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Abstract. The substantial rise in global plastic production has
led to the widespread accumulation of microplastics (MPs) in the
soil, water and atmosphere. Inevitably, animals and humans have
ingested these MPs through environmental contact, resulting in
their accumulation within the liver. The elucidation of the hepa-
totoxic effects of MPs in animals, and in particular on human
liver pathophysiology, is now a central topic of investigation in
the study of environmental particulate toxicology. The present
review summarised existing studies on how MPs damage the
liver, and in particular, highlighted the mechanisms of action and
the key influencing factors. There is evidence that indicates that
MPs can damage the liver tissue structure, induce liver cell death
and disrupt lipid metabolism, and that particle size and exposure
time are important factors influencing the adverse effects of MPs
on the liver. However, further research is required to compre-
hensively elucidate the mechanisms by which MPs induce liver
injury and the long-term health risks they pose.
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1. Introduction

The lightweight, stable and durable properties of plastic mean
that it is widely used in industrial production and daily life (1).
Plastic use began in the 19th century and has since under-
went substantial growth and development over the previous
two centuries. Specifically, 390 million tonnes of plastic
were produced globally in 2022 and the cumulative global
plastic production from 1950-2017 was ~9.2 billion tonnes.
The global production of plastics has led to the release of a
substantial volume of plastic particles into the environment.
These particles come from industrial production, as well as
small particles released from plastic products such as plastic
containers and personal care items. Microplastic (MP) particles
are also produced by the natural peeling and breaking down
of plastic waste, and this pollution is of growing concern (2).
A study in 2004 first introduced the concept of MPs when
investigating plastic debris in the ocean (3). At present, it is
generally accepted that MPs are plastic particles, fibres or
fragments directly derived from the plastics industry or the
degradation of plastic waste, with sizes ranging from 5 mm
to 100 nm. Among them, MPs with particle sizes <1,000 nm
are termed nanoplastics (NPs) (4). In Europe, ~4-5 million
tonnes of sewage and sludge containing MPs are applied to
farmland annually (5,6), and research estimates that 60-64%
of land-based MPs enter the ocean from coastal regions (7).
Another study also found that MPs can be transported long
distances in the atmosphere, further indicating that MP pollu-
tion has become a global problem (8).

MPs are widely used throughout the world and have
caused pollution on a global scale. Therefore, numerous
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organisms in the ecological environment consume these
MPs, with a number of studies demonstrating that fish,
crustaceans, plankton and invertebrates in aquatic environ-
ments ingest MPs, and that residual plastic fragments have
been found in seabirds (9-11). Furthermore, previous studies
have confirmed that fish indirectly exposed to MPs through
nutrient transfer exhibit the same toxic reactions as those
directly exposed (12,13). This suggests that MPs may be
transferred through the food chain, thereby affecting organ-
isms at higher trophic levels. As humans are at a high nutrient
level in natural nutrient transfer, MPs may enter the human
body through nutrient transfer, as well as through inhala-
tion and drinking water (14). One study found an exposure
concentration of 60/m* MPs in air samples collected near the
city of Bremen in Germany. Based on normal adult ventila-
tion rates of 5-8 I/min, the estimated daily intake of MPs is
432-691 (15). Drinking water is also a notable route for MPs
to enter the human body. Kosuth et al (16) conducted a study
on 159 tap water samples from different regions worldwide
and found that 81% of the samples contained plastic particles,
with an average of 5.45 particles/l.

MPs accumulate in different organs after being
consumed by animals. Research has found that MPs ingested
by fish and mice appear in the gills, brain, gastrointestinal
tract, liver and spleen, with the liver and gastrointestinal
tract being the main sites of MPs accumulation (17-19).
In addition, MPs are also found to accumulate in human
organs (20,21). For instance, Horvatits et al (22) identified
six different MPs (4-30 ym in size) in human liver tissue
and quantitative analysis showed that the number of MPs
was significantly increased in the livers of patients with
cirrhosis. This indicates that the consumption of MPs may
have a negative impact on liver function and may increase
the risk of liver disease. The fact that MPs accumulate in
animal and human livers and cause adverse effects has led to
more research into the hepatic effects of MPs. These effects
include induction of oxidative stress in the liver, disruption
of the balance of liver lipid metabolism and exacerbation of
the inflammatory response in the liver. It has been shown
that MP exposure triggers redox imbalance in hepatocytes
through two pathways: i) The induction of reactive oxygen
species (ROS) overproduction while inhibiting the activity
of antioxidant defense enzymes (23-25); and ii) the promo-
tion of peroxisome proliferator-activated receptor (PPAR)
v-mediated dysregulation of lipid homeostasis (26,27).
Concurrently, MPs are capable of enhancing hepatic TNF-a/
IL-6-driven inflammatory responses through activation
of hepatocyte NOD-like receptor thermal protein domain
associated protein 3 (NLRP3) inflammasomes (28-30).
Hepatic oxidative stress, disorders of lipid metabolism and
inflammatory responses are central mechanisms driving
the development of liver diseases such as nonalcoholic
fatty liver disease, alcoholic liver disease and cirrhosis (31).
Since the 21st century, the global spread of MPs has been
accompanied by a rising global incidence of liver disease.
The World Health Organization estimates that by 2030 there
will be 9.5 million new viral hepatitis infections, 2.1 million
new cases of liver cancer and 2.8 million new deaths world-
wide (32). According to the latest statistics for 2024, the
global adult prevalence of metabolic dysfunction-associated

fatty liver disease is approaching 30%, with a 5% annual
increase in chronic liver disease in Latin America and
Southeast Asia (33,34). The widespread global distribu-
tion of MPs and the rising global incidence of liver disease
exhibit overlapping temporal and spatial trajectories (35).
This suggests that exposure to MPs may be an important
environmental factor contributing to the global epidemic of
liver disease by inducing oxidative stress, disrupting lipid
metabolism and triggering inflammatory cascade responses.
Although researchers have made progress in understanding
the liver impact of MPs, the exploration of their mecha-
nisms of action is still insufficient. Furthermore, there are
still limitations related to research methods such as the
overreliance on a single experimental animal strain, insuf-
ficient exploration of long-term exposure effects and a lack
of differentiation research on multiple material MPs. The
aim of the present review was to provide an overview of the
current published research and to present the effects of MPs
on animal and human livers in order to encourage further
research and exploration of the hepatic effects of MPs.

