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Abstract

Background Given the global increase in obesity, metabolic dysfunction-associated steatotic liver disease (MASLD) is
a major health concern. Because the liver is the primary organ for xenobiotic metabolism, the impact of environmental
stressors on liver homeostasis and MASLD has garnered significant interest over the past few decades. The concept of
metabolism-disrupting chemicals (MDCs) has been introduced to underscore the importance of environmental factors in
metabolic homeostasis. Recent epidemiological and biological studies suggest a causal link between exposure to MDCs and
prevalence and progression of MASLD.

Objective This review aims to introduce the emerging concept of MDCs and their representative toxic mechanisms. In par-
ticular, this review focuses on broadening the understanding of their impacts on MASLD or metabolic dysfunction-associated
steatohepatitis (MASH) progression.

Result Recent research has highlighted the environmental contaminants, such as heavy metals, microplastics, and pesticides,
have the potential to influence hepatic metabolism and aggravate MASLD/MASH progression. These MDCs not only directly
affect lipid metabolism in hepatocytes but also affect other cell types, such as immune cells and stellate cells, as well as the
gut-liver axis.

Conclusion Collectively, these findings contribute to establishing a well-defined adverse outcome pathway and identify novel
therapeutic options for liver diseases associated with pollutants.

Keywords Metabolism-disrupting chemicals - Metabolic dysfunction-associated steatotic liver diseases - Metabolic-
associated steatohepatitis - Hepatocytes

Introduction

Lifetime exposure to environmental pollutants is inevitable
in the context of global pollution; however, their precise
contribution to adverse health outcomes remains elusive.
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Although the genotoxicity and carcinogenicity of pollut-
ants were primary concerns decades ago, there is a steady
accumulation of evidence showing that these pollutants are
linked to the rising prevalence of metabolic diseases, includ-
ing obesity, type 2 diabetes, fatty liver disease, and hyper-
lipidemia (Heindel et al. 2015a, 2017).

The hypothesis that environmental pollutants disrupt lipid
metabolism, thereby exacerbating obesity, was initially pro-
posed by Grun and Blumberg in 2007 (Griin and Blumberg
2007). In 2015, metabolism-disrupting chemicals (MDCs)
were proposed as a new subclass of endocrine-disrupting
chemicals (EDCs) to highlight the importance of environ-
mental factors in the global increase in metabolic diseases.
MDCs are environmental chemicals that can affect the risk
of metabolic disorders throughout an individual’s lifespan
(Heindel et al. 2015a, b).

Given the pivotal role of the liver in xenobiotic metabo-
lism, this review focused on the role of MDCs in metabolic
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dysfunction-associated steatotic liver disease (MASLD).
Recent research will be discussed to expand our under-
standing of the connection between MASLD progression
and exposure to representative MDCs such as heavy met-
als, microplastics, and pesticides. Additionally, this review
addresses the adverse effects of MDCs on various cell types
within the liver and gut-liver interactions.

Overview of MASLD development

Because the liver is one of the crucial organs responsible for
metabolism, especially lipids, the pathogenesis and progres-
sion of MASLD are highly influenced by other metabolic
factors, such as insulin resistance, hyperlipidemia, and obe-
sity. This correlation with liver disease prevalence in the
obese population has been validated using many clinical
databases (Quek et al. 2023). MASLD, formerly termed non-
alcoholic fatty liver disease (NAFLD), represents a broad
spectrum of liver disorders initiated by the overaccumulation
of lipids in hepatocytes (Li et al. 2024). This initial phase of
MASLD, defined as lipid accumulation (steatosis) in>5%
of hepatocytes, is considered reversible without severe
inflammation or fibrosis (Chalasani et al. 2018). As simple
steatosis advances to include significant liver injuries, such
as fibrosis, it is classified as metabolic dysfunction-associ-
ated steatohepatitis (MASH). These liver disorders lead to
irreversible and fatal liver conditions, including cirrhosis
and hepatocellular carcinoma (HCC) (Suresh et al. 2020)
(Fig. 1).

