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Abstract

Rates of type 2 diabetes mellitus (T2DM) are rising rapidly across the globe and the impact of this
devastating disease threatens to plague the 215t century. While some contributing factors are well-
recognized (e.g. sedentary lifestyles and caloric excess), others diabetes-promoting risk factors are
less established or poorly appreciated. The latter category includes environmental exposures to
diabetogenic contaminants. Herein we review some of the latest concepts and mechanisms by
which environmental exposures may contribute to rising rates of T2DM with a particular focus on
mechanisms involving mitochondrial dysfunction and imbalances in reactive oxygen species
(ROS). Furthermore, while the pathogenesis of diabetes includes impairments in insulin sensitivity
as well as insulin secretion, we will specifically delve into the links between environmental
exposures to toxicants such as arsenic and disruptions in insulin release from pancreatic p-cells.
Since B-cell death or dysfunction lies at the heart of both T2DM as well as type 1 diabetes mellitus
(T1DM), environmental endocrine disrupting chemicals (EDCs) that disrupt the production or
regulated release of the glucose-lowering hormone insulin are likely contributors to diabetes risk.
Importantly, understanding the contribution of toxicants to diabetes risk as well as improved
understanding of their mechanisms of action offer unique opportunities to modulate diabetes risk
via targeted therapeutics or public policy interventions to reduce and remediate exposures.
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Introduction

Projected to afflict 642 million individuals globally by 2040 [31], diabetes contributes to
significant morbidity and mortality. In the U.S. diabetes is the leading cause of adult
blindness, non-traumatic amputations, and kidney failure as well as a potent contributor to
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cardiovascular disease and an important driver of societal medical costs [32-34]. Thus,
identification and remediation of factors that promote diabetes pathogenesis, including
environmental toxicants, have the potential to alleviate significant human suffering.

Diabetes is a complex metabolic disease that is characterized by impairments in the
secretion or action of the glucose-lowering hormone insulin. While increasing evidence
implicates a variety of toxicants in the induction of insulin resistance [39-41], little is known
about the mechanisms underlying these biological effects and still less is understood
regarding how environmental toxicants disrupt insulin release, a pathological process central
to the development of both type 2 diabetes mellitus (T2DM) (relative insulin deficiency) and
type 1 diabetes (T1DM) (absolute deficiency). Pancreatic p-cells located in the islets of
Langerhans synthesize insulin in a process that is regulated by multiple transcription factors
and proceeds through a series of biosynthetic steps that include processing in the Golgi and
endoplasmic reticulum as well as within maturing insulin granules. To maintain glucose
levels within a tight physiological range, p-cells in the pancreatic islets of Langerhans
couple insulin secretion to circulating glucose levels. Glucose enters p-cells via glucose
transporters and is metabolized, first by glycolysis (with glucokinase being the rate-limiting
step) and then mitochondrial oxidation, which accounts for the fate of nearly all glucose
entering B-cells. Catabolism of glucose generates ATP and raises the intracellular ATP/ADP
ratio, which promotes the closure of ATP-dependent potassium (Karp) channels. Closure of
K atp channels induces B-cell depolarization and opening of voltage-gated Ca2* channels.
This rise in cellular Ca2* levels then promotes insulin granule exocytosis, resulting in a rise
in circulating insulin levels. Released insulin then binds to its receptor on the surface of
insulin-responsive tissues (e.g. adipose, muscle, and liver) where it activates an intracellular
signal transduction cascade that shifts cellular metabolism from catabolic process to
anabolic processes, including glucose uptake and clearance from the circulation. Thus,
pathological processes that impair insulin synthesis, release, or signaling promote
hyperglycemia and the development of diabetes.

