a
blunted response to insulin and progressively become more lipolytic thereby releasing an excess
of NEFA [7] which contributes to systemic insulin resistance. Systemic insulin resistance manifests
when glucose is not sufficiently cleared from circulation for uptake in organs for metabolism and
storage. This initiates and exacerbates hyperglycemia. In obesity, inflammation leads to systemic
insulin resistance and decreases in beta cell mass thereby contributing to beta cell death, dysfunction,
failure, and ultimately diabetes. Thus, in obesity, systemic insulin resistance is exacerbated due to
hypertrophic adipocytes that do not effectively respond to glucose uptake which worsens glucotoxicity
(i.e., hyperglycemia exacerbates); and with excess NEFA, especially SFA release by lipolysis, lipotoxicity
compounds and synergizes glucolipotoxicity. In overnutrition and obesity, adiposopathy refers to the
response of adipose tissue, behavioral changes and environmental factors [8] characterized by a shift
to visceral adipose tissue distribution, a pro-inflammatory imbalance, and ectopic fat deposition when
storage capacity exceeds the threshold [9] e.g., in the pancreas. Type 2 diabetic patients had elevated
pancreatic triglyceride content [10–13]. Furthermore, pancreatic fat accumulation induced insulin
resistance [13] and impaired insulin secretion [14]. Therefore, intra-pancreatic lipids that are lipotoxic,
coupled to hyperglycemia that prevails in diabetes, which is glucotoxic, synergize as glucolipotoxicity
thereby worsening diabetic outcomes.

An increase in pro-inflammatory mediator gene expression supports the elevated production of
cytokines, chemokines, and other pro-inflammatory mediators, such as 12-lipoxygenase (12LO) [7].
In adipose tissue, 12LO recruits and activates immune cells, such as macrophages (M1), natural killer
cells (NK), T cells (CD4+ and CD8+) and dendritic cells [7]. Immune cells that infiltrate
adipose tissue are pro-inflammatory mediators [7]. Thus, adipose tissue insulin resistance
manifests. Various adipokines modulate increased leptin and reduced adiponectin production [7].
Hyperleptinemia and leptin resistance are implicated in obesity, inflammation, and impaired beta cell
function. These circulating pro-inflammatory mediators induce beta cell dysfunction [7] characterized
by impaired glucose-stimulated insulin secretion (GSIS). In beta cells, chronic high NEFA (particularly
SFA) concentrations prompt lipotoxicity, endoplasmic reticulum (ER) and oxidative stress thereby
leading to mitochondrial dysfunction [7]. Hyperleptinemia concomitant with beta cell leptin resistance
likely impairs GSIS [7] with GSIS further impaired by pro-inflammatory mediators and the infiltrating
immune cells in adipose tissue and islets [7]. In obesity and glucolipotoxicity, there is immune
cell migration, infiltration and amplification in beta cells which induces and exacerbates beta cell
inflammation thereby leading to beta cell demise.

In obesity, chronic inflammation primarily involves mononuclear cells (without an acute
immunovascular phase) [15] with a typical 2–3-fold non-site specific increase in pro-inflammatory
cytokines and chemokines, i.e., not site specific but manifested in various organs e.g., the eye,
kidney, heart, liver, adipose tissue and pancreas [15]. Nuclear factor of kappa light polypeptide
gene enhancer in B cells (NFκB) regulates NEFA-induced beta cell inflammation and death [16].
In islets, innate immune system activation, characterized by an increase in innate immune cells and
pro-inflammatory mediators, impairs beta cell mass and function [17,18]. Obesity and inflammation
(i.e., chemokine and cytokine secretion) impair GSIS [19–21]. Obesity changes the cellular fate
of islet macrophages, i.e., reprograms islet macrophages, to acquire specialized functions e.g.,
synapse formation and cell-cell adhesion [21]. These pathways are activated for macrophage-beta cell
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interactions [21], which to some extent, explains the transference of vesicles containing insulin from
beta cells to macrophages, which is greatly augmented in obesity [21].