MASLD is a growing health concern worldwide. Accord-
ing to a meta-analysis published in 2016, the global preva-
lence of MASLD was approximately 25%, and the overall

mortality was estimated at 15.44 and 25.56 per 1000 per-
son-years for the MASLD and MASH cohorts, respectively
(Younossi et al. 2016). While overnutrition and lifestyle
changes are thought to be key contributors to the growing
prevalence of MASLD, environmental toxicants, such as
heavy metals, microplastics, and pesticides, have recently
gained recognition as significant factors (Fig. 2). Such toxi-
cants may directly affect various cell types within the liver or
act indirectly by influencing the gut-liver axis or endocrine
systems.

Link between MDCs and MASLD/MASH
progression

Heavy metals

The increasing environmental presence of heavy metals
driven by industrial activities has recently made widespread
exposure inevitable. The deleterious influence of heavy met-
als on human health is well recognized, with frequent sug-
gestions of their link to liver diseases. For instance, a study
with a 23-year American cohort demonstrated that exposure
to cadmium (Cd) during early adulthood (ages 20-32 years)
is significantly associated with MASLD prevalence in mid-
dle age (Li et al. 2022a, b, c, d). Another study utilizing
epidemiological data from the USA (2003-2018) also iden-
tified positive correlations between the urinary levels of
heavy metals, including arsenic (As), cobalt (Co), and Cd,
and MASLD risk (Xie et al. 2023).

The implications of Cd in liver disease have been
highlighted, as the liver and kidney account for approxi-
mately 50% of the body load for Cd (Bernard 2004). With
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Fig.1 The progression of metabolic dysfunction-associated stea-
totic liver diseases (MASLD) to hepatocellular carcinoma (HCC).
MASLD is characterized by excessive lipid accumulation in over 5%
of hepatocytes and can evolve into metabolic dysfunction-associated
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epidemiological evidence demonstrating the impact of
Cd on MASLD, numerous studies have aimed to uncover
the biological mechanisms driving the development of
MASLD/MASH. When mice were exposed to Cd in drink-
ing water (10 mg/L of CdCl,) from the onset of a high-fat
diet for six or twelve weeks, hepatic lipid deposition and
inflammation were exacerbated. This lipogenic effect was
mediated through the peroxisome proliferator-activated
receptor (PPAR) pathways related to fatty acid metabo-
lism (Zhu et al. 2022). Cd also induces hepatic inflamma-
tion by modulating macrophage polarization. Specifically,
saturated fatty acids and Cd synergistically enhance pro-
inflammatory M1 polarization, causing hepatic steatohepa-
titis in vivo (Zhu et al. 2023).

Lead (Pb) also induces hepatic damage because the
liver is the main organ for Pb accumulation when it is
inhaled or ingested (Gonzalez Rendén et al. 2018; Mudi-
palli 2007). Pb-induced hepatotoxicity was demonstrated
by increased serum levels of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT), which are
representative markers of hepatic damage (Gonzilez
Rendédn et al. 2018). The exact hepatotoxic mechanisms
of Pb remain debatable, and several mechanisms have been
suggested. In HepG2 cells, Pb impairs autophagic flux via
the SIRT1/mTOR pathway, which causes abnormal hepatic
lipid accumulation (Zhao et al. 2022). Pb can directly
affect hepatocytes but is also thought to be involved in
the gut-liver axis. Mice chronically exposed to 0.1 mg/L
Pb (15 weeks) showed an alteration in gut microbiota and
subsequent hepatic triglyceride accumulation (Xia et al.
2018). Dysbiosis has also been observed in Pb-exposed
common carp, leading to the synthesis of microbially-
derived lipopolysaccharide (LPS), which subsequently
induces hepatocyte ferroptosis (Miao et al. 2023).

