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Abstract

Environmental toxins can promote cardiovascular, metabolic and renal abnormalities, which
characterize the cardiorenal metabolic syndrome (CRS). Heavy metals, such as mercury and
arsenic, represent two of the most toxic pollutants. Exposure to these toxins is increasing due to
increased industrialization throughout much of the world. Studies conducted to understand the
impact of environmental toxins have shown a major impact on mitochondrial structure and
function. The maladaptive adaptive stress products caused by these toxins, including aggregated
proteins, damaged organelles, and intracellular pathogens, can be removed through autophagy,
which is also known as mitophagy in mitochondria. Although the underlying mechanisms
involved in the regulation of mitophagy in response to pollution are not well understood,
accumulating evidence supports a role for maladaptive mitochondrial responses to environmental
pollution in the pathogenesis of the CRS. In this review, we discuss ongoing research, which
explores the mechanisms by which these toxins promote abnormalities in mitophagy and
associated mitochondrial dysfunction and the CRS.
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1. Introduction

The cardiorenal metabolic syndrome (CRS) consists of a constellation of cardiac, renal and
metabolic disorders that include insulin resistance, obesity, metabolic dyslipidemia, high
blood pressure and evidence of early cardiac and renal disease (Sowers et al. 2011). Factors
that contribute to the genesis of metabolic, cardiovascular disease (CVD) and renal
abnormalities that characterize the CRS include a genetic predisposition, decreased physical
activity and other environmental factors, chronic inflammation, oxidative stress, elevated
free fatty acids (FFA), insulin resistance, hyperglycemia, and mitochondrial dysfunction
(Jindal, Whaley-Connell, Sowers 2013). There is accumulating evidence that environmental
pollution enhances the risk for development of CRS (Colicino et al. 2014). For example,
bisphenol A, an essential ingredient in the production of plastic polymers is found in
substantial amounts in the urine of 95% of persons in the United States (Hutcheson et al.
2012; Spalding et al. 2009). In animal experiments, increased bisphenol A exposure, even at
levels less than those allowed by the US Environmental Protection Agency, has been shown
to induce insulin resistance, promote glucose intolerance, and increase adipogenesis
(Hutcheson et al. 2012; Spalding et al. 2009). Further, a controlled human exposure study
showed that ambient ultrafine particles can cause CVD in people with insulin resistance
(Delvin et al. 2014). Additional studies have revealed increased CVD risk after both short-
and long-term exposure to high particulate matter air pollution (Hutcheson et al. 2012).
Moreover, studies in animal models and humans suggest that long-term exposure to
environmental pollutants promotes the development of insulin resistance, hyperglycemia,
hypertension, obesity and other metabolic abnormalities through derangement of
mitochondrial structure and function (Hutcheson et al. 2012).

Heavy metal pollution due to acidification, industrialization, and the utilization of metals in
our industrial operations, is an important growing pollution that has a number of adverse
effects on mitochondria and associated metabolic, cardiovascular and renal functions that in
turn may contribute to increases in CRS (Han et al. 2013). For example, chronic mercury
exposure results in accumulation of this metal in mitochondria, which in turn causes
ultrastructural mitochondrial alterations that depolarize the mitochondria membrane and
subsequently reduce enzyme activity/adenosine triphosphate (ATP) production and Ca?*
buffering capacity (Atchison and Hare 1994) (Fig.1). The results of a recent study suggest
that mitophagy, an autophagy-related pathway specific to mitochondria, has the ability to
clear damaged mitochondrial components; thus playing a role in the adaptation of the
number and quality of mitochondria to new environmental conditions (Jia and Sowers
2014). However, our understanding of the relationship between environmental pollution,
mitophagy regulation, mitochondrial dysfunction, and the development CRS is still in its
infancy. The objectives of this review focus on the role of toxins, especially mercury and
arsenic, in promoting the abnormal regulation of mitophagy and the development of CRS.