2. Entry of environmental MPs into the liver and
hepatocytes

The maintenance of aquatic and terrestrial ecosystems is
key for protecting animal habitats (36). In aquatic ecosys-
tems, MPs are transported through biological activity. For
instance, zooplankton and benthos acquire MPs suspended
in the water column through predation and are considered
to be primary consumers of MPs (37,38). MPs can then be
passed along the food chain, from zooplankton and benthos
to higher trophic levels. However, the majority of MPs
are excreted by these organisms and return to the water
column (39), where they are secondarily ingested by other
aquatic organisms in the water column through gills and
skin (40-43). The mechanisms by which MPs enter organ-
isms in terrestrial ecosystems remain to be fully elucidated.
However, the presence of MPs has been detected in the diges-
tive tracts of invertebrates, insects and birds, suggesting that
predation may be a key pathway for MPs to enter terrestrial
animals (Fig. 1) (44-46).

After ingestion by animals, MPs are transported through
the digestive tract to the intestine. The intestine serves as
an innate protective barrier, with its selective permeability
preventing the invasion of pathogens and toxins into the
bloodstream (47-49). Existing studies present conflicting
evidence on whether MPs can penetrate the intestinal tract
and enter the circulation. A study by Vagner et al (50) discov-
ered that NPs can penetrate the sea bass intestine and enter
the bloodstream. However, Gao et al (51) observed minimal
accumulation of NPs in the livers, spleens and kidneys of
mice after intragastric administration. By contrast, the study
noted that NPs were present in significant quantities in the
livers and spleens of mice following intravenous injec-
tion. Consequently, it was deduced that MPs are unable to
penetrate the mouse intestine (51). Despite the absence of
definitive evidence regarding the mechanism of intestinal
penetration, the accumulation of MPs has been widely docu-
mented in the livers of mammals, fish and birds (52-55). The
accumulation of MPs in hepatic tissue is associated with the
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Figure 1. MPs in aquatic systems are ingested by zooplankton and benthic organisms, ascend in food chains through trophic transfer and eventually reach

terrestrial species via ecological connectivity. MPs, microplastics.

concentration and duration of exposure and oral exposure
has been found to cause significantly higher levels of MP
accumulation than other routes of exposure (56). Of note,
the liver appears to take up MPs at a constant rate/unit time
after oral exposure, following pseudo-primary kinetics (57).

MPs enter hepatocytes following an enrichment process
in the liver and the internalization mechanism of MPs shows
particle size dependence. MPs with larger diameters are
internalized by hepatocytes mainly through phagocytosis (58).
By contrast, MPs with smaller diameters are internalized by
hepatocytes through endocytosis of lattice proteins, which is
mediated by motor proteins (59). Upon entering hepatocytes,
MPs are initially degraded by lysosomes, which are respon-
sible for degrading foreign substances. Thereafter, MPs are
released into the cytoplasm, where they trigger mitochondrial
damage. Mitochondria are the central regulatory units of fatty
acid metabolism and oxidative homeostasis. The damaging
effects of MPs on mitochondria directly disrupt the metabolic
homeostasis of hepatocytes (60). Notably, Prietl er al (61)
observed a substantial decrease in peripheral blood macro-
phage activity following the ingestion of MPs. Given the
critical role of macrophages in hepatic immune defense, it is
hypothesized that MP-induced inhibition of these cells could
amplify hepatic immune injury. Furthermore, microorganisms
in the environment have been shown to modify the surface
chemical structure of MPs. This modification leads to a
significant enhancement in the endocytosis efficiency of NPs
and augments their cytotoxic effects (62,63).

In conclusion, MPs pass along the food chain in aquatic
and terrestrial ecosystems and concentrate in the liver of
organisms. These particles enter hepatocytes via endocytosis,
subsequently inducing mitochondrial damage and metabolic
disorders within the hepatocytes. The cytotoxicity of MPs can
be potentiated through microbial-mediated chemical modifi-
cation. These findings have prompted researchers to initiate
studies on the influences of MPs on the liver.

3. Effects of MPs on the liver

The liver is a vital digestive gland, responsible for key func-
tions such as metabolism and detoxification. Therefore,
studying the hepatic effects of MPs is of great importance
in order to obtain a full understanding of their effects on
organisms. Several studies have shown that the accumu-
lation of MPs in the livers of animals can not only lead to
morphological changes in hepatocytes, but also induce oxida-
tive stress, as well as inflammatory and immune responses
(Fig. 2) (64-66). However, given the inherent interspecies
variations in metabolic pathways and physiological barriers,
the observed phenomena in animal models may not always
accurately reflect those observed in human cells. Furthermore,
data from in vitro cellular experiments and human in vivo
experiments are insufficient to support existing conclusions, as
they are highly dependent on animal models. Therefore, more
research on the consequences of human exposure is necessary
to support relevant public health decisions.
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Figure 2. Following hepatic accumulation via ingestion or inhalation, MPs activate the monocyte-macrophage system and T/B lymphocytes, triggering aber-
rant proinflammatory cytokine release that induces hepatocellular necrotic transformation, lipid vacuolization and hepatic vein vascular injury, accompanied
by nuclear atypia, suppressed mstl/ncf2/nox2 gene expression and pathological collagen fiber deposition in hepatic connective tissue. MPs, microplastics;

mstl, macrophage stimulating 1; ncf2, neutrophil cytosolic factor 2; nox2, NADPH oxidase 2.

The duration of exposure is a key influencing factor of the
hepatic effects of MPs, warranting exploration. Exposure of
the liver to MPs for a period of time between 24 h and 7 days
is termed acute exposure, while exposure lasting between 7
and 28 days is termed subacute exposure and exposure for
>28 days is termed chronic exposure (67).