Microplastics

The production and use of plastics in daily life have been
increasing, leading to greater environmental leakage of
microplastics (Thompson et al. 2024; Wang et al. 2024a,
b, c¢). These microplastics are found in various locations
and are considered new pollutants that cause environmen-
tal contamination and ecosystem problems (Du et al. 2021;
Enyoh et al. 2019). Recent studies suggest that microplastics
may affect body accumulation and liver disease. A study
conducted in Germany and across Europe analyzed tissue
samples from healthy individuals and cirrhosis patients for
microplastics. The findings suggest a potential link between
the accumulation of microplastics in the liver and the devel-
opment of liver disease. (Horvatits et al. 2022). Moreover, in
a cohort study of obese individuals with or without MASH,
those with persistent MASLD at 12 months after bariat-
ric surgery had higher levels of microplastic fragments,
which affected the portal vein, macrophages, and T cells
(Schwenger et al. 2024).

Polypropylene and polystyrene are the most commonly
detected microplastics, even in tap water, and considerable
research has been conducted on their effects on the liver
(Liu et al. 2022; Tong et al. 2020; Wang et al. 2024a, b,
c). First, polypropylene mainly interferes with lipid biosyn-
thesis and homeostasis in the liver, affecting lipid droplet
formation, which can lead to energy storage issues and
metabolic dysfunction (Liu et al. 2023). Furthermore, regu-
lating the NADH/NADY ratio induces oxidative stress in
the liver, decreases the cellular energy supply, and causes
mitochondrial dysfunction and triglyceride accumulation,
ultimately leading to metabolic disorders (Cheng et al.
2024). Furthermore, polystyrene, when exposed through
oral intake, primarily accumulates in the kidneys, intestines,

@ Springer



390

Molecular & Cellular Toxicology (2025) 21:387-397

and liver, inducing changes in metabolic profiles, such as
energy metabolism, lipid metabolism, and oxidative stress
in the liver (Hasegawa et al. 2024). It regulates the path-
ways related to oxidative stress and inflammation, ultimately
causing liver damage, which is linked to the development
of MASLD (Sheng et al. 2024; Zhou et al. 2023; Zou et al.
2023). A previous study demonstrated that administering
polystyrene to mice caused physiological disturbances,
including lipid accumulation, increased liver weight, and
elevated glucose, ALT, and AST levels. It also increases the
levels of oxidative stress biomarkers (SOD and HNE-AM)
and inflammatory cytokines in the liver, suggesting poten-
tial metabolic dysfunction and liver toxicity that resemble
MASH symptoms (Lee et al. 2024). In another study, when
mice were treated with 4.3 g per week, based on the maxi-
mum weekly intake in humans (5 g), polystyrene accumu-
lated in the blood vessels, liver, and kidneys. This exposure
results in histological liver damage and elevated AST levels.
Furthermore, polystyrene induces glucose intolerance and
insulin resistance, exacerbated under high-fat diet condi-
tions (Huang et al. 2022). Additionally, polyvinyl chloride
(PVC), produced using vinyl chloride, a known carcinogen,
has been reported to primarily target the liver, leading to
liver damage and exacerbation of immune responses (Zarus
et al. 2023). Chronic exposure to PVC causes disruptions in
lipid metabolism and increased AST and ALT levels, lead-
ing to hepatocyte death, toxicity, and functional impairment
(Chen et al. 2022). Furthermore, polyethylene, one of the
most frequently detected microplastics in bottled water and
food, has been identified as a potential health risk due to
its low biodegradability and high thermal stability (Maurya
et al. 2024). Exposure to polyethylene induces gene expres-
sion changes related to fatty acid metabolism, promotes
oxidative stress, and increases Pdgfa expression and col-
lagen accumulation, contributing to liver fibrosis (Djouina
et al. 2023). Moreover, polyethylene has been confirmed to
induce inflammation, disrupt gut microbiota homeostasis,
and activate the TLR/NF-kB/NLRP3 pathway, leading to
liver damage (Xu et al. 2024).