Reactive Oxygen Species (ROS) and Pathways of Diabetes Pathogenesis

The terminology “reactive oxygen species” or “ROS” refer to a broad family of related
chemical species that share little in common. In fact, most ROS are indeed reactive, which
by extension suggests they are short-lived species. /n7 vivo, most biologically relevant ROS
will exist for amounts of time that range from nanoseconds to less than a few seconds.
Chemically, however, ROS differ widely [1]. Some are oxidants such as hydrogen peroxide
(H205), peroxynitrite (ONOO™/ONOOH), and free radicals derived from these species [2,
3]. Others, such as superoxide radical (O,°7), are contextual oxidants behaving either as a
reductant or an oxidant depending on certain variables (such as pH, electronic structure of
the reactant, and concentration) [1]. Here, we will focus on discussing the role of O,"~ and
its decomposition product H,O, as major contributors to oxidative stress originating from
changes in mitochondrial function caused by environmental toxicants such as arsenic (As)
and other diabetogenic heavy metals. In fact both O, *~ and H,0, have been linked to
insulin resistance and diabetes development either because of their activities as modulators
of signaling or because of damaging oxidative reactions [4—6]. Oxidative stress is a powerful
force compromising the viability of insulin-producing pancreatic p-cell. It has also been
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shown to change the capacity of target cells to sense insulin or react to it appropriately [7, 8].
For instance it has been demonstrated that ROS can initiate pro-oxidative reactions that
change how the insulin receptor and insulin receptor substrates (IRS1/2) propagates
signaling upon insulin binding as well as how downstream players are engaged in response
to it [9-12]. For example, modification of IRS proteins by oxidative modifications disrupts
activation of this molecule in response to insulin in @ manner that resembles aberrant
signaling seen in diabetic patients. Hence it appears that mechanisms initiating, extending,
or amplifying oxidative stress can have a meaningful impact on the risk of developing
insulin resistance and diabetes. Furthermore, evidence suggests that ROS modulate insulin
secretion from pancreatic p-cells. Thus, ROS likely modulates diabetes risk by altering both
insulin production and action. In this regard some risk factors leading to diabetes, in part via
increased ROS production, are well-established (e.g. caloric excess, obesity, physical
inactivity); however, others are less appreciated (e.g. environmental exposures). Here, we
will focus on the latest advances towards a better understanding of the role of heavy metals,
and As in particular, on pB-cell function and consequential diabetes risk.

Arsenic, Selenium, and Mitochondrial ROS

As is an environmental contaminant endemic in certain regions of the US, China, Taiwan,
South America, Africa, India, and Bangladesh. Though it is a well-established human
carcinogen, more recent studies provide significant evidence that As is also a risk factor for
type 2 diabetes (T2DM) [13-15]. As is known to be a potent inducer of oxidative stress,
which is partially due to its activity as a disruptor of the mitochondrial electron transport
chain [16, 17]. Studies on the mechanisms by which As promotes an increase in ROS
production in mitochondria indicate that As dampens the expression of sirtuin-3 a
mitochondrial deacetylase responsible for activating several of the ETC complexes as well
as the superoxide dismutase activity of SOD2 [18]. Acetylation of ETC complexes and
SOD2 have been connected with an increase in mitochondrial ROS, namely O,*~ and a
switch in cellular metabolism to a reliance on glycolysis for ATP production [19, 20]. This
metabolic shift, which is driven by both a reduction in mitochondrial-derived ATP and
increased ROS, may contribute to an increase in reactive carbonyls such as methylglyoxal
and acetoacetate, which have been proposed to be themselves important contributors to
diabetes development. Hence, it appears that As may have a direct impact on mitochondrial
metabolism, cellular respiration, and ATP synthesis.

Selenium is a naturally occurring micronutrient essential for the function of seleno-enzymes
that rely on a selenocysteine moiety as the active amino acid. Because of its high affinity for
As, dietary selenium has been proposed as a countermeasure to manage the detrimental
health effects of As on populations living in areas where the risk of exposure is high (to be
further discussed below) [21-23]. Interestingly, one major component of the mitochondrial
antioxidant system involves a selenoprotein called glutathione-peroxidase 1 (GPx-1). GPx-1
catalyzes the reduction of H,O, originating from O,°-decomposition [24]. In this reaction,
one molecule of glutathione (GSH) is consumed to reduce one H,O5 equivalent to H,O
making the reaction catalyzed by GPx-1 an essential component of the chain of antioxidant
reactions that convert potentially harmful ROS to inoffensive H,O. We contend that an
additional mechanism by which As may amplify oxidative stress is via inactivation of
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GPx-1. This concept is supported by findings indicating that cells exposed to inorganic As
exhibit reduced GPx-1 activity in the absence of changes in intracellular GSH; this suggests
that As may directly impair the capacity of GPx-1 to detoxify H,O, [25].

It is noteworthy however, that an increase in the production of ROS by mitochondria can and
often does become a self-propelling process since ROS damage mitochondrial components
ranging from complexes of the ETC to membranes and mitochondrial DNA. Thus, ROS and
mitochondrial dysfunction are intimately linked and interrelated. Most data currently
available seem to support the notion that these injuries contribute to the amplification of
mtROS production and oxidative stress in cells.