2. Mercury and arsenic exposure affect CRS

Mercury is present in the environment due to natural environmental events or
anthropogenic/pollution sources. There are various types of mercury, including elemental
mercury vapor, inorganic mercury salts, and organic mercury. Elemental mercury has no
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significant toxicological effect after ingestion due to poor absorption in the gastrointestinal
tract. However, chronic exposure to mercury vapor causes toxic effects, especially on the
central nervous system and the kidneys (Eom et al. 2014). Inorganic mercury salts are lipid
insoluble and important toxins causing kidney damage (Bridges et al. 2014). Organic
mercury, such as methylmercury (MeHg), is the most toxic form of the metal since it is lipid
soluble, can be distributed to all tissues, is easily transported across the blood—brain barrier
and blood—placenta barrier, and eventually causes central nervous system injury in both
animals and humans (Farina et al. 2011). People are often exposed to mercury through
industrial sources such as fossil fuel combustion, mining, and incineration plants, as well as
from natural sources such as the earth’s crust and volcanoes (Miller et al. 2013). One study
found that the blood mercury level in Korea is 3—4 times higher (3.90 pg/L) than in the
Unites States (0.83 ug/L), Canada (0.76 pg/L), or Germany (0.58 ug/L), and that these high
levels of mercury are associated with increased diabetes mellitus, coronary heart disease,
myocardial infarction, stroke, and CVD mortality. Accordingly, it was concluded that
chronic exposure to low-dose mercury is significantly associated with a propensity for
increases in metabolic, CVD and chronic renal disease (CRD) (Eom et al. 2014).

Arsenic is a widely dispersed element in the earth's crust and exists at an average
concentration of approximately 5 mg/kg (Garelick et al. 2008). Arsenic contamination of
ground water is found in many countries throughout the world, including the United States.
A 2007 study found that over 137 million people in more than 70 countries could be affected
by arsenic poisoning of drinking water (Smedley and Kinniburgh 2002). Furthermore,
arsenic concentrations have a linear relationship with increasing levels of plasma glucose,
plasma lipids, and blood pressure (Spalding et al. 2009). A study performed in the United
States, investigated the association of very mild arsenic exposure with the prevalence of type
2 diabetes by measuring urinary arsenic excretion in 788 adults and found that the median
urine level of total arsenic was 7.1 pug/L with a prevalence of type Il diabetes mellitus of
7.7% and thus concluded that the low levels of exposure to inorganic arsenic may play an
important role in increasing the incidence of diabetes (Spalding et al. 2009).

3. Mercury and arsenic exposure promote impairment of mitochondrial
function and the CRS

It has been established that mitochondria monitor and evaluate complex information from
the environment and intracellular milieu, including the presence of growth factors, reactive
oxygen species (ROS), and toxic substances (Kim et al. 2008) (Fig. 1). Mitochondrial
dysfunction is recognized as playing a central role in the development of various
abnormalities, including disturbed glucose homeostasis, insulin resistance (IR), abdominal
fat accumulation, dyslipidemia, hypertension and associated cardiac and renal pathology, all
of which characterize the CRS (Whaley-Connell et al. 2011).

3.1. Mercury and arsenic exposure damage mitochondrial structure and function

Our understanding of the mechanisms linking heavy metal exposure with components of the
CRS is evolving. Early electrophysiological experiments found that MeHg potently
increases intracellular concentrations of Ca2* and increases the permeability of the plasma
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membrane to CaZ*, which may cause neurotoxicity (Atchison and Hare 1994). A recent
study found that heavy metal pollutants affect the cell function through interference with
functional sites in proteins synthesis, displacement of essential elements, and enhancing
ROS production, thereby disturbing enzymatic functions (Keunen et al. 2011). For example,
at the sub-cellular level, heavy metal pollutants induce the rough endoplasmic reticulum
(RER) to undergo a pronounced fragmentation and pathophysiologic changes, such as
swelling, cristae reduction, vesiculation, decay of lipid droplets with clusters of electron-
dense material at the periphery, marked condensation of nuclear chromatin, and increased
number of vesicles of liposomal derivation filled with heterogeneous electron-dense material
(Longo et al. 2013). The changes in pathophysiology support the notion that both mercury
and arsenic exposure might induce mitochondrial dysfunction, resulting in an increased risk
for development of the CRS.

3.2. Mercury and arsenic exposure increase ROS generation

Under physiologic conditions, oxygen consumed in mitochondria is associated with
production of oxygen free radicals (ROS) in most cells and tissues. Mitochondrial electron
transport generates superoxide (O, "), an inevitable by-product of complex | and complex 111
mitochondrial respiration (Smedley and Kinniburgh 2002). Biologically, ROS include O,
hydrogen peroxide (H,O, ™), and the hydroxyl radical (OH"). It has been estimated that
about 0.2%-2% of the oxygen consumed is converted into O~ by electron transport chain
human cells (Aroor et al. 2012). However, the mitochondria of cardiomyocytes have
especially high respiratory rates, and approximately 90% of basal cellular ROS in the heart
are from mitochondrial production (Demarco et al. 2010). Several enzymatic mechanisms
may protect against ROS accumulation in mitochondria. These include conversion of
superoxide to H,0, by superoxide dismutase-2 (SOD2), scavenging of H,O, by catalase,
and the overall antioxidant effects of glutathione peroxidase, and peroxiredoxin 11 (Sivitz
and Yorek 2010).