Pesticides

Human exposure to pesticides directly or indirectly affects
workers via residues in their environment and food. Accord-
ing to a meta-analysis, the risk of MASLD was positively
associated with the urinary levels of mixed pesticide groups,
which comprised six metabolites from pyrethroids, organo-
phosphates, and herbicides (Li et al. 2022a, b, c, d).
Despite evidence of the hazardous effects of pesticides on
human health, restrictions on their use remain controversial
owing to economic benefits and uncertainties regarding their
toxicity. For instance, paraquat, which is extensively used for
weed control, has been banned in many countries since 2011,
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yet an estimated 10 million pounds were applied in 2017,
according to the US Geological Survey (Gerald McGwin
and Griffin 2022; US Geological Survey 2017). However,
its effect on human diseases, including fatty liver disease,
has been extensively reported (Ma et al. 2024). Therefore,
understanding the biological mechanisms underlying their
toxicity is crucial for preventing and treating pesticide-
induced diseases.

One of the classes of pesticides, pyrethroids, has been
considered to have lower mammalian toxicity than other
pesticides, such as organophosphates and organochlorine
(Hodosan et al. 2023). However, one of the pyrethroids,
permethrin, showed the greatest effect on triglyceride accu-
mulation in HepG2 cells compared to other pesticide groups.
These effects are mediated by the regulation of acetyl-CoA
carboxylase (ACC) phosphorylation, which is the rate-lim-
iting enzyme during lipogenesis (Yang et al. 2019). A recent
study also showed that oxidative stress and disruption of
lipid metabolism through PPAR and GLUT signaling were
induced in the livers of zebrafish larvae (Khan et al. 2024).
The potential effect of another pyrethroid, cis-bifenthrin, on
MASLD has also been suggested. In Xenopus laevis, expo-
sure to environmentally relevant levels of cis-bifenthrin led
to elevated AST, ALT, and hepatic lipid levels, with sug-
gested mechanisms involving molecular interactions with
PPAR isoforms to promote lipogenesis (Li et al. 2022b).
Liver damage by cis-bifenthrin can be linked to microbiota
dysbiosis, leading to altered deoxycholic acid levels and
disruption of bile acid circulation (Li et al. 2022a). Several
findings have highlighted the potential link between pyre-
throids and hepatic lipogenesis. However, there is still a lack
of epidemiological data establishing a direct correlation with
the prevalence of MASLD.

In addition to hepatic steatosis, pesticides promote fibro-
sis, potentially progressing to MASH. For example, chlor-
decone, an organochlorine pesticide, has been reported to
trigger fibrosis in liver organoids comprising hepatocytes,
macrophages, and stellate cell lines (Léger et al. 2024).
Additionally, several pesticides, namely imidacloprid,
propiconazole, and deltamethrin, have been identified as
pro-fibrogenic on the liver through TGF-B1/Smad pathway
(Han et al. 2020; Kwon et al. 2021; Lv et al. 2020). How-
ever, research on the influence of pesticides on fibrotic or
non-parenchymal cells, in addition to hepatocytes, remains
limited, highlighting the need for further studies.

Toxic effects of MDCs on different liver cell
population

While hepatocytes constitute the majority of liver, non-
parenchymal cells (NPCs) also significantly contribute to
its function. MDCs can exert toxicity by directly affecting
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hepatocyte lipogenesis or by indirectly disrupt liver homeo-
stasis through their effects on NPCs, including immune and
stellate cells (Fig. 3).

Hepatocytes

Hepatocytes are the parenchymal cells of the liver, constitut-
ing most of their mass, and are known to perform various
cellular functions essential for maintaining liver homeosta-
sis, as well as playing a critical role in the development of
liver inflammation and fibrosis (Gong et al. 2023). Hepatic
steatosis occurs due to an imbalance in the uptake and pro-
duction of fatty acids and fatty acid oxidation within hepato-
cytes, stimulating triglyceride synthesis and accumulating
neutral lipids in the cell. When free fatty acids (FFAs) are
abnormally processed, triglycerides trigger resident and
infiltrating macrophages via the toll-like receptor 4 (TLR4)
signaling pathway, initiating an inflammatory cascade that
contributes to MASLD (Foulds et al. 2017; Wree et al.
2013).