Oxidative Stress, Inflammation, and Diabetes

It is challenging to establish the order of events connecting diabetes, inflammation, and
oxidative stress since these processes happen in parallel, share common mechanisms, and
are propelled or amplified by each other. Thus, disentangling these processes from one
another is extremely difficult. Nevertheless, exposure to environmental toxicants, and heavy
metals in particular, notably induce oxidative stress, either because of their effects in
disrupting mitochondrial function or because of redox cycling reactions that convert the
antioxidant pool into a potential endogenous source of ROS. Either directly through
signaling effects or via damaging cells and tissues, ROS are pro-inflammatory agents
chemically produced in the interaction of metals with most biomolecules. Hence,
predisposition to or activation of inflammation are potential mechanisms connecting metal
exposures to increased diabetes risk. In fact, significant research is available indicating that
the oxidation of critical thiol residues in numerous proteins involved in the activation or
resolution of inflammation is, to a significant extent, involved with the initiation, extension
or amplification of inflammation [26, 27] that in turn promotes many cellular and molecular
changes leading to diabetes. Inflammatory and oxidative damage to B-cells is a major cause
of B-cell dysfunction and eventual B-cell death, which shuts down the capacity of the
pancreas to produce and secrete the glucose-lowering hormone insulin. Nevertheless, B-cells
are just one target in the complex array of events underlying insulin resistance, impaired
insulin secretion, and the ultimate evolution of diabetes. For instance, inflammatory damage
to caveolin-1 (Cav-1, a scaffold protein on the membrane of endothelial cells) causes its
depletion [28, 29]. Since Cav-1 is the major non-lipid component of caveolae, loss of Cav-1
drastically diminishes the ability of endothelial cells to transport insulin from circulation
into tissue limiting insulin access and signaling in target organs [30]. Just like the pancreas
and the vasculature, the liver is another major target of inflammation and oxidative stress.
Changes to the metabolism of sugars and lipids in the liver as well as to mechanisms of
insulin sensing promote systemic metabolic adaptations leading to immune cell activation
and the amplification of inflammation. Hence, whether exacerbating oxidative and
inflammatory damage initiated by other organic causes or acting as direct inflammatory
agents, heavy metals and As are likely to increase the risk of insulin resistance and
ultimately diabetes via activation of inflammatory pathways in a number of organ systems
regulating glucose homeostasis.
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Arsenic as an Environmental Diabetogen

While some controversy persists in the literature due to differences in exposure levels,
measures of glucose regulation, and statistical methodology, there is strong epidemiological
data linking arsenic exposure to diabetes risk. Indeed, in studies of high drinking water
exposures (i.e. levels exceeding 150 pg/L) that also provocatively examined glucose
regulation, arsenic exposure was associated with relative risks of diabetes of 2.1-10.05 (95%
confidence interval: 1.3-77.9) [35]. Similarly, studies that have used quality assessments of
glycemia have associated lower levels of exposure with diabetes risk as well [14, 36, 37]. In
a more recent meta-analysis in which diabetes was confirmed by biochemical testing or from
medical charts, arsenic was associated with a relative risk of diabetes of 1.71 (95%
confidence interval: 1.32-2.23) [38]. These data support and are consistent with the findings
of the National Toxicology Program, which in 2012 found that the evidence supported an
arsenic-diabetes association [35]. Less is known, however, about the mechanisms by which
arsenic exposure increases diabetes risk.

As discussed above, As is known to disrupt mitochondrial function, leading to a shift in
energy metabolism away from oxidative phosphorylation and toward glycolysis. Because the
function of pancreatic p-cells is to tightly couple insulin secretion to glucose levels (sensed
as a rise in ATP levels resulting from glycolysis and oxidative phosphorylation), toxicants
that impair ATP production by poisoning mitochondrial function are likely to impair insulin
release. The consequence of this impairment is insufficient insulin responses to rising
glucose levels, consequential chronic hyperglycemia, and ultimately diabetes.

