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Abstract Occupational and environmental exposures to industrial chemicals are well known to cause

hepatotoxicity and liver injury. However, despite extensive evidence showing that exposure can lead to

disease, current research approaches and regulatory policies fail to address the possibility that subtle

changes caused by low level exposure to chemicals may also enhance preexisting conditions. In recent

years, the conceptual understanding of the contribution of environmental chemicals to liver disease

has progressed significantly. Mitochondria are often target of toxicity of environmental toxicants resulting

in multisystem disorders involving different cells, tissues, and organs. Here, we review persistent mal-

adaptive changes to mitochondria in response to environmental toxicant exposure as a mechanism of hep-

atotoxicity. With better understanding of the mechanism(s) and risk factors that mediate the initiation and

progression of toxicant-induced liver disease, rational targeted therapy can be developed to better predict

risk, as well as to treat or prevent this disease.
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1. Introduction
Fatty liver disease (FLD) is not a single clinical manifestation; but
rather a spectrum of pathologies with various stages of severity1,
ranging from lipid accumulation (steatosis), to an inflammatory
response (steatohepatitis) and subsequently to a more severe
phenotype, characterized by accumulation of extracellular matrix
proteins resulting in scar formation within the liver tissue (fibrosis
and cirrhosis)2. These end-stages of liver disease may ultimately
lead to hepatocellular carcinoma (HCC). The progressive nature of
FLD is consistent and independent of the etiologic source of the
injury. These etiologies include alcohol-related, nonalcoholic, and
toxicant-associated fatty liver diseases (ALD, NAFLD and
TAFLD)3.

The global burden of FLD has been steadily increasing4,5.
ALD ensues as a component of a broader perspective of alcohol
use disorders, and is the most frequent cause of morbidity and
mortality in patients with alcohol use disorders6,7. NAFLD is not
simply a consequence of obesity and metabolic syndrome, but also
is a key player in these processes8,9. NAFLD is an independent
risk factor for insulin resistance9e11, hypertension12, dyslipide-
mia13, and even cardiovascular disease in metabolic syndrome14.
The most recently recognized FLD is toxicant-associated fatty
liver disease (TAFLD). TAFLD has been associated with high
occupational and environmental chemical exposure [e.g., vinyl
chloride (VC)]15. However, it is becoming more accepted that low
environmental exposures may, at least in part, contribute to the
progression of underlying FLD16.

Mitochondria are key regulators of overall metabolic function
of eukaryotic organisms. Indeed, inherited disorders of mito-
chondrial function cause significant functional and pathologic
effects17. Moreover, the complex machinery of mitochondria
makes them sensitive targets to acquired changes via damage to
biomolecules in that machinery. It is known that FLD causes
changes in mitochondrial function. The purpose of this review is
to discuss these changes, both adaptive and maladaptive. More-
over, this review will discuss the potential of mitochondrial
damage caused by environmental exposure to increase the like-
lihood of a maladaptive response and drive the progression of
FLD.

2. Interaction of environmental toxicants with primary risk
factors for FLD

Although pure forms of ALD, NAFLD and TAFLD do exist,
overlap occurs and has recently led to a more inclusive term for
FLDs: metabolic-associated fatty liver disease (MAFLD)18. Key
interactions between NAFLD and environmental toxicants have
been well-established19e21. Physiological or biochemical
changes to the liver that are pathologically inert can enhance
hepatotoxicity of other insults (i.e., “multi-hit” hypothesis)22,23.
For example, it is well known that the macrophage-mediated
inflammatory response is enhanced in FLD24,25. This phenome-
non is called ‘priming’26. In addition to priming inflammatory
cells, liver cells appear to be sensitized to inflammatory stimuli
by FLD26. Specifically, hepatocytes isolated from fatty livers are
more sensitive to stress and to cytotoxic killing27e30. As a result,
hepatocyte death is enhanced in experimental FLD24,31,32. A
leitmotif in this review is to discuss potential unifying mecha-
nisms in the interaction of environmental toxicants and under-
lying FLD.
3. Mitochondrial adaptation or maladaptation as a causal
factor for FLD?