The islet macrophages comprise the intra-islet CD11c+ cells (associated with obesity) and peri-islet
CD11c− cells, and, in obesity, myeloid lineage cells dominate islet inflammation [22]. As obesity
progresses with weight gain with age, in parallel to chronic inflammation characterized by elevated
pro-inflammatory cytokines and chemokines, compensatory mechanisms are induced that shift the
homeostatic thresholds, which leads to the onset of diabetes [23]. Inflammation triggers an increase in
macrophage migration and infiltration in peripheral organs prompting cellular and organ dysfunction;
in beta cells, GSIS is impaired [24–26]. Islet and beta cells can initiate islet inflammation through
sensing stimuli and secreting cytokines, chemokines and islet amyloid peptide (IAPP) to activate
macrophages. Diabetes is a chronic inflammatory disease and typically islet cell inflammation can
be induced in response to systemic inflammation and other stimuli. This increases the complexity in
the prevention, pathogenesis and treatment of diabetes, and the preceding pathologies viz. obesity,
insulin resistance, glucose intolerance, and beta cell death, dysfunction, and failure.

3. Mediators of Islet Inflammation

Interleukin 1 (IL1) signaling is integral for beta cell physiology and inflammation. Islets richly
express the IL1 receptor type I (IL1R) and beta cells are sensitive to its ligands, IL1α and IL1β (a major
regulator of inflammation), therefore IL1R signaling regulates beta cell health and physiology [27].
In islets, IL1β secretion occurs due to elevated glucose, thereby initiating inflammation by recruiting
and activating macrophages to sustain islet inflammation [28]. The activation of the Nod-like receptor
family pyrin domain-containing protein 3 (NLRP3) inflammasome, which produces mature IL1β,
was demonstrated in the pancreas and responds to various stimuli [29]. The NLRP3 inflammasome
is a critical sensor of nutrient overload, which processes pro-IL1β to its active ILβ in metabolic
diseases [30]. The deletion of the NLRP3 inflammasome improves beta cell physiology and viability
during oxidative stress and hypoxia that may be associated with anti-inflammatory effects, such as
attenuated macrophage islet infiltration [31]. Tumor necrosis factor alpha (TNFα), IL6 and C-X-C motif
chemokine ligand 1 (CXCL1) may have additive effects on IL1β [30].

IL1β and insulin have a complex relationship. IL1β and insulin promote each other [30] and have
potent effects on glucose homeostasis and inflammation, supporting their roles in the physiology and
pathology of metabolism [30]. In macrophages, IL1β and insulin increased glucose uptake, and insulin
reinforced inflammation through insulin receptor signaling, glucose metabolism, reactive oxygen
species (ROS) production, and NLRP3 inflammasome-mediated IL1β secretion [30]. Insulin enhances
IL1β production [30], and up-regulates insulin receptors, phosphatidylinositol 3-kinase-protein kinase
B (PI3K-Akt) signaling, glucose transporter 1 (GLUT1)-mediated glucose uptake, glucose metabolism,
and ROS generation to activate the NLRP3 inflammasome [32,33]. Furthermore, insulin and IL1β
stimulate glucose uptake in muscle and fat (for glucose disposal), and in immune cells (to fuel the
immune system) [30].

IL antagonism presents an attractive strategy for beta cell protection and preservation.
In macrophages and islets, blocking IL1 signaling with an IL1R antagonist (IL1Ra) limited IAPP-induced
secretion of pro-inflammatory cytokines [34], suggesting that IL1 was required for islet inflammation
in IAPP formation [35]. A cell cycle regulatory factor, p27kip1 (p27), plays a role in the proliferation
of inflammatory cells as p27−/− mice had severe functional islet injury, with increased circulating
IL1 and TNFα levels that induced macrophage proliferation [36]. In beta cells, another cell cycle
regulator and transcription factor, E2F1, regulated insulin secretion through the Kir6.2 promoter [37,38].
E2F1 overexpression partially prevented IL1β-mediated inhibition of Kir6.2 expression and on GSIS [39].
In mice with beta cell IL1Ra knockout, the reduction in proliferation genes resulted in impaired beta
cell proliferation and function, through the E2F1-Kir6.2 pathway; thus the benefits of IL1 antagonism
appear to be related to beta cell turnover and function [39] and may provide insights in the treatment
of diabetes.
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Beta cell microRNAs (miRs) are also implicated in islet inflammation and associated with IL
signaling [40–42]. Pro-inflammatory mediators induced miR-146a-5p expression in human islets,
MIN6 mouse beta cells and INS1 rat beta cells [41,43,44], to adapt to IL1β-mediated NFκB activation
(as there are NFκB binding elements on the miR-146a promoter [41,45,46]). In INS1 cells transfected with
miR-146a-5p, there was reduced NFκB and inducible nitric oxide synthase (iNOS) promotor activity
that subsequently decreased cytokine-mediated iNOS protein expression, nitic oxide (NO) synthesis
and mitogen-activated protein kinase (MAPK) signaling [44]. Therefore, miR-146a-5p down-regulated
islet inflammation and beta cell death by impairing NFκB and MAPK signaling [44].