Recent studies have shown that hepatocytes, under the
influence of MDCs, may induce MASLD and other diseases
through mechanisms such as oxidative stress, insulin resist-
ance, and increased de novo lipogenesis (Li et al. 2015;
Marmugi et al. 2012; Moon et al. 2015). For instance, when
bisphenol A, an MDC compound, was applied to HepG2
cells, it increased the mitochondrial membrane potential and
reactive oxygen species (ROS) production within the cells,
thereby inducing mitochondrial dysfunction, lipid accumula-
tion, lipid peroxidation and the release of cytokines, lead-
ing to a state of steatosis (Huc et al. 2012). Additionally,
when propiconazole was applied to HepG2 and HepaRG
cells, it increased the liver weight, activated ALT. It tar-
geted the pregnane X receptor (PXR) gene, which elevated
fat absorption, leading to the accumulation of neutral lipids

Fig. 3 Influence of metabolic-
disrupting chemicals (MDCs)
on distinct cell populations in
the liver
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in the cells. Furthermore, administration of high doses of
propiconazole induces liver inflammation and fibrosis, con-
firming that propiconazole induces hepatic steatosis within
the liver and is associated with liver diseases (Attema et al.
2024). In addition, treatment of hepatocytes with MDCs
such as perfluoroalkyl substances (PFAS), DEHP, and tribu-
tyltin chloride (TBT) has been shown to regulate cholesterol
biosynthesis pathways, activate the PPARx and SREBP-1c
signaling pathways, and bind to PPARy/RXRa, leading
to lipid accumulation, lipid production, and the induction
of oxidative stress (Louisse et al. 2020; Stossi et al. 2019;
Zhang et al. 2017). These studies demonstrate that MDCs
primarily induce lipid accumulation and mitochondrial dys-
function in hepatocytes by promoting de novo lipogenesis.

Immune cells

In addition to being a pivotal organ for controlling metabo-
lism and detoxification, the liver contains various immune
cells that significantly influence hepatic homeostasis, both
directly and indirectly. According to recent transcriptomic
studies, the reshaping of immune cell populations has
been observed in the livers of MASH mice and cirrhotic
humans (Ramachandran et al. 2019; Remmerie et al. 2020).
Although more research is required to fully elucidate the
exact mechanisms by which an altered immune repertoire
contributes to MASLD/MASH progression, considerable
evidence supports a connection between immune cells and
hepatic injury (Huby and Gautier 2022). Therefore, eluci-
dating the effect of environmental pollution on the hepatic
immune system may provide novel insights into its role in
MASLD/MASH progression.

Among the various environmental pollutants, the role
of microplastics in disrupting the homeostasis of the
hepatic immune system has been a particularly active area
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of research. In research published in 2021, oral ingestion
of 0.5 um polystyrene-microplastics (0.5 mg/100 puL for
28 days) caused hepatic injury in mice, along with changes
in immune cell composition, including a decrease in CD4*
T cells, and an increase in NK cells and pro-inflammatory
M1 macrophage (Zhao et al. 2021). Although this study did
not explicitly link microplastics to MASLD, it offers foun-
dational knowledge regarding the involvement of immune
processes in the hepatotoxic effects of microplastics. Recent
studies have expanded our understanding of the role of
microplastics in metabolic diseases from an immunological
perspective. Administration of microplastics (1 um of poly-
styrene for 18 weeks) exacerbated MASLD features such
as steatosis, ballooning, and inflammation in mice fed with
a high-fat diet (HFD). In that study, single-cell transcrip-
tome analysis revealed that HFD feeding combined with
microplastics decreased Vsigd* and increased S100a6™
macrophages (Liu et al. 2024). Vsigd™ hepatic macrophages
are responsible for opsonizing pathogens, and a reduction
in this population has been observed during hepatic injury
(Duan et al. 2021; Zheng et al. 2015). Additionally, elevated
S100AG6 levels in Kupffer cells aggravate inflammation and
increase the infiltration of monocytes/macrophages (Tong
et al. 2023). These findings suggest that MP exposure may
exacerbate MASLD progression by modulating the immune
microenvironment.