The liver is the central organ involved in metabolism, storage and
elimination of xenobiotics and postprandial-derived metabolites. It
also maintains the energetic demand during fasting conditions to
preserve whole-body energy homeostasis. Hepatic mitochondria
play a central role in these functions. Mitochondria provide energy
by production of adenosine triphosphate (ATP) via oxidative
phosphorylation (OXPHOS), regulate other functions such as
b-oxidation of fatty acids, flux through the tricarboxylic acid cycle
and ketogenesis. Due to this crucial role in energymetabolism in the
liver, hepatic mitochondria are not only highly enriched in number
and density but also respond to stress signals, nutrient status, and
environmental signals33. Therefore, maintenance and regulation of
hepatic mitochondrial morphology and functional homeostasis is
crucial to the overall health of an organism. Identified key processes
in maintaining this balance are detailed below.

3.1. Mitochondrial morphology and dynamics

The traditional view of mitochondria as static organelles has been
reassessed. Mitochondria are highly adaptive and dynamic organ-
elles that go through fusion and fission events, leading to a diverse
range of mitochondrial morphologies, from fragmented states to
continuous networks (i.e., network remodeling)34,35. This leads to a
visual morphological spectrum with different stages of elongation
and fragmentation. Mitochondrial plasticity ensures the adaptive
flexibility to adjust to changing cellular stresses and metabolic
demands36. Constant network remodeling also establishes a mech-
anism for quality control of the mitochondrial population with
important consequences for long-term function and health.

Mitochondrial morphology and functionality are strictly
correlated, and mitochondrial dynamics are constantly adjusting
mitochondrial shape to maintain homeostasis37. The cell also uses
mitochondrial fission and fusion to segregate damaged from
healthy mitochondria. During this process, damaged mitochondria
are degraded while healthy mitochondria fuse, with subsequent
redistribution of mitochondrial proteins and replacement of
damaged mitochondrial DNA (mtDNA)38. However, these re-
sponses can also be dysfunctional, and therefore drive pathogen-
esis. Indeed, it is an increasingly emerging concept that
continuous (mal)adaptation of mitochondrial function and shape
play key roles in pathways involved in the progression of meta-
bolic disorders39e42. Changes in mitochondrial morphology
caused by different insults (e.g., hypercaloric diets, alcohol or
toxicants), are mediated, at least in part, by hepatic mitochondrial
remodeling, including elongation or overall enlargement of the
mitochondria43,44, by fusion of mitochondria (i.e., mitochondrial
hypertrophy), or by mitochondrial swelling45,46. Mitochondrial
hypertrophy is associated with normal cristae, normal matrix
density and normal oxidative phosphorylation, whereas mito-
chondrial swelling is associated with swollen cristae, irregular
matrix density and uncoupled oxidative phosphorylation. These
morphological differences thereby impact overall mitochondrial
function and efficiency.

3.2. Oxidative stress

Oxidative stress plays a major role in FLD47e50. Reactive oxygen
species (ROS) are products of normal cellular metabolism and
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mediate a variety of cellular signaling pathways. However, an
imbalance of ROS and intracellular antioxidant defenses results in
oxidative stress51. Mitochondria are also a significant source of
endogenous ROS via electron leakage during normal or impaired
oxidative respiration52,53. ROS can cause lipid oxidation and
generate aldehydes, and phospholipid aldehydes32. Aldehydes can
form adducts with reactive residues on proteins or small mole-
cules, and these chemical modifications can alter and/or interfere
with normal biologic processes, such as signal transduction, and/
or be directly toxic to the cell7. In particular, mtDNA is suscep-
tible to ROS-induced damage, due to its close proximity to the
ETC, a lack of histones and few available DNA repair pathways
(Fig. 1). It has also been shown that toxic aldehydes induce
voltage-dependent anion channel (VDAC) closure, contributing to
a decrease in mitochondrial GSH, as GSH influx into the mito-
chondria is VDAC-dependent (Fig. 1)54. Overall, high levels of
ROS contribute to decreased GSH-linked antioxidant defenses.
Taken together, oxidative stress observed in FLD is likely caused
by both a net increase in ROS formation/leakage, as well as an
impairment of antioxidant defenses against these species.