In the inflamed beta cells of hyperglycemic non-obese diabetic mice, miR-203a (which was
up-regulated) targeted insulin receptor substrate 2 (IRS2) thereby regulating beta cell proliferation and
apoptosis [47]. In MIN6 cells, IRS2 overexpression may protect from the reduced proliferation and
apoptosis induced by miR-203a [47]. Furthermore, MIN6 cells transfected with Irs2 siRNA antagonized
the effects of miR203a inhibitors which suggested that Irs2 and IRS2 may be novel targets of miR-203a;
and miR-203a inhibitors and IRS2 may be novel therapies [47].

4. Metabolic Interplay of Islet Inflammation, Glucolipotoxicity, and Beta Cell Dysfunction

In diabetes, several factors drive a decline in beta cell mass including cellular stress due to
compensatory insulin overproduction [48], glucotoxicity due to chronic hyperglycemia, lipotoxicity due
to chronic high dietary SFA consumption [49], glucolipotoxicity, inflammation [32], autoimmunity [50]
and obesity [3]. However, there are interrelations which require unravelling. High dietary SFA intake
contributes to glucotoxicity. Prolonged SFA exposure induces lipotoxicity that diminishes beta cell
mass and function, thereby contributing to and exacerbating hyperglycemia. Persistent lipotoxicity
thus exacerbates beta cell glucotoxicity i.e., diminished beta cell mass and function will inadequately
respond to elevations in glycemia and hyperglycemia will ensue. Persistent hyperglycemia will
further augment glucotoxicity for beta cells. In beta cells, glucotoxicity and resident pro-inflammatory
macrophages contribute to increased IL1β levels and subsequently impaired GSIS [28]. In addition,
glucolipotoxicity, with its synergistic deleterious effects, will have even worse outcomes for beta cells.

Moreover, obesity is entwined with inflammation and characterized by compensatory
hyperinsulinemia. Overburdening the beta cells, e.g., in hyperinsulinemia, results in the emergence
of cellular stress evident by ER and oxidative stress. Cellular stress is accompanied by islet
inflammation that further exacerbates islet and beta cell demise; in addition, autoimmunity is a
trait of compromised beta cells in type 1 diabetes that prompts beta cell death. The obese-inflammatory
metabolic state is fueled by aberrant cytokine generation, increased synthesis of acute-phase reactants
(such as C-reactive protein (CRP)), and an activated pro-inflammatory response [51]. In adults,
latent autoimmune diabetes (LADA) is characterized by mild autoimmunity with gradual progression
to insulin dependence (relative to type 1 diabetes), concomitant with some type 2 diabetes features
such as insulin resistance [52] and overweight/obesity [53]. These interrelations reflect the complexity
in beta cell mechanisms and dynamics as they adapt (i.e., compensate) to maintain function in response
to variable metabolic demands.

In murine and human islets, ER stress can also be induced by palmitate [54]. The beta cell can itself
activate islet inflammation as resident macrophages sense beta cell activity by reacting to ATP, which is
co-secreted with insulin, thereby activating macrophages and resulting in inflammation [55]. Beta cell
self-activation of islet inflammation is an interesting phenomenon that requires more investigation into
what triggers the process, and further delineation of islet inflammation and autoimmunity. This may
provide insights on beta cell dedifferentiation to escape attack and death.
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5. Beta Cell Dysfunctional Transitions

5.1. Beta Cell Physiology (Optimal Beta Cell Function)

Beta cells require normal beta cell integrity, i.e., number, size, and machinery, to effectively
respond to constantly fluctuating metabolic demand for insulin [56] by rapidly equilibrating glucose
across the plasma membrane for insulin exocytosis [57]. This requires adequate insulin biosynthesis
and maintaining beta cell readiness for GSIS while regulating glycemia within a tight physiological
range; and depends on the coordinated regulation of insulin secretion through nutrient availability,
hormonal and neural inputs [58]. As the key regulator of beta cell physiology, glucose coordinates
and stimulates insulin gene transcription, pro/insulin biosynthesis and protein translation, and insulin
secretion [59] and maintains the highly differentiated and specialized beta cells to meet insulin
biosynthesis and secretory demands [60].