In addition to altering immune cell populations, environ-
mental pollutants can affect disease progression by modu-
lating molecular pathways within these cells. As a repre-
sentative mycotoxin, aflatoxin B, drives crosstalk between
the aryl hydrocarbon receptor (AhR) and TLR4 in hepatic
macrophages, thereby reducing the phosphorylation of
STAT3%"7%7 which functions as a ROS blocker and con-
tributes to the onset of steatohepatitis (Zhang et al. 2024).
MicroRNAs (miRNAs) are another example of ant-mediated
immune regulation. In BALB/c mice, intradermal exposure
to trichloroethylene, an industrial environmental pollutant,
shifts Kupffer cells to a proinflammatory phenotype through
miR-205-5p modulation. This miRNA mainly targeted reti-
noic acid receptor-related orphan receptor-o (RORa), result-
ing in M1 polarization (Wang et al. 2024a, b, c). These
recent findings highlight the need for further investigation
into the role of immune cells in MASLD/MASH progres-
sion could provide key insights into understanding pollutant-
induced hepatotoxicity.

Stellate cells

Hepatic stellate cells (HSCs), located in the space of Disse,
are mesenchymal cells that form a small population within
the liver and play a critical role in response to liver injury
(Kamm and McCommis 2022). The transition of HSCs from
a quiescent to an activated state upon liver injury, caused by
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oxidative stress and inflammatory signals, primarily leads to
fibrosis (Tsuchida and Friedman 2017; Zisser et al. 2021).
The activation of HSCs involves their differentiation from
vitamin A-storing cells into contractile, inflammatory, and
myofibroblast-like cells, which enhance the production of
extracellular matrix (ECM) (Friedman 2008; Puche et al.
2013). Additionally, HSCs communicate with surrounding
endothelial and immune cells by secreting stellakines, fur-
ther enhanced during MASH and liver injury. Dysregula-
tion of stellakine secretion by HSCs has been suggested as
a potential factor in the pathogenesis of MASH (Xiong et al.
2019).

Recent studies have reported that MDCs influence HSC
activation and contribute to liver damage. The effects of
MDC treatment include vitamin A depletion, cholesterol
accumulation, and fibrosis progression. For instance,
when Di(2-ethylhexyl) phthalate (DEHP) was applied to
the hepatic stellate cell line LX-2, it promoted inflamma-
tion, apoptosis, and fibrosis within the cells, along with an
increased expression of genes associated with inflammation
and fibrosis, such as a-SMA, COL-I, COL-III, TGF-f, and
Smad?2 (Zhao et al. 2019). Long-term exposure to low doses
of DEHP increases cholesterol synthesis in HSCs, causing
an imbalance between HSCs proliferation and apoptosis
(Lee et al. 2020). Furthermore, when hepatic stellate cells
and animal models were co-exposed to cadmium and micro-
plastics, an increase in the expression of a-SMA, TGF-f,
collagen I, and collagen IV was observed in the animal
models. To investigate the activation mechanism of HSCs,
they were treated with AML12 medium and co-treated with
cadmium and microplastics. These results confirm that the
cells were activated through the interaction between ATP
released via the hemichannels and the P2X7 receptor (Sun
et al. 2023). In summary, previous studies have suggested
that metabolism-disrupting chemicals exert direct and indi-
rect effects on HSCs, activating these cells and contributing
to liver disease.