Importantly, several pathways modulate insulin biosynthesis and secretion, and disruptions
of these pathways may underlie how environmental toxicants like arsenic promote diabetes
risk. Of particular interest is evidence that ROS modulate B-cell function in a complex
fashion. Due to the high demand for oxidative metabolism, -cells generate significant
amounts of diverse ROS yet express lower levels of antioxidants compared to other tissues
[42]; moreover, pathways implicated in metabolic deterioration such as insulin resistance
augment ROS generation in p-cells via increased free fatty acid delivery and metabolism
[43]. Importantly, oxidative stress has been implicated in p-cell dysfunction directly [44].
Noteworthy, however, there is also intriguing evidence that some ROS can augment insulin
secretion. In isolated mouse islets and the INS-1 cell line, exogenous H,O» stimulated
insulin secretion, an effect mimicked by supplementation with diethyl maleate, which raises
intracellular H,O, levels [45]. In contrast, glucose-stimulated insulin secretion (GSIS) was
antagonized by cell permeable catalase or the antioxidant N-acetyl cysteine [45]. In an
alternative model using isolated rat islets, mitochondria-derived ROS was essential for
insulin release, an effect mimicked by disruption of mitochondrial complexes and inhibited
by the addition of antioxidants [46]. Collectively, this suggests that reductions in H,O,
attenuate insulin secretion, an effect predicted to promote hyperglycemia. Importantly, this
argues that the tight regulation of ROS production as well as the regulation of steady-state,
basal levels strongly impact insulin release, indicating how critical it is to maintain a
balanced cellular redox state. Exposure to pro-oxidant toxicants like arsenic are likely to
disrupt this balance and thereby impair regulated insulin release.
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Selenium, Diabetes, and Modulation of Arsenic Risk

Selenoproteins exist at the core of pathways regulating cellular ROS. These proteins include
enzymes such as GPx-1 (discussed above). Genetic models of GPx-1 disruption point toward
a significant role for selenoproteins in glucose regulation. For example, global deletion of
the antioxidant selenoprotein GPx-1 coupled with a high fat diet reduces pancreatic insulin
content and impairs glucose-stimulated insulin secretion [47], while global GPx-1
overexpression promotes insulin hypersecretion and expanded p-cell mass [48, 49]. While
not a selenoprotein, catalase engages in similar redox reactions in cells facilitating
elimination of H,O,. Genetic manipulation of catalase expression yields effects similar to
those observed with GPx-1. Specifically, catalase overexpression confers protection from
streptozotocin (STZ)-induced diabetes [50], while catalase knockout models are sensitized
to alloxan-induced (but not STZ-induced) diabetes [51]. Both STZ and alloxan are inducers
of oxidative stress. Collectively, these data suggest that modulation of selenoproteins or
related pathways that alter ROS handling have profound implications on diabetes risk.
Furthermore, these data suggest that the toxicity of ROS modulators like As is likely to be
influenced by the functional status of these pathways.

Indeed, the relationship between selenium and As has a long history. In 1938, Moxon
showed that rats could be rescued from selenium toxicity with the administration of As [52].
Since that time, it has been shown that these two metalloids have complex biological
interactions. Indeed, selenium facilitates As elimination [53]. Furthermore, higher blood
selenium levels are associated with lower As levels [54], reduced As-associated
premalignant skin lesions [55], and better motor function in As-exposed children [56].
While some of these effects are undoubtedly a consequence of chemical interactions
between As and Se, it is also likely that selenoproteins play an essential role in those
relationships since expression of several selenoproteins is regulated by selenium availability.

Selenium and diabetes have a complex relationship. Selenium supplementation trials have
yielded beneficial [57], neutral [58, 59], and adverse [60] effects on glucose homeostasis.
The apparent inconsistency of selenium supplementation trials should not, however, be
surprising given the complex role of ROS in B-cell function. Indeed, there is marked
divergence in the biological effects of ROS on insulin secretion depending on whether the
system is acutely or chronically manipulated. For example, acute increases in H,O, augment
insulin release while acute decreases in H,O, impair insulin release in p-cell models [45].
Conversely, chronic overexpression of pathways that reduce H,O, (e.g. overexpression of
GPx-1 or catalase) promote insulin hypersecretion and protection from p-cell death [48-50],
while chronic depletion of pathways predicted to increase H,O, (e.g. GPx-1 or catalase
knockout models) impair insulin release or promote toxin-induced p-cell death [47, 51].
This strongly suggests that p-cells require fine-tuning of ROS generation in order to
dynamically regulate insulin secretion while also surviving an oxidative environment. The
dynamic nature of these relationships is underscored by data from a recent meta-analysis
that demonstrated a non-monotonic relationship between selenium and diabetes [61].