Furthermore, beta cells are equipped with highly developed and active ER, for their role in folding,
export, and processing of newly biosynthesized insulin [61]. Maintaining optimal beta cell physiology
for insulin biosynthesis and secretion requires efficiently functioning unfolded protein response (UPR)
machinery [57]. In beta cells, nuclear factor erythroid 2p45-related factor 2 (Nrf2) regulates many
antioxidant defense factors [62]. ROS are necessary for beta cell signaling but excessive ROS induces
oxidative stress. Physiologically, in response to Nrf2 activators, GSIS was impaired with altered ROS
handling [62]. Nrf2 activators may shield beta cells from glucolipotoxicity, through the preservation of
mitochondrial function and redox balance, to maintain GSIS [62].

The IL1R signaling system maintains beta cell physiology—with pancreatic IL1R knockout,
in lean mice, whole body glucose homeostasis was disrupted which was exacerbated in obese
db/db mice, concomitant with reduced insulin content and GSIS, both in vivo and ex vivo [27].
Furthermore, in mouse and human islets ex vivo, IL1R signaling enhanced the docking of insulin
granules, supporting a role for IL1R activation in refining beta cell physiology [27,63]. Optimal beta
cell physiology is therefore characterized by sufficient insulin biosynthesis and secretion; in the ER,
pro/insulin protein misfolding is well within the threshold and therefore proteostasis is maintained;
with inflammation in the physiological range (Figure 1). Healthy beta cells maintain their function
through adequate beta cell mass, and stable beta cell death, which prevents diabetes by keeping
metabolism and physiology intact (Figure 1).

Figure 1. Beta cell physiology and dysfunctional transitions.

5.2. Beta Cell Hyperfunction

Physiologically, healthy beta cells respond to the nutritional cues with biphasic insulin secretion:
the first phase needs a fast and substantial increase in intracellular calcium concentrations to release
insulin granules from a limited pool, whereas the second phase also requires an increase in intracellular
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calcium concentrations but is amplified by glucose to replenish the pool of releasable granules [64].
However, in overnutrition, there is excessive nutrient secretagogues e.g., glucose, lipids, and amino
acids that initially induces mild nutritional metabolic stress on the beta cells, thereby elevating
basal and enhancing amplification of insulin secretion, resulting in hyperinsulinemia [57] that
reflects hyperfunction. During pre-diabetes and early diabetes, beta cells adapt in response to
muscle, hepatic and adipose tissue insulin resistance by enhancing GSIS [62] and their hyperfunction
largely contributes to increased insulin output, which is supported by beta cell mass expansion [65].
Beta cell mass expands by hyperplasia through increased replication and neogenesis from the
recruitment of progenitors, and hypertrophy to establish and sustain hyperinsulinemia [66] thereby
restoring glycemia. In insulin resistant and impaired glucose tolerant individuals, beta cell mass is
primarily replenished through neogenesis [67,68]. Beta cell hyperplasia, concomitant with beta cell
hypertrophy, initially support beta cell adaptation to restore glucose homeostasis through increased
insulin biosynthesis and secretion to meet greater demand.

Often beta cell hyperfunction has adverse consequences. In db/db mice [69], ZDF rats [24,70],
and obese humans [63,71], the up-regulation of the IL1R ligands supports the adaptive response
to sustain insulin biosynthesis and secretion [27]. In early diabetes, an increase in insulin may
drive and sustain inflammation in macrophages and thereby contribute to the chronic low-grade
inflammation [30]. In beta cell hyperfunction, protein misfolding starts to breach the cellular threshold
as ER start to overload. Beta cells become overextended due to the progressively increasing insulin
demand (Figure 1). Furthermore, in ER, pro/insulin protein misfolding increases but remains within
the threshold, and although the UPR activation restores some proteostasis, ER stress starts to emerge
(Figure 1). Beta cell destruction by the autoimmune infiltration continues and is exacerbated by
the increasing metabolic and glycemic overload causing ER and oxidative stress and apoptosis [72].
Physiologically, the pro-apoptotic factors, Bax and Bak, do not influence glucose-stimulated Ca2+