3.3. Endoplasmic reticulum (ER) stress

Mitochondrial damage has also been linked to the induction of ER
stress, which can indirectly affect cellular function. In particular,
the ER regulates fundamental metabolites (e.g., lipids) and mes-
sengers (e.g., Ca2þ) that control mitochondrial function and the
fate of the cell. Therefore mitochondrial stress can be an important
consequence of ER stress55. Aldehydes avidly react with proteins,
for example by binding to them or by interfering with ER-
associated proteins, limiting the protein-folding capacity. The
modified proteins accumulate in the ER and cause proteostasis56,
leading to ER stress and disruption of normal ER function57,58.
Indeed, ER stress is a major player in FLD and has been associ-
ated with the transition from NAFLD to NASH59.

3.4. Mitochondrial-associated membranes

Recent work suggests that stress to mitochondria and the ER is not
distinct, but rather that mitochondrial/ER crosstalk is critically-
involved in normal and altered function in both organelles60e62.
Figure 1 Mitochondrial target
Mitochondria and the ER physically interact via specialized
contact sites called mitochondria-associated membranes
(MAMs)55,63e65. These contact sites are sensitive to (patho)
physiological conditions, and maladaptive changes to MAM dy-
namics or dysfunction at either organelle has been linked to
pathophysiological states including metabolic diseases and
NAFLD61,62. Importantly, MAMs house key components that
impact cellular and organelle function by regulating and control-
ling mitochondrial function, ER stress signaling and autophagy61,
making them sensitive targets. It has been demonstrated that ER-
mitochondria interactions are decreased in obese mice60, leading
to ER-mitochondria miscommunication. VDAC, the major
permeability pathway in the mitochondrial outer membrane (see
Fig. 1) is located within the MAM domain66. Aldehydes have been
shown to cause VDAC closure and therefore alter ER-
mitochondria interaction. Importantly, VDAC closure favors
Ca2þ flux into the mitochondria, where an accumulation of Ca2þ

can act as a signal for cell death67, similar to cytochrome c
release68. Combined these events may impair the cell’s ability to
recover from metabolic stress triggered during FLD, creating a
vicious cycle of damage and dysfunction and contribute to disease
pathogenesis (Fig. 1)61,69e71.

3.5. Mitohormesis

An ancient concept termed hormesis is defined as an adaptive
response exhibiting a biphasic dose response, suggesting that a
mild, sublethal stress can leave the cell less susceptible to sub-
sequent stresses72. In the context of mitochondrial adaptation to
stress, called mitohormesis, benign mitochondrial stress that can
be produced by a variety of insults, results in functional
improvement that can lead to lasting adaptive metabolic and
biochemical changes73. Rather than being harmful, these adaptive
improvements in mitochondrial function (i.e., mitohormesis) may
protect the individual from disease, even if other risk factors are
present. This phenomenon is well-known in the response of
skeletal muscle mitochondria to intense training stress74. Specif-
ically, training stress improves mitochondrial function which
protects the cell from additional stressors74.

Mitohormesis may also be applied conceptually to NAFLD.
Specifically, although nutritional overload contributes to obesity
s of environmental toxicants.
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and to the susceptibility for NAFLD, it can induce a metabolic
response in the mitochondria that protect against this overload and
thereby protect the liver and the organism. Interindividual varia-
tion in this adaptive response might explain why it is that not all
obese individuals developed clinically apparent liver disease75. By
extension, individuals that do develop disease76 may not possess
an inherited or acquired ability to appropriately adapt to the
condition by mitohormesis. We hypothesize that exposure to
environmental chemicals may cause an acquired dysfunction in
this adaptive response.