Acute effects in in vivo and ex vivo animal modeling
Morphologic changes. Liver morphological changes are a
common pathological feature of acute and chronic liver injury,
as well as numerous liver diseases. For instance, a typical path-
ological characteristic of acute hepatitis is hepatic congestion.
This refers to a disruption in liver circulation and the develop-
ment of local blood stasis (68,69). Toxicity and immune-induced
liver injury can increase the water content of hepatocytes,
resulting in a loose cytoplasm and cellular oedema (70).
Hepatic steatosis is the pathological phenomenon of lipid
droplet accumulation in hepatocytes during hepatic hypoxia,
ischemia or infection (71). Research has found that, similar to
the consequences of numerous liver injuries, exposure to MPs
can also lead to pathological liver changes, including conges-
tion, oedema, lipid droplet formation, steatosis, necrosis and
fibrosis (72-75). Furthermore, it can also lead to the expansion
and tearing of the wall of the central hepatic vein and accumu-
lation of connective tissue fibers in the hepatic sinusoids (76).
In addition to altering liver tissue morphology, MPs
also cause structural changes to hepatocytes. For instance,

exposure of fish liver to MPs can cause hepatocyte swelling,
irregular nuclear shape and cytoplasmic vacuolization (77).
These liver lesions can significantly impair the normal func-
tion of hepatocytes. Mammalian liver exposure to MPs causes
hepatocyte structural disorganization and necrosis (29,36). In
summary, MP exposure compromises hepatic system homeo-
stasis through dual impairment of functional dynamics and
cytoarchitectural organization. The manifestation of morpho-
logical changes in liver tissue and cells suggests that MPs may
have additional effects on the liver.
Oxidative stress. Oxidative stress is the generation of highly
reactive molecules due to external stimuli, disrupting the
balance between the oxidative and antioxidant systems (78,79),
and constitutes a significant physiological and pathological
basis in various liver diseases. In addition, it is the primary
manifestation of acute liver injury (80). The key hepatic effect
of MPs is triggering the oxidative stress response, and this has
been demonstrated consistently in recent studies. Research has
shown that short-term exposure to MPs can induce oxidative
stress reactions in the liver of freshwater fish, as shown by an
increase in the activities of glutathione peroxidase (GPx), cata-
lase (CAT) and malondialdehyde (MDA) levels (81,82). GSH
and CAT are important components of the hepatic antioxidant
defense matrix and MDA is a key biomarker reflecting the
completion of the lipid peroxidation cascade in the mammalian
hepatic system (83,84). The aforementioned hepatic effects
of MPs indicate that they induce oxidative stress. Of note,
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Figure 3. MPs exposure triggers compensatory activation of GPx/CAT antioxidant enzymes through ROS accumulation, simultaneously induces
MDA-mediated suppression of GSH synthesis and activates the PPAR-a signaling axis to promote transcriptional cascades of ACOX1, CPT1A, ANGPTL4
and PCK, ultimately leading to hepatic lipid metabolism dysregulation. MPs, microplastics; ROS, reactive oxygen species; GPx, glutathione peroxidase; CAT,
catalase; MDA, malondialdehyde; GSH, glutathione; PPAR-a, peroxisome proliferator-activated receptor o; ACOX1, acyl-coA oxidase 1; CPT1A, carnitine
palmitoyltransferase 1A; ANGPTL4, angiopoietin-like 4; PCK, phosphoenolpyruvate carboxykinase.

several studies have investigated the regulatory effect of MPs
on the levels and activity of CAT. Samal et al (85) conducted
an experiment with cows and discovered that MPs can bind
to bovine liver CAT and alter its conformation, leading to a
reduction in its activity. Banaei ef al (82) found that the expres-
sion of metallothionein 1 (Mtl), carboxylesterase 2 (Ces2) and
cytochrome P450 (P450) genes increased in carp hepatocytes
when exposed to polyethylene (PE) MPs, while the expression
of the Mt2 gene showed a significant decrease. Alterations in
the expression of oxidative stress-related detoxification genes
in hepatocytes of fish provide additional evidence that MPs
can induce oxidative stress responses in animal livers (Fig. 3).

Inflammatory response. The inflammatory response is a
pathological process in which the body defends itself against
various external injuries and stimuli (86). This process is
characterized by pathological changes, including local tissue
proliferation, exudation and deterioration (87). Upon inflam-
matory stimulation of the liver, the monocyte/macrophage
system is activated, resulting in the release of a large number
of inflammatory molecules and cytokines (including IFN-y,
TNF-a, IL-6 and IL-1p) (88,89). Thus, increased expression
of these cytokines in the liver can be used as an indicator of
hepatic inflammation. The pro-inflammatory properties of
MPs in the liver have been widely investigated. A growing
number of studies have shown elevated expression levels of

inflammatory molecules and pro-inflammatory cytokines,
including TNF-a, inducible nitric oxide synthase, cyclooxy-
genase 2, IL-1p and IL-6, in MP-exposed livers, indicating the
presence of inflammation in the liver (26,64,65).

Immune function. The liver is the most robust reticulo-
endothelial cell phagocytic system observed in mammals
and has a powerful immune function. Macrophages are a
crucial element of the hepatic phagocytic system, as well as
an essential conduit for the innate immunological capabilities
of the liver (90-92). MPs have been shown to damage macro-
phages, which in turn affect liver immune function (90). The
mechanisms underlying the effect of MPs on hepatic immune
cells have not yet been elucidated. However, researchers have
conducted in-depth research on this issue.

Research has found that MPs have an impact on hepatic
immune function, particularly innate immune function. For
instance, rainbow trout exhibited impaired innate immune
function following exposure to PE-MPs, evidenced by an
increase in hepatic mucus cells and a decrease in white blood
cells (66). It has been established that intravenous injection
of polystyrene (PS)-NPs mediates transcriptional repression
of key innate immunity effectors in minnow liver, including
macrophage stimulation 1, neutrophil cytoplasmic factor 2,
NADPH oxidase 2 and complement component 3 (93,94).
Liu et al (64) demonstrated that 10 and 20% polyvinyl
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chloride-MPs (PVC-MPs; a common material of MPs) induced
downregulation of IFNy and TNFa genes, which regulate
the function of immune cells, and upregulation of IL-1f3 and
IL-6 genes, which promote innate immunity. In addition, they
observed an increase in the activity of the non-specific immune
factor, lysozyme in the liver of the common carp, indicating
that PVC-MPs also affected hepatic immune regulation (64).
Furthermore, PS-NPs have been demonstrated to specifically
induce the biosynthesis pathway of steroid hormones, resulting
in the production of related metabolites. Steroid hormones are
potent endocrine regulatory hormones, impacting the activity
of immune cells. Therefore, MPs may affect liver immune cell
activity by promoting the synthesis of steroid hormones (95).
In conclusion, research has identified that MPs of various
materials can influence the immune function of the liver, with
a particular impact on innate immune function. However, at
present, the majority of studies regarding the effects of MPs
on liver immune function have concentrated on freshwater fish
and there are few studies on the effects of MPs on mamma-
lian liver immune function, highlighting the need for further
research in this area.