Effects of MDCs on liver dysfunction
via disruption of gut-liver axis

The implications of the intestine on MASLD/MASH pro-
gression have been reported. Altered gut microbial popula-
tions lead to changes in intestinal permeability and increased
circulating endotoxins and bacterial metabolites that can
reach the liver and activate inflammatory responses (Fukui
2015). Indeed, the severity of steatosis positively corre-
lates with increased gut permeability in MASLD patients
(Miele et al. 2009). Based on these findings, various studies
have explored whether the hazardous impact of MDCs on
the liver are mediated through gut-liver axis, with reports
suggesting that MDCs can indeed affect MASLD via this
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Fig.4 Impacts of metabolic-disrupting chemicals (MDCs) on liver
dysfunction by disrupting intestine-liver interactions. MDC expo-
sure can lead to dysbiosis or altered gut permeability, resulting in

pathway (Fig. 4). A recent study, as an example, confirmed
a correlation between the altered gut microbiota composi-
tion and the serum concentrations of various environmen-
tal toxicants, with a particular focus on synthetic industrial
compounds, in male and female Danes (Sen et al. 2024).

Dysbiosis is associated with liver disease. For instance,
an increase in Proteobacteria and a decline in Firmicutes
have been observed as liver disease progresses to advanced
fibrosis in humans (Loomba et al. 2017). Similarly,
reduced microbial diversity and the presence of Coprococ-
cus and Ruminococcus gnavus were associated with steato-
sis in a large-scale analysis of 1355 adults (Alferink et al.
2021). Thus, environmental compounds that alter the gut
microbiota are considered potential risk factors for MASLD/
MASH development. For instance, Pb hepatotoxicity is
accompanied by gut mucosal ablation, a decline in the bio-
diversity of gut microbes, and an altered bacterial composi-
tion (Ruminococcus and Streptococcus) (Duan et al. 2024).
Feeding with environmentally relevant levels of bisphenol
A (50 pg/kg/day) elevated Proteobacterium and decreased
the abundance of Akkermansia, resulting in steatosis and
hepatic inflammation in mice (Feng et al. 2020). Akkerman-
sia has been reported to have a protective function in the
intestinal mucosal layer and gut barrier (Ottman et al. 2017),
impair intestinal permeability, and further increase serum
LPS levels, which are considered to be the cause of bisphe-
nol A-mediated hepatotoxicity (Feng et al. 2020).

Within the enterohepatic circulation, bile acids serve
as crucial signaling messengers that modulate metabolism
in various tissues, primarily through the regulation of the
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increased levels of circulating bacterial metabolites. MDCs also inter-
fere with bile acid homeostasis, disrupting their vital functions as key
messengers in gut-liver communication

farnesoid X receptor (FXR) and Takeda G-protein recep-
tor 5 (TGRS) (Perino and Schoonjans 2022). Owing to
their impact on metabolic regulation, bile acids are attrac-
tive etiological candidates for MASLD (Chavez-Talavera
et al. 2019). For instance, recent research has identified that
reduced 3-succinylated cholic acid causes MASLD develop-
ment, as it contributes to reshaping microbiota populations
to alleviate MASLD/MASH progression (Nie et al. 2024).
Based on recent insights into the role of bile acids, the
impact of environmental factors on bile acids has become a
concern. Hepatic damage induced by polystyrene microplas-
tics (5 mg/kg for 30 days) was accompanied by an altered
balance between primary and secondary bile acids in mouse
feces (Wen et al. 2024). Maternal exposure to procymidone
affected glucolipid metabolism in the F1 generation in the
mouse model. In the offspring, serum levels of bile acids
change with different microbiota populations, suggesting
that the gut microbiota and bile acids play important roles
in transgenerational toxicity (Wang et al. 2023).

Conclusion and perspectives

Recent findings suggest that the global surge in MASLD/
MASH cases may be influenced by a lack of exercise, over-
nutrition, and exposure to environmental pollutants. Grow-
ing evidence shows that exposure to heavy metals, micro-
plastics, and pesticides, classified as MDCs, can perturb the
metabolic homeostasis of hepatocytes, non-parenchymal
cells such as immune and stellate cells, and the gut-liver
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axis. However, further in vivo and in vitro studies are nec-
essary to elucidate the direct connection between biological
causes and negative health outcomes based on epidemiologi-
cal evidence that reflects realistic human exposure to specific
pollutants. Such research could contribute to establishing a
well-defined adverse outcome pathway (AOP) and identify
novel therapeutic options for liver diseases associated with
pollutants.
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