3.6. Mitochondrial maladaptation in FLD

Although the pathophysiology of FLD is multifactorial, it has
been suggested that mitochondrial maladaptation, leading to
mitochondrial dysfunction and altered mitochondrial structure
plays a critical role in the development and progression of FLD77.
Various hepatotoxic factors have been shown to cause mitochon-
drial metabolic disruption, resulting in an imbalance of fatty acid
synthesis and breakdown78. The subsequent accumulation of lipids
caused by these alterations results in more mitochondrial damage
by increasing the likelihood of the formation of reactive lipid
aldehydes. Mitochondrial dysfunction is also characterized by
varying degrees of ultra-structural mitochondrial lesions and res-
piratory chain dysfunction. These factors lead to ATP depletion,
increased permeability of outer and inner membranes, ROS
overproduction, and oxidative stress-mediated changes to mtDNA
abundance, which are also common aspects of FLD79,80. We hy-
pothesize that mitochondrial maladaptations are a key mechanism
by which mitochondria mediate cellular injury, can promote the
pathological features of chronic FLD and enhance disease pro-
gression (Fig. 1).
4. Volatile organic compounds and other environmental
toxicants as contributing factors to FLD

In recent years, the field of environmental toxicology has shifted
away from analyses of single, high exposures of chemicals to now
examine lower chronic exposures in conjunction with other po-
tential harmful factors. Such “exposure biology” approaches take
into consideration more than one factor when analyzing FLD
susceptibility. Since the first description of TAFLD in the litera-
ture about a decade ago15, considerable progress has been made in
the understanding of the underlying mechanisms, particularly in
the context of exposure to volatile organic compounds
(VOCs)16,81,82. Below, the need for future mechanistic work on
environmental exposure studies with not only VOCs, but also
other ubiquitous environmental contaminants will be outlined.

VOCs are highly volatile organochlorine chemicals that easily
vaporize and often accumulate in enclosed spaces83,84. The typical
route for human exposure is via inhalation or dermal absorption85.
VOCs have long been used as industrial solvents and occupational
exposure has been instrumental in establishing risk assessment
safety regulations for many VOCs81. Even though VOCs are
known human toxicants, their mechanism of toxicity is still
incompletely understood. Importantly, VOCs are directly hepato-
toxic at high exposure concentrations, but can also enhance un-
derlying liver injury and therefore contribute to the progression of
FLD16,81,82. Recent studies by our laboratory indicate that vinyl
chloride (VC), at concentrations that are not hepatotoxic per se,
enhances liver disease via sensitization (see Section 2)31,32,86,87.
We have shown that canonical mediators of inflammation in FLD
are not enhanced by VC exposure in experimental NAFLD32.
Instead, VC-exposed cells are more sensitive to cytotoxic killing
by proinflammatory cytokines involved in FLD (e.g., TNFa)88.
This sensitization appears to be tightly linked with a decrease in
the energy reserve capacity of the cell.

Many VOCs are hypothesized to be metabolism-disrupting
chemicals (MDCs)16 and their toxicity is mainly attributed to their
reactive metabolites. These reactive metabolites, such as alde-
hydes, are capable of protein carbonylation and oxidation, leading
to modified proteins and downstream dysfunction. This carbonyl
stress imposed by reactive VOC metabolites damages organelles,
therefore contributing to FLD (see also Sections 3 and 5). For
example, VC and other VOCs such as acrolein, benzene, hexane,
toluene, acetaldehyde, formaldehyde and acetone have been
shown to damage mitochondria, causing bioenergetic dysfunction
and cell damage89e93. If exposure to VOCs is high enough, this
damage and dysfunction can ultimately lead to organ damage.
5. Mitochondrial maladaptation as a unifying mechanism
for the enhancement of FLD by environmental toxicants? The
example of vinyl chloride exposure

Several VOCs have been demonstrated to impact mitochondrial
integrity and function. VC-induced mitochondrial damage repre-
sents a canonical example of an environmental exposure that is
limiting the capacity of mitochondria to adapt appropriately to the
metabolic stress imposed by another factor, such as nutritional
overload. Recent studies by our group have shown that VC
exposure levels that are not directly hepatotoxic (< 1 ppm),
enhanced liver damage caused by experimental NAFLD (high-fat
diet feeding) in mice32. This interaction was characterized by
altered metabolism, inflammation and oxidative stress. VC expo-
sure also enhanced mitochondrial dysfunction caused by experi-
mental NAFLD32, which is thought to actually drive the other
effects observed under these conditions39,94.