Lipid metabolism. By regulating gene expression and
signal transduction, lipids can affect various life processes in
organisms, including immune processes, as well as provide
energy for survival (96). The liver plays a pivotal role in main-
taining lipid homeostasis, is the primary site for cholesterol
synthesis and transport, and is the most important organ for
lipid metabolism (96). Research has found that exposure
to NPs increases the mRNA transcription of several genes
involved in the breakdown and oxidation of fatty acids in
the liver of eels. These include acyl CoA oxidase 1, carnitine
palmitoyltransferase la (CPT1A), angiopoietin-like 4 and
phosphoenolpyruvate carboxyl kinase (PCK). This indicates
that lipid metabolism disorders may be occurring in the
liver (97,98).

One study suggested that the adverse effects of MPs
disrupting gut microbiota can potentially be transmitted to the
liver via the gut-liver axis, which refers to the material flow
and functional effects between the two organs; this could be a
contributing factor in liver lipid metabolism disorder associated
with MPs (99). Further research has revealed that modulating
PPAR represents a pivotal mechanism by which MPs induce
hepatic lipid metabolic disorders. PPARs are ligand-activated
receptors of the nuclear hormone receptor family, which have
three subtypes, including o,  and y. Among them, PPARa is
abundantly present in the liver and plays an important regula-
tory role in liver lipid metabolism processes (100). To date,
multiple studies have demonstrated that liver exposure to MPs
(particularly PS particles and PVC particles) can significantly
activate PPARa and its multiple downstream target genes,
thus affecting the expression of various proteins related to
hepatocyte lipid metabolism (101,102). By acting on PPAR and
altering the expression of hepatocyte lipid metabolism-related
proteins, MPs can ultimately trigger the disruption of hepato-
cyte lipid metabolism (Fig. 3).

In conclusion, MPs are able to disrupt lipid metabolism in
the liver through specific mechanisms. Of note, mice adminis-
tered with MPs showed a dose-dependent increase in the levels
of total free fatty acids (FFAs), which are mainly derived
from the hydrolysis of neutral fats (a type of lipid prevalent in

mammals) and are a key metabolic currency of the lipid cycle
in hepatocytes. Of note, the composition of FFAs remained
stable, with the mono- and polyunsaturated fatty acid subpop-
ulations balanced across exposure groups (103). By contrast,
there is a notable increase in saturated fatty acids (SFAs). It has
been postulated that high levels of SFA may be a contributing
factor in the disruption of endoplasmic reticulum homeostasis
in hepatocytes (30). It can be observed that the disturbance of
hepatic lipid metabolism resulting from exposure to MPs may
facilitate the generation of additional liver-related effects by
MPs.

Acute response in a human in vitro model. It has been
demonstrated that PS-MPs can induce an acute toxic response
in human hepatocytes in vitro through multiple pathways.
For instance, acute and subacute exposure of MPs in vitro
activates the mitochondria-dependent apoptotic pathway in
HepG?2 cells, resulting in the elevation of caspase-9 activity
and a significant increase in the ratio of the pro-apoptotic
protein Bax to the anti-apoptotic protein Bcl-2, suggesting
that apoptotic processes are induced (104). Of note, PS-NP
exposure was found to significantly inhibit the expression of
tumor-related genes such as polo-like kinase 1 (PLK1) and
mitotic checkpoint serine/threonine kinase (BUB) 1 (105). The
PLK1 and BUBI enzymes are involved in the regulation of
human hepatocyte apoptosis as well as liver tumorigenesis and
progression. These findings suggest that exposure to MPs may
affect liver tumor formation and development, while inducing
apoptosis in human hepatocytes (Fig. 4).

Acute and subacute exposure to MPs in vitro can also
damage hepatocyte organelles. For instance, JC-1 fluorescent
probe assay results showed that the intracellular mitochondrial
membrane potential (MMP) was decreased when hepatocytes
were exposed to 25 pug/ml PS-MPs (105). Reduced MMP
impairs the ability of mitochondria to produce ATP, leading to
impaired mitochondrial energy production (106). It was also
found that mitochondrial ATP levels in hepatocellular carci-
noma cells were further reduced with increasing concentrations
of PS-NP exposure (101). In conclusion, MPs can affect the
energy supply of hepatocyte mitochondria and antioxidants
can attenuate this effect. MPs also affect lysosomes, another
important organelle within hepatocytes, that degrade cellular
metabolites and waste products. Hepatocyte stability and
function depend on the efficient operation of lysosomes (107).
It has been shown that MPs can interact with hydrolases and
other enzymes in lysosomes, and act to reduce lysosomal
viability and further inhibit lysosomal phagocytosis (108).
A noteworthy study found a correlation between exposure
to MPs and enhanced lysosomal perinuclear localization,
which was consistent with the effect of inhibiting mamma-
lian target of rapamycin 1 (mTORCI1) enzyme activity (109).
mTORCI responds to metabolic regulatory signals both
inside and outside of the cell and is primarily recruited to the
surface of the lysosome where it functions (110). Given the
role of the mTORCI1 pathway in regulating hepatic inflam-
mation and interfering with hepatic lipid metabolism within
hepatocytes, the effects of MPs on lysosomal function may
result in increased inflammatory responses and disruption of
lipid metabolism, reminiscent of inhibition of the mTORCI1
pathway.
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Figure 4. MPs are internalized into hepatocytes via endocytosis and induce acute hepatotoxicity through three mechanisms: Activation of the mitochon-
drial-dependent apoptotic pathway via enhanced caspase-9 activity and reduced Bcl-2 levels, inhibition of mitochondrial ATP synthase activity resulting
in decreased ATP production and suppression of lysosomal phagocytosis accompanied by reduced levels of tissue proteases, glycosidases and lipases. MPs,
microplastics; caspase-9, cysteinyl aspartate-specific protease 9; Bcl-2, B-cell lymphoma 2; ATP, adenosine triphosphate.

Although animal model studies have systematically
revealed the hepatotoxicity of MPs in vivo and in vitro,
human toxicological data are still highly dependent on in vitro
cellular models. Although in vitro experiments can elucidate
the molecular mechanisms, they cannot mimic the complex
metabolic clearance, tissue barrier and systemic compensa-
tory mechanisms that occur in the human body. Variability in
key regulatory pathways (such as nuclear receptor signaling)
between species may influence the severity of the toxic
response (101,109). These research gaps make it challenging
to translate current findings for public health decision-making.
On the one hand, quantitative associations between in vitro
markers of toxicity (such as mitochondrial damage and
elevated inflammatory factors) and actual health damage in
humans are still not established. On the other hand, population
exposure heterogeneity (e.g., differences in age and metabolic
status) may significantly alter toxicity risk thresholds.