A number of factors regulate mitochondrial oxidant production, including ROS
concentration, mitochondrial antioxidants, electron transport efficiency, nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) H, uncoupling
protein (UCP) activities, cytokines, as well as environment pollution damage (Yang et al.
2007). An excessive exposure of redox-active metals such as mercury and arsenic negatively
influences mitochondrial respiration activity, which could be related to their direct potential
to increase mitochondrial ROS production via Fenton and Haber-Weiss reactions (Keunen et
al. 2011). Increased Ca2* uptake by mitochondria may also stimulate the generation of ROS
(Pieczenik and Neustadt 2007). Therefore, mitochondria undergo several prominent
alterations in the early phase of oxidative phosphorylation that may contribute to the
impairment of cell function, including increases in production of ROS, loss of mitochondrial
membrane potential, and disruption of energy metabolism (Guo et al. 2012) (Fig. 1).

3.3. Mitochondria are targets of ROS

Once overproduction of ROS is induced by heavy metal pollution, these oxidant species can
either diffuse out of the mitochondria to mediate signaling functions or induce protein, lipid
and DNA damage in the organelle itself (Fig. 1). Studies have shown that ROS can induce a
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variety of adverse effects, including preferential and sustained mitochondrial DNA
(mtDNA) damage, altered mitochondrial transcript levels and mitochondrial protein
synthesis, and lowered mitochondrial redox potentials (Yang et al. 2007). mtDNA, a small
independent circular genome of 16.5 kb in humans, includes genes encoding for 13 proteins,
22 transfer RNAs (tRNAs), and 2 ribosomal RNAs (rRNAs), which are synthesized by a
separate mitochondrial translation system (Byun et al. 2013). These mtDNA can be
methylated and are primary sources of ROS generation in response to environment pollution
(YYan et al. 2013). Compared to cell nuclear DNA, the sensitivity of mtDNA to oxidative
stress-induced damage is much higher due to the lack of chromatin organization and lower
DNA repair activity (Keunen et al. 2011). Additionally, the mtDNA is attached to the matrix
side of the mitochondrial inner membrane, putting it in close proximity to reactive lipophilic
species and reactive lipid oxidation products that are capable of modifying the mtDNA
(YYang et al. 2007). Also, ROS mediate post-translational modifications of mitochondrial
proteins, which can result in protein inactivation or altered function (Shen 2012). Moreover,
this damage occurs prior to or coincidentally with CRS disease development. Thus, the
impairment of mitochondria induced by overproduction of ROS may contribute to the
pathogenesis of heavy metal exposure-induced CRS.

3.4. Mitochondrial dysfunction is associated with CRS

Mitochondria are essential for intermediary metabolism as well as ATP production, and
normally provide more than 90% of the cellular energy (Gao et al. 2008). Mitochondrial
dysfunction often occurs in the CRS as evidenced by several observations. First, ROS
generated in the mitochondrial respiratory chain have been proposed as intermediate second
messengers in the activation of inflammation cytokine expression, such as monocyte chemo-
attractive protein (MCP)-1, tumor necrosis factor alpha (TNFa), and interleukin one (IL-1)
(Aroor et al. 2013). Second, a decrease in mitochondrial fatty acid oxidation results in
increased levels of fatty acyl CoA and diacylglycerol, which, in turn, activate stress related
kinase activity and inhibit glucose transport (Rains and Jain 2011). Third, mitochondrial
damage in pancreas beta-cells due to increased apoptosis, influx of fatty acids, and
activation of stress-related kinases has been reported as secondary mitochondrial
dysfunction in type 2 diabetes (Sowers 2013). Fourth, insulin resistance and type 2 diabetes
resulting from this secondary mitochondrial dysfunction results in inhibition of hormone-
sensitive lipase of adipocytes and decreased endothelial lipoprotein lipase function and the
subsequent increase in production of FFA (Kim et al. 2008). The resulting abnormal lipid
profile may promote atherosclerosis by impairing the bioavailability of vascular nitric oxide
(NO) and associated leukocyte adhesion, inflammation, thrombosis, and vascular smooth
muscle cell proliferation (Jindal, Whaley-Connell, Brietzke et al. 2013). Therefore, these
abnormalities induced by toxins in the mitochondria are integrally involved in the
development of CRS.