As detailed in Section 3.1, changes in mitochondrial
morphology can have significant impacts on function. Indeed, VC
exposure significantly changed mitochondrial shape (Fig. 2, un-
published data) towards a more spherical morphology, with an
electron-light appearance, suggesting swelling rather than hyper-
trophy. The structural changes observed under these conditions
correlated with altered mitochondrial function. The observation
that high-fat diet-induced liver injury enhanced by VC was
associated with increases in oxidative stress and energy dysme-
tabolism32, was different from those observed with NAFLD alone.
For example, VC did not affect mtDNA content (Fig. 2, unpub-
lished data), which is known to be increased by experimental
NAFLD95,96. The pathologic changes, however, were linked with
an overall decrease in external respiration of the animals (i.e.
breathing), independent of physical activity (Fig. 2)32. External
respiration is directly related to cellular respiration and largely
driven by mitochondrial oxidative phosphorylation. We have also
demonstrated both in vitro and in vivo that VC and its metabolites
directly damage mitochondrial complexes, leading to decreased
ATP production, oxygen consumption rate and an uncoupling of
the electron transport chain31,32,87,88. This causes the cell to in-
crease flux through anaerobic glycolysis to compensate for this
loss of ATP yield32.

Although it is incompletely understood how VC impacts mito-
chondrial metabolism, recent studies shed light on potential



Figure 2 Effect of VC on metabolic phenotype and mitochondrial morphology. (A) Representative parameters of metabolic function are

depicted for mice exposed to HFD � VC32. (B) Representative EM photomicrographs depict elongated organelles in the HFD group and enlarged

mitochondria (width, length >1 mm) in the HFD þ VC group. Arrows denote mitochondria, LD denote lipid droplet, and N denotes nucleus. (C)

Total mitochondrial area (mm2) and mitochondrial length/width ratio are shown. (D) The ratio of hepatic mitochondrial to nuclear DNA

(mtDNA:nuDNA) is shown as fold of control compared to LFD control animals. (E) Distribution of the size of 70 mitochondria/group are shown.
aP < 0.05 compared to LFD or HFD control. Samples size per group n Z 8e10.
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mechanisms. For example, the above described effects of VC on
mitochondria were prevented by administration of allosteric
ALDH2 activator Alda-187. ALDH2 is not only associated with
acetaldehyde metabolism, but is also responsible for the detoxifi-
cation of most other aldehydes (see Section 3.2), including lipid
aldehydes (e.g., 4-HNE) and the VC metabolite, chlor-
oacetaldehyde (CAA)97e99. Although mitochondria themselves
generate ROS, resulting in oxidative stress100, they are also sensi-
tive to ROS damage. ALDH2 serves as a key line of defense against
reactive aldehydes. Activation of ALDH2 has been shown to be
protective in several models of oxidative stress-induced organ
damage, including cardiac ischemia/reperfusion, pulmonary artery
hypertension, and hepatic regeneration101e103. Importantly, it has
also been demonstrated previously that ALDH2 activity was
decreased in human NASH104. The potential that environmental
chemicals impact ALDH2 activity may therefore be a key factor in
driving the interaction between toxicant exposure and FLD.

Another key modulator of mitochondrial function and respi-
ration is the mitochondrial membrane potential (DJm, see Fig. 1).
The mitochondrial membrane potential is generated and main-
tained by the proton pumps of the ETC (complexes I, III and
IV)105. Previous work by this group has demonstrated that in vitro
exposure to VC metabolites renders hepatocytes more sensitive to
cell death88. In line with that study, here we demonstrate that
in vivo VC exposure decreases mitochondrial membrane potential
and sensitizes hepatocytes to ex vivo cytotoxic stimuli resulting in
cell death (Fig. 3, unpublished data). We propose that these effects
contribute, at least in part, to the overall phenotype caused by VC.

As outlined in Section 3.2, a key mechanism of FLD is an
increased production of ROS, leading to oxidative stress and the
generation of aldehydes47e50. This is increased by VC in
mice31,32,86; and in human subjects, VC exposures were associated
with antioxidant depletion consistent with oxidative stress,
increased lipid peroxidation products, and decreased carnitine/
carnitine esters, which were indicative of mitochondrial
dysfunction15,106. Moreover, the VC-metabolite CAA selectively
depletes glutathione (GSH)88, likely resulting in decreased GSH-
linked antioxidant defenses.