Chronic exposure. Unlike acute/subacute exposures, chronic
exposure to MPs can cause multidimensional toxic effects
on the liver, which dynamically evolve with differences in
exposure duration. At exposure durations of 40-60 days,
the effects of MPs on the liver were more consistent with
acute/subacute exposures. At this exposure duration, MPs
were able to significantly increase hepatic cholesterol
and triglyceride levels and promote hepatic steatosis by

upregulating the expression of fatty acid uptake genes
[such as CD36 and fatty acid-binding protein 1 (FABP1)]
and synthesis genes [such as acetyl-coenzyme A carbox-
ylase a and peroxisome proliferator-activated receptor y
(PPARY)] (111). In addition, MP exposure at this duration
induced cellular release of pro-inflammatory factors (such
as TNF and IL-6), as well as hepatic stellate cell activa-
tion, exacerbating liver inflammation and fibrosis (112).
When the duration of exposure was 60-90 days, the primary
effect of MPs on the liver included the induction of fibrosis
and metabolic disorders. At this exposure, MPs promoted
hepatic stellate cell activation and collagen deposition
through mitochondrial DNA leakage, activating the cyclic
GMP-AMP synthase/stimulator of interferon genes (cGAS/
STING) pathway and driving NF-xB nuclear translocation,
ultimately exacerbating liver fibrosis (113). After 90 days
of exposure, hepatocyte AMP-activated protein kinase
(AMPK) phosphorylation was inhibited and gluconeogenic
gene (such as glucose-6-phosphatase catalytic subunit
and phosphoenolpyruvate carboxykinase) expression was
enhanced. Meanwhile, the expression of the hepatocyte lipid
synthesis gene FABP4 was upregulated, demonstrating that
90 days of MP exposure caused a dual disorder of hepatic
glucose-lipid metabolism (114).

The hepatic mechanism of action of MPs becomes more
complex under ultra-long-term exposure (120-180 days). At an
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exposure duration of 180 days, MPs activated cellular autopha-
gosome formation via ERK/mTOR signaling, while inhibiting
lysosomal function, leading to the disruption of cellular
autophagy and lipid droplet accumulation (115). Xia er al (78)
conducted a study in which they exposed carp larvae to PVC
for 30 and 60 days on a chronic diet. They observed that
after 30 days, with an increase in the PVC concentration,
the activity of GPx changed from an increasing trend to a
decreasing trend. After 30 days of exposure to high concentra-
tions of MPs, the transcription of antioxidant-related genes
cytochrome P450 1A and glutathione s-transferase (GST) a
in carp liver also changed from increasing to decreasing (78).
Therefore, providing animals with a purification period after
long-term exposure to MPs may alleviate hepatic oxidative
stress. Furthermore, Solomando et al (86) demonstrated that
following 90 days of exposure to low-density PE-MPs, a
30-day purification period in herring was sufficient to facili-
tate the gradual return of elevated oxidative stress biomarkers
(including MDA and GSH) to normal levels. This suggests
that chronic exposure to MPs can reverse the stress state of
fish livers during acute/subacute MP exposure. Furthermore, it
indicates that a recovery period after prolonged exposure can
have a restorative effect on the oxidative stress caused by MPs.

4. Interactions between MP exposure and liver disease

The deleterious effects of acute and chronic exposure to MPs
have been demonstrated to be a contributing factor to the onset
and progression of liver diseases, particularly those associ-
ated with liver metabolic dysfunction. Due to the widespread
contamination of ecosystems with MPs, the interaction between
MPs and the onset and progression of liver disease may be one
of the key drivers of the rising global incidence of liver disease.

Metabolic dysfunction-associated fatty liver disease
(MAFLD). MPs have the capacity to trigger the onset and
progression of MAFLD by exacerbating lipid accumulation,
promoting inflammatory responses and inducing oxida-
tive stress. One study revealed that MPs induce activation
of the PPARY pathway, leading to the upregulation of the
expression of key lipid synthesizing genes, including sterol
regulatory element-binding protein 1c and fatty acid synthase
(FASN). In addition, MPs inhibit the activity of enzymes,
such as carnitine palmitoyltransferase 1A, involved in fatty
acid p-oxidation (116). These observations suggest that the
accumulation of lipids within hepatocytes is augmented by
the actions of MPs. MPs also indirectly exacerbate hepatic
lipid deposition by inducing intestinal flora dysbiosis (117),
and stimulate the release of pro-inflammatory factors such as
TNF-a and IL-6 from hepatocytes through the engagement of
the NF-«B signaling pathway, thus promoting hepatic inflam-
matory responses (118). Furthermore, acute exposure to MPs
induced a significant increase in hepatocyte ROS levels, which
markedly promoted hepatic lipid peroxidation and aggravated
hepatic steatosis (119).

Liver fibrosis. The interaction between MPs and liver fibrosis
is a noteworthy recent finding. MPs were shown to promote
hepatic fibrosis in both direct and indirect ways. Firstly, MPs
activate hepatic stellate cells through the TGF-f/Smad and

Wnt/B-catenin pathways and upregulate fibrosis markers such
as a-smooth muscle actin and collagen lal (120). In addition,
it was found that MPs induce mitochondrial DNA leakage, and
the leaked mitochondrial DNA activated the cGAS/STING
pathway, which increased fibronectin deposition in hepatocytes
and indirectly contributed to the process of liver fibrosis (121).
The interaction between MPs and liver disease further
illustrates the evolution of MP pollution from an environmental
concern to a global health threat. Therefore, it is imperative
that further research is conducted to establish whether MPs
have a potential hepatotoxic effect in order to address the
pressing threats to liver health in this era of plastic pollution.