Furthermore, B-cells likely need to shift their ROS defense mechanisms in the face of
changes in the oxidative status of the environment. This may result from underlying
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pathophysiological processes that increase the ROS burden, such as glucolipotoxicity
stemming from systemic insulin resistance [43], or exposure to environmental toxicants like
As that induce ROS. Indeed, evidence suggests that exogenous antioxidants may antagonize
the deleterious effects of toxicants on insulin secretion. For example, N-acetyl cysteine was
shown to mitigate the deleterious effects of As on insulin secretion [62], an effect observed
in other models of As toxicity [63] and with other toxicants such as bisphenol A [64].
However, how chronic delivery of antioxidants under states of persistent oxidative stress
impact the dynamic changes in ROS species that augment insulin secretion require further
study. Similarly, how these antioxidants modulate mitochondrial function may further
illuminate the integrated relationship between ROS, cellular metabolism, and p-cell health
and function.

Broader Implications for Metabolic Toxicity

While the current discussion suggests that arsenic is associated with oxidative stress, p-cell
dysfunction, and diabetes risk, other environmental toxicants are likely to promote diabetes
pathogenesis via similar processes. Indeed, several compounds have been shown to increase
oxidative stress in cell lines and animal models. These compounds include cadmium [65],
lead [66], mercury [67—69], bisphenol A [64], diethylhexyl phthalate [70, 71],
perfluorooctanoic acid [72], and tributyl tin [73]. Expression of proteins regulating oxidative
stress was also shown to be modulated by polychlorinated biphenyl exposure [74]. In
addition, several compounds have been specifically associated with reduced expression of
antioxidant defense proteins, including cadmium [75], mercury [69], and diethylhexyl
phthalate [70], while perfluorooctanoic acid was shown to upregulate expression of
antioxidant enzymes [72]. Consequently, exposures to various organic and inorganic
toxicants, in addition to As, are likely to disrupt p-cell function via perturbations in normal
ROS balance.

Furthermore, in addition to As, other toxicants have been shown to adversely affect
mitochondrial function and cellular energy metabolism. Disruption in ATP production or
mitochondrial structure, function, or gene expression has also been reported for cadmium
[65], mercury [67], bisphenol A [76, 77], octylphenol [77], nonylphenol [77], and triphenyl
tin [78]. Furthermore, the dichlorodiphenyltrichloroethane (DDT) metabolite
dichlorodiphenyldichloroethylene (DDE) has been shown to downregulate expression of
glycolysis-associated proteins [79], which may also impair ATP production and glucose-
insulin coupling.

Collectively, these data suggest that alterations in ROS production and handling as well as
disruptions in cellular energetics that control ROS generation are potential shared
mechanisms by which diverse toxicants disrupt B-cell function and potentially promote
diabetes risk. Because humans are exposed to a wide array of toxicants in various
combinations, the possibility that multiple environmental contaminants induce similar
cellular stresses on insulin-secreting p-cells provides a conceptual framework to understand
how diverse exposures may lead to a common disease phenotype (i.e. diabetes) as well as
how subtoxic exposures to multiple compounds could additively or synergistically promote
disease development.
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Conclusion

Diabetes poses a grave threat to human health. Appreciating the environmental drivers of
diabetes risk offers unique opportunities beyond typical interventions built around diet and
lifestyle to stem the tide of this devastating epidemic. While exposure reduction strategies
and environmental remediation must be a core focus of efforts to address toxicant-induced
disease risk, understanding the molecular physiology by which diabetogenic chemicals like
As impair insulin release as well as action have the potential to identify populations
susceptible to diabetes development as well as targeted interventions to treat patients
exposed to diabetogenic chemicals. It may also elucidate different mechanisms leading to
the onset and progression of diabetes that can be specifically targeted to protect specific
populations in order to reduce the risk of developing this devastating disease.
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HIGHLIGHTS
. Arsenic is a diabetogenic metalloid of public health relevance
. Arsenic interferes with mechanisms sensing glucose as well as regulating
insulin secretion
. Reactive Oxygen Species are involved in the mechanisms of As-induced

diabetes
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Figure 1.
Schematic representation of possible effects of environmental toxicants (e.g As3*, Cd2*) on

insulin sensing pathways that may promote diabetogenesis.
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Figure 2.
Schematic representation of possible effects of environmental toxicants (e.g As3*, Cd2*) on

insulin secretion that may promote diabetogenesis.
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