VC has recently been demonstrated to cause ER stress at high
concentrations107. Moreover, we have observed an enhancement
of NAFLD-induced ER stress concomitant with lipid aldehyde
(e.g., 4-HNE) adduct formation in response to low concentrations
of VC32. This effect of VC could be mediated directly by CAA
and therefore form protein adducts, leading to ER stress and
proteostasis (see Section 3.3). One hallmark of ER stress is dila-
tion of the ER108, suggestive of proteostasis, which was observed



Figure 3 VC sensitizes hepatocytes to cell death. (A) Representative photomicrographs are shown for hepatocytes isolated from animals

exposed in vivo to LFD � VC for 12 weeks. These hepatocytes were then challenged with � CAA ex vivo. Cellomics images for TMRM

(mitochondrial membrane potential), TOTO-3 (cell death), and Hoechst (nuclear) fluorescent staining are shown. (B) 2D scatter plots of cellomics

image analysis for LFD �VC � CAA in which TMRM is depicted as a function of TOTO-3. Thresholds were calculated for positive and negative

fluorescence of each marker. (C) Relative percentage of cells in each quadrant (of cellomics analysis in B) are shown. Samples size per group

n Z 8e10.
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in animals exposed to VC independent of diet32. Given these
observations, there is a clear connection between mitochondrial
function and ER stress, in the enhanced liver damage caused by
the interaction of VC exposure and FLD.

As VC exposure causes ER stress and mitochondrial
dysfunction32,87, and these have been shown to be linked events
(see Section 3.4), we hypothesize that VC and its metabolites (i.e.,
CAA) change ERemitochondria interaction via MAMs, resulting
in potential miscommunication, VDAC closure, ER stress and
mitochondrial dysfunction (see Fig. 1). Future studies will need to
address this hypothesis.

6. Other environmental chemicals

The liver is the first line of defense against potentially harmful
xenobiotics, and it is therefore the target organ that is most
affected by chemicals and environmental pollutants81,82. In addi-
tion to the above described VOCs, multiple additional environ-
mental chemicals have been associated with TAFLD in animal
and/or epidemiological studies, such as persistent organic pollut-
ants (POPs), metals, pesticides, particulate matter, and
others16,109. While it is unknown how many environmental pol-
lutants cause or contribute to FLD, 33% of the 677 most common
workplace chemicals reported in the National Institute of Occu-
pational Safety and Health Pocket Guide are associated with
hepatotoxicity110. Additionally, a recent retrospective analysis of
comprehensive federal toxicological databases identified 30% of
environmental toxicants as hepatotoxicants111.

The potential importance of mitochondrial toxicity as a mode
of toxicity for many environmental chemicals has been high-
lighted for other diseases, such as cancer, neurodegenerative and
cardiovascular diseases112. However, their involvement in the
initiation and progression of FLD is largely understudied. In
contrast, other hepatotoxicants, such as alcohol and drugs, have
not only been well-established to cause mitochondrial dysfunc-
tion and maladaptation in the liver, but also the underlying
mechanisms have been well-characterized54,113. The specific
mitotoxic effects of environmental chemicals are only beginning
to be understood and demand future studies. Importantly, many
environmental pollutants can accumulate in mitochondria, either
due to their chemical properties via crossing the phospholipid
bilayer (lipophilicity, amphiphilicity) or due to entry via trans-
porters (i.e., VDAC, see also Fig. 1 and Section 6)112. Previous
reviews also list a variety of compounds that are not necessarily
characterized as directly mitotoxic, but are described to mediate
their effects, at least in part, via mitochondrial impairment112,114.
A limitation of the studies cited in these reviews is that
while chemical exposure is linked to mitochondrial dysfunction,
the underlying mechanisms and/or the molecular targets of the
compounds are often not identified, leaving the question of ‘the
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chicken or the egg: is mitochondrial failure cause or consequence
of injury?