Biomarkers for human exposure to MPs. A significant body
of evidence indicates that exposure to MPs may be hazardous
to human health. Current methodological limitations in moni-
toring the bioaccumulation of human MPs, coupled with the
lack of translatable in vivo exposure models, fundamentally
restrict mechanistic characterization of the pathogenic cascade
and prevent quantitative characterization of the dose-response
relationship, which is essential for evidence-based risk assess-
ment. The establishment of specific biomarkers for human
exposure to MPs is necessary to address the real-world barriers
to human toxicity studies of MPs. With specific biomarkers,
the level of exposure to MPs in the livers of an individual or
group can be precisely quantified, providing an objective basis
for risk assessment. Without reliable biomarkers, it is chal-
lenging to establish a causal relationship between MP liver
exposure dose and disease. In conclusion, the establishment of
biomarkers for the exposure of humans to MPs will be key in
revealing health risks and guiding public health interventions.

According to the results of animal experiments, the
biomarkers of MPs are mainly associated with key mechanisms
such as oxidative stress, as well as lysosomal and immune
damage. Oxidative stress is the key mechanism by which MPs
elicit adverse liver effects, with superoxide dismutase (SOD),
CAT, GPx and glutathione S-transferase (GST) being the anti-
oxidant enzymes most affected by MP exposure. Alterations in
the activity of these enzymes can directly reflect the capacity of
the liver to scavenge ROS, and they are significant biomarkers
of MP-induced hepatic oxidative stress (122). The lipid peroxi-
dation product MDA is a key indicator for assessing the extent
of oxidative damage to hepatocyte membranes caused by MPs
and can be quantified by the thiobarbituric acid reaction (123).
The labeling of lysosomal and immune damage is centered
on lysosomal membrane stability, whilst blood cell parameters
such as total hematocrit and alterations in the granulocyte
ratio serve as biomarkers of the hepatic immunosuppressive
effects of MPs (124). Together, these markers reconfirm the
role of MPs in interfering with hepatic oxidative homeostasis,
disrupting hepatic organelle function and inhibiting hepatic
detoxification capacity.

Existing studies have shown that specific MP polymers
(such as polyurethane and polyester) detected in human sputum
can be used as potential exposure markers and their concentra-
tions are significantly correlated with smoking (125). However,
human exposure testing samples are mainly sputum or feces,
limiting the establishment of direct biomarkers. In addition,
MPs often coexist with contaminants, such as plasticizers.
This can lead to compound exposure interferences, making
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dant response element.

it difficult to distinguish between single effects (126). Future
population cohort studies incorporating nanoscale detection
technologies are required to validate the accuracy of these
biomarkers. In conclusion, the establishment of biomarkers for
human MPs requires expanding the range of human samples,
breaking through technical bottlenecks and enhancing the
integration of data from multiple exposure pathways.

5. Mechanism of effects of MPs on liver

Mitogen-activated protein kinase (MAPK) pathway. MAPK
can be activated by different extracellular signaling molecules
and plays an important role in transmitting cell surface signals
into the nucleus. It can regulate various pathological and
physiological processes, such as cell growth, differentiation,
the stress response and inflammatory response (127), and
the MAPK signaling pathway is implicated in the patho-
genesis of hepatocellular carcinoma, fibrosis and hepatic
injury (128-130). The main branching pathways of the MAPK
pathway include JNK, ERK, ERKS5 and p38 MAPK (121).
Research has revealed that high concentrations of NPs can
activate MAPK kinase 6 (MAP2K6) (131). Phosphorylation
of MAP2K6 can lead to p38 MAPK signaling in response to

inflammatory cytokine stimulation or environmental stress. In
addition, NPs activate MAP2KG6 to initiate the phosphorylation
cascade MAP2K6-p38 MAPK-mitogen- and stress-activated
protein kinase 1/2-cAMP response element-binding protein (a
cascade reaction of the p38/MAPK signaling pathway in the
cell). This cascade affects the transcription of anti-apoptotic
genes in hepatocytes and triggers liver inflammation. In
addition to activating the p38 MAPK branch pathway in the
MAPK signaling pathway, NP treatment can also induce
activation of the ERK branch pathway by promoting excessive
ROS in hepatocytes and ultimately promoting lipid accumula-
tion in hepatocytes (Fig. 5) (132,133). In summary, MPs can
induce hepatocyte apoptosis, disrupt hepatocyte lipid homeo-
stasis and lead to liver inflammation by activating the MAPK
signaling pathway, initiating phosphorylation and multiple
cascade reactions.

Nuclear factor erythroid 2-related factor 2 (Nrf2)-Kelch-like
ECH-associated protein 1 (Keapl)-antioxidant response
element (ARE) signaling pathway. The Nrf2-Keapl-ARE
signaling pathway is a central defense mechanism against
oxidative stress and exerts protective effects in the liver. This
system comprises three core components: The transcription
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factor Nrf2, the sensor protein Keapl and the ARE. By coordi-
nately regulating downstream genes, this pathway controls the
expression of key enzymes that counteract oxidative and toxic
damage. Specifically, it enhances antioxidant capacity through
rate-limiting enzymes in GSH synthesis (glutamate-cysteine
ligase catalytic subunit/glutamate-cysteine ligase modifier
subunit) and SOD, while promoting detoxification by modu-
lating NAD(P)H quinone oxidoreductase 1 and GST. The
pathway mediates anti-inflammatory repair via expression
of heme oxygenase-1 and thioredoxin, and maintains proteo-
stasis through autophagy-associated proteins p62 and heat
shock protein 70. These coordinated responses preserve redox
homeostasis, playing protective roles in neurodegenerative
diseases and liver fibrosis (134-136). Notably, Keapl mutations
or Nrf2 hyperactivation in cancer contribute to chemotherapy
resistance via drug efflux pumps such as multidrug resis-
tance-associated protein and metabolic reprogramming.
While moderate pathway activation alleviates chronic tissue
injury, prolonged overactivation may exacerbate patholo-
gies (134). These dynamic regulatory properties highlight
its therapeutic potential in oxidative stress-related diseases.
In the resting state, Keapl binds to Nrf2 in the cytoplasm.
Upon oxidant stimulation, Nrf2 first dissociates from Keapl
and relocates to the nucleus, where it then links to nuclear
ARE:s to initiate the transcription of downstream antioxidant
enzymes and detoxification proteins to protect against oxida-
tive damage (135,136). It has been demonstrated that exposure
to MPs causes overproduction of ROS within hepatocytes,
which in turn activates the Nrf2-Keapl-ARE pathway, contrib-
utes to the dissociation of Nrf2 from the Keapl complex and
promotes Nrf2 phosphorylation. Phosphorylated Nrf2 subse-
quently forms a dimer with small maf proteins, binds ARE and
upregulates antioxidant gene expression (137-139). Although
this pathway initially mitigates oxidative stress, sustained or
high-dose exposure to MPs may exceed its compensatory
capacity, ultimately leading to lipid peroxidation and liver
injury (Fig. 5). Thus, the Nrf2-Keapl-ARE pathway not only
serves as a detoxification mechanism for hepatocytes to with-
stand oxidative damage from MPs, but also reveals a critical
threshold for its protective effect.