4. Mercury and arsenic exposure induce apoptosis and mitophagy

Overproduction of ROS can lead to cell death when mitochondrial anti-oxidative defense
and repair systems are overwhelmed (Gul et al. 2012) (Fig. 1). The three types of cell death
are apoptosis, necrosis and autophagy. Apoptotic cell death, type 1, is programmed cell
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death and is characterized by condensation of cytoplasm and chromatin, DNA
fragmentation, and cell fragmentation into apoptotic bodies, followed by removal and
degradation of the dying cells by phagocytosis (Gozuacik and Kimchi 2004). Autophagy cell
death, type 2, is programmed cell death and is characterized by the accumulation of
autophagic vesicles such as autophagosomes and autophagolysosomes. This process is often
increased when massive cell elimination is demanded or when phagocytes do not have easy
access to the dying cells (Liu et al. 2005). One feature that distinguishes apoptosis from
autophagic cell death is the source of the lysosomal enzymes used for degradation of dying
cells. Apoptotic cells use phagocytic cell lysosomes for this process, whereas cells with
autophagic morphology use the dying cells’ endogenous lysosomal machinery in autophagy
(Shintani and Klionsky 2004).

4.1. Apoptosis

Programmed cell death is an essential and highly orchestrated process that plays an
important role in the development, cellular homeostasis, and prevention of cancer cell
growth (Chiarelli and Roccheri 2012). In response to the increased ROS caused by metal
pollution toxicity, DNA damage, and cell apoptosis is induced through permeabilization of
the outer mitochondrial membrane or the mitochondrial permeability transition pore (mPTP)
in the inner mitochondrial membrane (Kubli and Gustafsson 2012). Permeabilization of the
outer membrane results in the release of proapoptotic proteins such as cytochrome c,
apoptosis-inducing factor (AlF), and endonuclease G (EndoG) to activate apoptosis (Kubli
and Gustafsson 2012). In contrast, opening of the mPTP causes rapid influx of solutes and
water into the mitochondrial matrix, collapse of the proton gradient, and disruption of ATP
synthesis. This influx of solutes and water causes swelling of the inner membrane and
eventual rupture of the outer membrane, culminating in necrotic cell death (Kubli and
Gustafsson 2012). Both apoptosis and necrotic cell death are increased with the
mitochondrial dysfunction that is promoted by heavy metal pollution. Mitochondria are also
closely associated with the endoplasmic reticulum (ER), and Ca2* release from the ER via
inositol triphosphate (IP3) receptors is another critical event for the initiation of apoptosis
(Sano and Reed 2013). Excess Ca?* uptake by mitochondria leads to Ca?* overload and
opening of the mPTP (Mei et al. 2013). Bcl-2 family genes are involved in the modulation
of cell survival by regulating mitochondrial bioenergetics (Kilbride and Prehn 2013; Kubli
and Gustafsson 2012). Another apoptotic gene p53 can translocate to mitochondria, where it
promotes mitochondrial membrane permeabilization by interacting with Bcl-2 family
proteins and inducing apoptosis (Yi et al. 2011). Thus, both bcl-2 and p53 play important
roles in the initiation of apoptosis in response to metabolic stress caused by heavy metal
pollution.

4.2. Mitophagy

Both mercury and arsenic induce cell death, not only via apoptosis, but also via autophagy.
The autophagy process is regarded as a “mitochondrial quality control” and serves to
enhance cell survival through interference with the mitochondrial-mediated apoptotic
signals. The role of mitophagy has been tentatively defined as a 'house-cleaning' pathway
that eliminates altered mitochondria induced by heavy metal pollution (Quan et al. 2013).
Thus, mitophagy is closely coupled to mitochondrial biogenesis. In response to modest
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mitophagy, cells can utilize their mitochondrial reserve to maintain energy production
without affecting function. Indeed, autophagy can remove damaged intracellular
macromolecules and organelles and plays a protective role for cell survival (Jiang et al.
2014). Therefore, autophagy not only plays a principal role in the supply of nutrients for cell
survival but also plays a constitutive role in cellular homeostasis by acting as a cytoplasmic
quality control mechanism to eliminate old or unfolded proteins and damaged organelles
(Ma et al. 2013). Up-regulation of the Uthl and Aupl genes is early evidence that increases
in these gene levels regulate mitophagy by interacting with the autophagy-dedicated protein
kinases in yeast (Bhatia-Kissova and Camougrand 2010). Several autophagy-related genes
(Atgs) execute and control the autophagic program in human cells. Depending on the
environmental stress and cell type, the autophagy program acts as either a survival or death
safeguard mechanism (Chiarelli and Roccheri 2012).