responses, insulin secretion or glucose tolerance [73]. However, unresolved ER stress triggered Bax and
Bak-dependent death in murine fibroblasts [74–77]; in islets, during early glucolipotoxicity-induced ER
stress, Bax and Bak deletion amplified the UPR [73]. Oxidative stress is also induced during beta cell
hyperfunction. The pro-inflammatory response is mild and manageable. Hyperinsulinemia helps to
maintain some a level of normoglycemia, through a greater functional load per beta cell, with glycemia
steadily increasing towards glucose dysregulation (Figure 1). During hyperfunction in pre-diabetes,
the functionally overextended beta cells are supported by enhanced mass, with beta cell death playing
a limited role (Figure 1).

5.3. Beta Cell Hypofunction

When the beta cell adaptation fails, hyperglycemia and diabetes develop due to insulin
deficiency [65]. The shift from beta cell hyperfunction to hypofunction is driven by increasing severity
in hyperglycemia, hyperlipidemia, and glucolipotoxicity. In beta cells, ROS/reactive nitrogen species
(RNS) production can exacerbate ER stress and induce cell death [78] that progressively diminishes beta
cell function [66]. Islet inflammation is attributed to overnutrition, e.g., glucolipotoxicity, that leads to
beta cell exhaustion, cytokine and chemokine synthesis, that triggers immune cells recruitment to islets
and beta cells [79] to further amplify beta cell dysfunction and insulin resistance [56]. Increased protein
misfolding and ER overloading leading to ER stress, concomitant with oxidative stress (as increases
in ROS/RNS are not sufficiently neutralized by antioxidant enzymes) and inflammation all converge
towards further deteriorating beta cell dysfunction. Chronic IL1 exposure contributed to beta
cell death and dysfunction by altering gene transcription, protein activity and inducing oxidative
stress [80]. As diabetes progresses, increased IL1β expression was linked to insulin resistance and
beta cell destruction [19]; with damaged beta cells eventually failing to respond to increasing insulin
demand [62], due their rapid death and functional impairment [65]. As beta cells are overextended
towards exhaustion, they hypofunction characterized by hypoplasia, hypotrophy, reduced proliferation
and neogenesis and dedifferentiation [66] as they lose their specialized function and identity. Thus,
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the highly differentiated and specialized state of beta cells is eroded, and they are reduced in number and
size (through beta cell death and non-replenishment from progenitors), which renders a sub-critical mass
of residual beta cells to maintain their physiology. Beta cell dedifferentiation also contributes to reduced
beta cell mass and a marked reduction in beta cell mass presents closer to overt diabetes [65]. As beta
cell dysfunction further deteriorates, beta cells cannot meet the persistent demand for increased insulin
biosynthesis and secretion in response to persevering elevated glycemia i.e., chronic hyperglycemia.
Prolonged chronic hyperglycemia triggers beta cell exhaustion resulting in hypofunction, characterized
by hypoinsulinemia which is insufficiently responsive to increases in glycemia. In overt beta cell
dysfunction, when beta cells are exhausted towards failure, there is reduced insulin biosynthesis and
insufficient insulin secretion [66]—i.e., more insulin is required, e.g., exogenously to maintain glucose
homeostasis—and there is decreased insulin signaling in peripheral organs i.e., reduced glucose uptake,
with prevailing hyperglycemia that progressively exacerbates.

Beta cells that are continuously overextended by persistently increased insulin demand become
exhausted (Figure 1). In ER, pro/insulin protein misfolding increases beyond the threshold, and with
the ER overload, the UPR is activated but does not restore proteostasis, therefore ER stress manifests
and is exacerbated by oxidative stress (Figure 1). Islet and beta cell pro-inflammatory responses
are triggered with immune cell migration, infiltration and amplification (Figure 1). Inflammatory
pathways are a complex, intertwined, cascading sequence of events that converge to induce beta cell
death, and diminish beta cell mass [7] and function leading to beta cell failure and diabetes. In diabetes,
in inflamed islets, the islet macrophage inflammasome-IL1β pathway is a common pathway for
beta cell dysfunction [81]. In rodent diabetes, islet inflammation and macrophage infiltration induce
beta cell failure [81]. Chronic islet and beta cell glucolipotoxicity induces and exacerbates beta cell
dysfunction and death, and accelerates beta cell metabolic overload, thereby impairing beta cell
adaptation that progresses towards beta cell failure [82]. During hypofunction, beta cells become
exhausted as increased beta cell death contributes to reduced beta cell mass (Figure 1). Fatigued beta
cells fail and diabetes manifests.