Other mechanisms. In addition to the aforementioned
mechanisms, there is a small body of literature that suggests
other mechanisms by which MPs exert their effects on the
liver. First, it has been hypothesized that MP-induced liver
injury may be related to cell death. MPs were found to
induce hepatocyte pyroptosis by inducing ROS accumulation
and activating NLRP3 inflammatory vesicles. Hepatocyte
pyrolysis promotes the release of IL-1p and IL-18, thereby
exacerbating cellular inflammation. MPs were also able to
reduce the expression of the iron storage protein ferritin heavy
chain 1, while upregulating the expression of the iron uptake
receptor transferrin receptor protein 1, which in turn triggered
cellular iron death (29). Second, it has been demonstrated
that MPs can increase the translation of fatty acid synthesis
genes (such as FASN) through activation of the protein kinase
r-like endoplasmic reticulum kinase-activating transcription
factor 4 pathway, leading to the accumulation of hepatic lipid
droplets (140). Of note, Fan et al (141) suggested that expo-
sure to MPs can trigger the AMPK/unc-51 like autophagy

activating kinase 1 pathway in hepatocytes, driving hepato-
cytes to produce autophagosomes to encapsulate intracellular
lipid droplets. In addition, MP exposure damaged hepatocyte
lysosomes. This dual action results in improper degradation of
intracellular lipid droplets (141) and has prompted researchers
to focus on the impact of multiple pathway interactions on the
hepatic effects of MPs.

6. Factors affecting the impact of MPs on liver function

Size and concentration of MPs. The impact of MPs on liver
function has been proven to be contingent upon their size
and concentration (142-144). In 2021, Zhang et al (75) found
that fish exposed to 200 pm PS-MPs resulted in alterations
to hepatic adipocyte size and an increase in hepatic lipid
content, which subsequently affected the function of hepatic
lipid metabolism. However, exposure to 2 and 10 uM PS-MPs
primarily caused liver inflammation and excessive deposi-
tion of extracellular collagen (liver fibrosis) in the liver.
Furthermore, Li er al (104) discovered that PS-MPs with
larger diameters could downregulate the translation of mito-
chondrial division-related genes (such as mitochondrial fission
factor and dynamin-related protein 1). In addition, medium to
high concentrations of PS-MPs inhibited mitochondrial outer
membrane fusion, thereby affecting normal mitochondrial
proliferation and material exchange processes. However, the
environmental concentration of PS-MPs has the opposite
effect (104,145). This suggests that the mitochondrial function
of MPs may be reversed with alterations in their exposure
concentration. In summary, various hepatic effects induced by
MPs have been confirmed to be related to the size and concen-
tration of MPs. Of note, the effects produced by MPs on livers
also appears to change with different materials and chemical
structures (146-149) (Table I).

Environmental pollutants. While the liver is exposed to
MPs, it is also exposed to additives and contaminants
carried on the surface of MPs. Several studies have shown
that simultaneous exposure to plastic additives and envi-
ronmental pollutants can exacerbate the hepatic effects of
MPs (150-153). For instance, the co-exposure of MPs and the
plasticizer di(2-ethylhexyl) phthalate exacerbated histopatho-
logical damage to the liver (154). Simultaneous exposure of
the liver to MPs and common industrial pollutants, such as
polybrominated diphenyl ethers (PBDEs), has been observed
to induce liver atrophy and oxidative system dysfunction in
zebrafish larvae (155). Concomitant exposure to perfluo-
rooctanoic acid and MPs can disrupt immunoregulation
within hepatocytes (156), suggesting that hepatocytes are
undergoing immune and inflammatory responses. Of note,
Mohsen et al (157) detected 20 heavy metals on the surface of
six different types of plastics from various aquaculture areas in
the Yellow and Bohai Seas of China. This hypothesis suggests
that the human body may accumulate heavy metals attached
to the surface of MPs through the ingestion of farmed fish. Of
note, the influence of heavy metals on the hepatic effects of
MPs is complex. Taking the metal cadmium as an example,
studies have shown that exposure to MPs increases the accu-
mulation of low-concentration cadmium in fish and enhances
their liver toxicity, while reducing the accumulation of
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Table I. A brief summary analysis of typical research literature on the hepatotoxicity of MPs of different materials.

11

Types of MPs
Authors, year used in the study Toxicity of MPs discovered Evidence of discovery (Refs.)
Theanacho et al, PVC Induces oxidative damage to the Alterations in oxidative, antioxidant 24)
2020 liver and histopathological enzyme activities; results of hepatic
changes in liver tissue histopathologic evaluation
Yao et al, 2023 PS Induces hepatic oxidative stress, Altered enzyme activity and gene (25)
altered lipid metabolism and expression related to oxidative stress,
immune dysfunction; induces lipid metabolism, immune recognition and
hepatocyte apoptosis apoptosis; liver histopathology test results
Mu et al, 2022 PS Disrupts mouse liver tissue Liver histopathologic test results; (29)
structure; causes mitochondrial transmission electron microscopy
atrophy and cristae reduction in observations; alterations in oxidative
hepatocytes; triggers oxidative stress-related enzyme activities;
stress, inflammatory response in alterations in hepatic inflammatory
the liver factor expression levels
Liu et al, 2023 PVC Induces inflammatory response, Altered levels of ROS in the liver; (64)
oxidative stress and altered elevated protein levels of pro-
immune function inflammatory cytokines in the liver and
serum; changes in expression levels of
immune-related genes
Hodkovicova PE Induces hepatic dystrophy, Hepatic dystrophy and increased (66)
etal,2021 inflammatory response; impairs expression of pro-inflammatory-related
hepatic innate immune function genes; increased mucus cell counts and
decreased leukocyte counts
Banaei et al, PE Induces oxidative stress Altered gene expression and enzyme (82)
2022 activity of oxidative stress-related enzymes
Solomando et al, PE Induces inflammatory Altered levels of antioxidant and (86)
2021 response, oxidative stress, detoxifying enzymes; elevated levels of
lipid peroxidation lipid peroxidation markers
Raza et al, 2023 PAM Induces oxidative stress; Altered antioxidant enzyme synthesis (146)
triggers liver damage processes; elevated peroxide levels;
changes in blood parameters
Brandts et al, PMMA Induces oxidative stress; disrupts ~ Key genes related to lipid metabolism; (147)
2021 cellular lipid metabolism altered expression of antioxidant-related
genes
Bobori et al, PP Impedes hepatocyte function; Biomarkers and changes in metabolomics  (148)
2022 induces lipid peroxidation, DNA
damage, protein ubiquitination
and apoptosis in hepatocytes
Wu et al, 2023 PP Induces inflammatory response Dysregulation of metabolites (149)
and oxidative stress
Wang et al, 2023 PS Induces hepatic oxidative stress, Alterations in antioxidant (187)