A major link in multiple studies is that exposure to environ-
mental chemicals can cause the production of ROS and results in
oxidative stress. Active VOC metabolites are often extremely
electrophilic and therefore highly reactive (see also Sections 3
and 5). For example, acrolein is a well-known propagator of
oxidative stress by causing lipid peroxidation adducts58,115.
Similarly, the major metabolites of trichloroethylene (TCE), tri-
chloroacetic acid (TCA) and dichloroacetic acid (DCA), cause
oxidative stress through forming lipid peroxidation adducts
in vivo and in vitro116,117. Exposure to dimethylformamide in a
human liver cell line caused dose-dependent ROS production118.
Similar to VOCs, other chemicals have also been associated with
the production of ROS, such as (but not limited to) metals, POPs,
and pesticides119e123. By extension, it is likely that ROS-
mediated mitochondrial damage is a shared mechanism of VOC
toxicity.

Endocrine-disrupting compounds (EDCs), such as bisphenol
A, cadmium, pesticides perfluorinated chemicals etc., interfere
with the normal signaling of several hormones related to type 2
diabetes mellitus, obesity, and FLD124. The list of substances
classified as EDCs has dramatically increased over the past
years124. Moreover, research of their mechanisms-of-action has
steadily increased, particularly in chronic metabolic diseases. For
example, bisphenol A-induced metabolic dysregulation has been
shown to be caused, at least in part, by fatty acid accumulation in
hepatocytes leading to their b-oxidation in the mitochondria,
resulting in the formation of ROS and mitochondrial dysfunc-
tion125. Moreover, bisphenol A, at concentrations below the ‘no
observed adverse effect level’ (NOAEL), has been shown to cause
structural mitochondrial changes that also correlated with mito-
chondrial dysfunction126,127.

Many environmental pollutants are chemically reactive.
Chemical modifications can alter and/or interfere with normal
biologic processes directly via adduct formation (see Section 3.2)
or indirectly by altering epigenetic regulators. As a result, envi-
ronmental pollutant exposure has also been suggested to affect
epigenetic reprogramming and transcriptional regulation of key
nuclear genes involved in FLD, metabolism and mitochondrial
processes128e130. For example, hydroquinone, a benzene metab-
olite, mediates demethylation of cytosine (5 mC), resulting in
enhanced promoter activity of key genes involved in mitochon-
drial biogenesis and metabolism131. However, while advances
have been made on epigenetic regulation of nuclear encoded
mitochondrial proteins, the concept of epigenetic regulation of
mtDNA is only beginning to be understood, especially in the
context of environmental exposure132,133. While mitochondria
lack histones, DNA methyl transferases have been identified in the
mitochondria suggesting that methylation occurs within this
organelle134. A couple of clinical studies demonstrated that
mtDNA methylation was associated with fine particle exposure
and altered mtDNA copy number133,135. Similarly, arsenic and the
flame retardant BDE-47 (endocrine disruptor) have been associ-
ated with hypomethylation of mtDNA in humans and animals,
respectively136,137. However, most studies thus far on epigenetic
regulation of mtDNA focus on methylation, and other pathways of
epigenetic regulation are understudied. Moreover, epitran-
scriptomics, a relatively new field of study138,139, which includes
functionally relevant changes to the genome that do not involve a
change in the nucleotide sequence, has hardly been explored in the
field of environmental chemicals140.

7. Limitations of published studies and suggested future
directions

Critical knowledge gaps remain in the understanding of the impact
of environmental chemicals on FLD and require more human and
more mechanistic data. Epidemiological studies of the effects of
environmental toxicants are limited due to a) analytical difficulties
in measuring real exposure concentrations, b) evaluation of per-
sonal exposure, and c) delineation of toxicity from multiple
compounds. Moreover, while biopsy-based pathological assess-
ment is reliable to diagnose steatohepatitis and fibrosis, this pro-
cedure is also associated with risk and often not performed when
FLD is asymptomatic or has nonspecific symptoms until it has
progressed to final stages of the disease. Indeed, standard sero-
logic biomarkers for liver injury, such as transaminases may be
insensitive for the diagnosis of TAFLD15. The lack of human liver
tissue paired with exposure assessment data remains a major
barrier to the field. Alternatively, exposure assessment in previ-
ously biopsied FLD cohorts could be performed. An additional
aspect to consider is that FLD often shows regional variability in
the incidence, severity and outcomes4,141. Recently, micro-
regional (e.g., county-level) analysis of liver disease mortality
has indicated that there are local clusters of liver disease142,143.
Geospatial analyses more accurately consider local variation in
socio-demographics, access-to-care, risk factors and risk modi-
fiers, such as exposure to environmental pollutants144, as local
hotspots of environmental chemical exposure often overlap with
racial and socioeconomic disparity144.