5.4. Beta Cell Failure and Diabetes

Beta cell dysfunctional transitions are initiated with hyperfunction that precedes hypofunction
and advances to beta cell failure. Beta cell death occurs in healthy beta cells, but with the dysfunctional
transitions i.e., from hyper- to hypofunction to failure, the beta cell population progressively diminishes
through increased beta cell death. Although beta cells are resilient and will compensate to cope with
insulin demand despite reduced numbers [56], with persistent hyperglycemia, there is increased beta
cell death, and with less beta cells available to function (i.e., inadequate beta cell capacity), they are
therefore overburdened towards exhaustion, beta cell failure manifests, and diabetes ensues.

6. Conclusions

Beta cells serve to prevent metabolic diseases by biosynthesizing and secreting insulin to maintain
glucose homeostasis. Stressed and inflamed beta cells are functionally compromised and cannot adapt
to effectively respond to increased insulin demand which advances beta cell dysfunction towards
failure and diabetes. Beta cell preservation and replenishment, through novel agents, healthy lifestyles
of balanced diets and regular exercise, maintains beta cell physiology and sustains adaptation [56].
Novel therapies should focus on beta cell protection and functional recovery in early diabetes,
and support beta cell mass replacement in late diabetes [65]. Targeting pro-inflammatory mediators
and redox balance are viable strategies for diabetes prevention and treatment, given their roles in the
beta cell dysfunctional transitions.
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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
insulin resistance, reflecting glucotoxicity. Chronic exposure to elevated circulating saturated fatty
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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 (IL1β), interleukin 6 (IL6), and tumor
necrosis factor alpha (TNFα) to trigger inflammation [13], with IL1β central in islet inflammation,
initiation and amplification [12]. In islets (in vitro and in vivo), M1 macrophages are the source of
IL1β [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/BL6J 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 IL1β 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.

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. IL1β, IL6,
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IL10, TNF, interferon gamma (IFNγ) 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 IFNβ

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
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
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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 (PPARα), 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 NOS2

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. IL1β and TNFα 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. Cxcl1 and Ccl3) gene expression [53,56] and initiate a microinflammatory
response in the islets through the autocrine or paracrine effects of ILβ [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 IL1β, IL6, IL8, TNFα, and chemokine (CCL2 and CXCL1) production, and also activated
nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) [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 IL1β, i.e., were a source of hyperglycemic induced IL1β, and chronic hyperglycemia
promoted intra-islet production of IL1β [62,63], which links glucotoxicity to islet inflammation. Further,
IL1β alone, or IL1β with TNFα and IFNγ, prompts beta cell death, dysfunction [64–66], and failure with
elevated glucose and NEFA concentrations, i.e., glucolipotoxicity, promoting the intra-islet production
of IL1β [62,63]. Gluco-, lipo-, and glucolipotoxicity, therefore, induce islet and subsequently beta
cell inflammation.
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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, O2K and the hydroxyl radical (OH);
non-radicals, e.g., hydrogen peroxide (H2O2); or anions, e.g., ONOOK [75,77,78]. Oxidative and ER
stress induce inflammation due to prolonged UPR signaling with ROS/RNS activating NFκB and the
inflammasome which drives B cell and IL1β 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,
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].
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5.3. Beta Cell Stress and Inflammation

Several mechanisms induce ER and oxidative stress that lead 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, IL1β (and other proinflammatory cytokines) induces ER stress and UPR
activation, and promotes NFκB-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 IL1β 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].
An increase in insulin biosynthesis (beyond the threshold) promotes ER overload, the UPR and ER stress,
with persistent ER stress prompting apoptosis and IL1β release (through inflammasome activation)
and local cytokines inducing NFκB 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
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
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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/J 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 IFNγ and IL1β, 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).

Figure 1. Programming, glucolipotoxicity, beta cell stress, and inflammation: convergence on beta cell
death, dysfunction, and failure.

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
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as PI3K/Akt, mitogen-activated protein kinases (MAPK), JNK, and NFκB 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).

Figure 2. Glucolipotoxicity, beta cell stress, and inflammation: pathways to beta cell demise and diabetes.

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
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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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