Cellular ROS can directly regulate the formation of autophagosomes. Some investigators
have shown that ROS regulate autophagy through several different mechanisms, including
up-regulation of Beclin-1, oxidation of Atg4 and, causing mitochondrial dysfunction
(Chiarelli and Roccheri 2012). For example, Atg4 is subject to oxidation and subsequent
inactivation, which leads to accumulation of LC3-11 and increased formation of
autophagosomes (Kubli and Gustafsson 2012). The PTEN-induced putative kinase 1
(PINK1)/Parkin and E3 ubiquitin ligase parkin signal pathways are important in regulating
mitophagy in cells. Parkin promotes ubiquitination of mitochondrial proteins, which serves
as a signal for mitophagy (Kubli and Gustafsson 2012). On the other hand, the E3 ubiquitin
ligase parkin is predominantly cytosolic under basal conditions but rapidly translocate to
mitochondria upon loss of mitochondrial membrane potential in response to pollutant
exposure (Kubli and Gustafsson 2012). Thus, mitophagy plays a key role in maintaining
mitochondrial function and this process is altered with exposure to environmental toxins.

4.3. Interaction between apoptosis and mitophagy

In general, autophagy is necessary for cell survival under stress through removal of damaged
proteins and organelles. However, excessive mitophagy in the absence of increased
mitochondrial biogenesis will result in the depletion of mitochondrial bioenergetics reserve
and subsequent cell death (Rambold and Lippincott-Schwartz 2011). In cardiomyocytes,
overexpression of Beclinl in the heart amplified the autophagic response to pressure-
overload stress, leading to cardiac hypertrophy, cardiac fibrosis, and cardiac dysfunction,
suggesting that enhanced autophagic activity by overexpression of Beclinl may have
pathological consequences (Zhu et al. 2007). In coronary vascular cells, overactive
autophagy may trigger autophagy-induced cell death resulting in plaque destabilization and
is considered a crucial step in the development of myocardial infarction and stroke (Salabei
and Conklin 2013). Indeed, when the number of damaged mitochondria exceeds the
mitophagy capacity, mitophagy become inactivated, the cell is beyond rescue and apoptosis
will become the dominant pathway to minimize extraneous tissue damage upon cell death
(Nemchenko et al. 2011). One study found that Atg5 and Atg12 are involved in the initiation
of apoptosis in response to diverse stress signals. Indeed, non-conjugated forms of Atg12
and Atg5 contribute to induction of apoptosis, implying that their role in apoptosis may be
independent of their role in autophagy (Booth et al. 2014). On the other hand, autophagy
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may protect cells from apoptosis since Bcl-2 binding to beclinl inhibits beclinl-mediated
autophagy via sequestration of Beclinl away from class 111 phosphoinositide kinase PI3K
(Ptak et al. 2014). The phosphorylated Bcl-2 could protect cells against apoptosis by
preserving the integrity of the mitochondrial outer membrane and by preventing the release
of pro-apoptotic proteins into the cytoplasm (Ouyang et al. 2014). Therefore, the interaction
between the anti-apoptotic protein Bcl-2 and the autophagy protein Beclinl may be an
important mechanism involved in the regulation of the switch between autophagy and
apoptosis.

5. Conclusion

Environmental pollution with heavy metals such as mercury and arsenic can induce the
impairment of mitochondrial structure and function, resulting in metabolic, cardiovascular
and renal disease, which characterize the CRS. To this point, it appears that mitochondria
are the primary target of selective autophagy and that the clearance of dysfunctional
mitochondria is important for organelle quality control. Therefore, it is important to gain
insights into the mechanisms regulating the balance between survival and death under both
normal conditions and environment pollution. The autophagy modulators that regulate
mitophagy and mitochondrial integrity may represent future therapeutic targets to address
the metabolic, CVD and renal abnormalities that characterize the CRS. Therefore, a better
understanding of the mechanisms leading to mitochondrial dysfunction induced by pollution
exposure may unmask new strategies to reduce the development of and the morbidity and
mortality associated with the CRS.
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Proposed roles of mercury and arsenic in the development of mitochondria dysfunction
result in CRS. Mercury and arsenic induced mtDNA damage, excess Ca2* uptake, changes
of transcript levels and protein synthesis, as well as ROS production. Increased ROS further
exacerbated the impairment of mitochondria and resulted apoptosis and mitophagy in CRS.

Abbreviations: mtDNA, mitochondria DNA; ROS, reactive oxygen species; Atgs,

autophagy-related genes.
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