In addition to the limitations of human studies, there is a
substantial lack of basic molecular information on the mecha-
nisms of action of many environmental chemicals. Limitations of
in vitro and in vivo studies include the knowledge gaps about key
responses or mechanisms of a) lower, not overtly toxic concen-
trations (including, but not limited to dose-responses for mito-
chondrial maladaptation), b) toxicant interactions with other
factors (i.e., diets, alcohol, genetic predisposition), and c) chem-
ical mixtures, given that environmental exposure to these com-
pounds is usually as a mixture, which may have effects that are
more than simply additive.

Mitochondria are important organelles for regulating the bal-
ance of redox status (see Section 3.2). An imbalance of the
mitochondrial dynamic associated with mitochondrial dysfunction
is one major molecular mechanism for oxidative damages. ROS
damage the mitochondrial electron transport chain leading to more
ROS production and mitochondrial damage, creating a vicious
cycle. Although ROS can lead to mitochondrial damage, it is not
necessarily valid to universally link these events. This is a com-
mon limitation of several studies in that both endpoints were
rarely measured. Another basic limitation of studying ROS; due to
their inherent reactivity, the parent reactive species is rarely
measured. Rather, generally ‘footprints’ indicative of ROS pro-
duction is measured. It is therefore difficult to separate, cause,
proximal causes and effects in the context of ROS and disease145.
This issue is especially pertinent in the interaction between ROS
and mitochondrial dysfunction. Specifically, ROS not only dam-
age mitochondria, but damaged mitochondria also leak more
electrons that perpetuate ROS generation. Although several
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studies have linked environmental exposure, mitochondrial
dysfunction and ROS production, few have addressed the issue of
cause versus effect in sufficient detail to yield mechanistic insight.
Moreover, few studies have elucidated whether or not the envi-
ronmental exposure directly damages mitochondria (leading to
ROS production) or indirectly (via generating ROS). The specific
mitochondrial effects still remain largely unclear for most of
environmental chemicals.

In recent years, new approach methodologies (NAMs), refer-
ring to in silico methods that improve human relevance and
replace or reduce the use of animals, have been established for the
assessment of chemical hazards (i.e., computational toxi-
cology)146,147. Such platforms will be crucial in ‘connecting the
dots’, and advances in biotechnologies are allowing for improved
sensitivity with smaller sample requirements to extract biological
data with increased efficiency. Importantly, identification of the
etiology of mitochondrial dysfunction caused by environmental
chemicals is challenging with laboratory and epidemiologic ap-
proaches. Recently, using NAM via the U.S. EPA ToxCast and
Tox21 databases, organophosphate and carbamate pesticides, that
have previously been demonstrated to alter oxidative phosphory-
lation complexes and activities, and also disrupt mitochondrial
membranes148,149, have been associated with decreased mito-
chondrial membrane potential in HepG2 cells150. To our knowl-
edge, this finding is the first proof-of-principle of this approach to
address the potential role of mitochondria in injury caused by
environmental hazards.

8. Conclusions

Understanding the concept of an interaction of environmental
chemical exposures with other risk-modifying factors, such as
genetics, lifestyle or underlying diseases is gradually increasing
in recent years. This knowledge also emphasizes the concerns
that individuals suffering from underlying FLD may be at greater
risk from exposure to mitochondrial toxicants, or that such ex-
posures may contribute to FLD. However, the underlying
mechanisms of FLD caused or enhanced by environmental
chemicals, in general and especially mitochondria-related, are
still poorly understood. While many studies implicate mitotoxic
effects of the compounds, the intricate details of mechanistically
involving structurally, functionally and dynamically dysregu-
lated mitochondria and their interactions with other organelles
represent a critical knowledge gap and need to be addressed in
future studies.
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