inflammatory response and hepatic

fibrosis

enzyme activity and oxidation product
content; elevated levels of hepatic pro-
inflammatory factors; results of liver
histopathologic tests

MPs, microplastics; NPs, nanoplastics; PP, polypropylene; PMMA, polymethylmethacrylate; PAM, polyacrylamide; PS, polystyrene; PE,
polyethylene; PVC, polyvinyl chloride; PVC, polyvinyl chloride; ROS, reactive oxygen species.

high-concentration cadmium and alleviating its toxicity (158).
These and several other studies suggest that the co-exposure

of MPs and heavy metals may have a more complex effect on
the liver than previously considered (159-163).
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Mechanisms by which MPs interact with organic
pollutants and heavy metals to exacerbate liver effects
include carrier effects, oxidative stress synergy and
inflammatory activation. It was found that after the oxida-
tion of MPs, the pores on the surface were enlarged and
could adsorb a variety of pollutants, including cadmium
and PBDEs (160). These contaminants can attach to MPs
and enter the organism through ingestion or gills, thus
significantly exacerbating the hepatotoxicity of MPs, and is
termed the carrier effect. For instance, binding of NPs to
tetrabromodiphenyl ether solutions increased their hepatic
accumulation and exacerbated liver atrophy (155,160). In
addition, combined exposure of MPs and pollutants can
further amplify the role of MPs in inducing excessive
ROS generation in the liver and inhibiting antioxidant
enzyme activities (such as GSH, CAT and SOD), and ulti-
mately exacerbates hepatic lipid peroxidation and DNA
damage (154). For instance, exposure to NPs combined with
arsenic markedly increased ROS levels and exacerbated lipid
peroxidation in the liver compared with exposure to NPs
alone (162). Combined exposure to MPs and pollutants also
activates pathways such as NF-kB, upregulates TNF-a, IL-6
and other inflammatory factors, and triggers inflammatory
infiltration in liver tissue (156,157). Of note, MPs are also
capable of impairing liver detoxification of heavy metals to
amplify their toxicity to the liver. For instance, MPs, when
co-exposed with cadmium, inhibit the chelation of cadmium
by metallothionein, a detoxifying protein in the liver, and
promote heavy metal-induced hepatic steatosis (160). In
conclusion, MPs can act as pollutant carriers and toxicity
amplifiers, and their long-term compound exposure risk
requires further exploration. Studies into the interaction
between environmental pollutants and MPs have provided a
new perspective on the hepatic effects of MPs.

7. Treatments of liver damage caused by MPs

MPs can act alone or in combination with other substances
to cause liver damage in animals and humans. Therefore,
research has been carried out to investigate therapeutic
interventions that can be used to alleviate this damage. Of
note, researchers studying fish have found that adding dietary
antioxidants such as lycopene, microalgae and citric acid to
aquaculture can partially or completely reverse the patho-
logical changes in catfish liver tissue induced by MPs (76).
The study also found that after astaxanthin (ASX) deprivation,
the activity of SOD, a key antioxidant in fish liver, increased
significantly with the increase in MP concentration, indicating
that the fish liver was in a state of oxidative stress. However,
after ASX supplementation, the level of SOD in the fish liver
did not change significantly, and the level of the antioxidant
GSH in the liver decreased significantly. This is an indication
that ASX can improve the antioxidant defense status of fish
exposed to MPs (164).

Studies have also found that melatonin can reduce the
dysfunction of rat hepatocytes caused by environmental
MPs (165). In addition, silymarin has been demonstrated to
reduce the levels of serum aspartate aminotransferase (AST),
alanine aminotransferase (ALT), total cholesterol and triglyc-
erides in adult male albino rats exposed to PS-MPs (166).

AST and ALT are established indicators for evaluating liver
injury. Serum levels of these enzymes increase when the liver
is injured and decrease when the injury is alleviated, and
total cholesterol and triglycerides are important parameters
to assess levels of blood lipids. The effects of silymarin
administration on the levels of AST, ALT, total cholesterol
and triglycerides demonstrated that silymarin could reduce
the deleterious effects of MPs on the liver. A study has also
demonstrated that silymarin administration can reduce the
levels of MDA, a lipid peroxidation end product, in the serum
of rats with MP-induced liver damage. This evidence suggests
that silymarin may also have an anti-oxidative stress effect
on MP-induced liver damage. In addition, the administration
of tamarixetin had been found to reduce the impact of oxida-
tive stress on the liver by regulating the Nrf2-Keapl-ARE
pathway (167). This enables the basic recovery of MP-induced
liver damage and histopathological changes. Furthermore,
research has identified that lactobacillus rhamnosus and lactic
acid bacteria may protect the liver by promoting intestinal
homeostasis, improving intestinal barrier integrity and alle-
viating liver inflammation (168,169).

One study attempted to compare the existing strategies
for the treatment of liver injury by MPs. It was found firstly
that the mechanism of action and species specificity of ASX
requires further verification. In addition, melatonin is a
promising therapeutic strategy for MP-induced liver injury.
Its mechanism of action may involve hepatic circadian rhythm
regulation with a low risk of adverse effects. However, existing
studies on melatonin treatment of MP-induced liver injury are
largely based on cellular models, and the long-term efficacy
in vivo has not yet been elucidated. Furthermore, silymarin
combines both antioxidant and lipid-lowering effects, and it
excels in multi-targeted interventions but is deficient in the
modulation of inflammatory pathways. However, probiotics
are slow acting and would perhaps be more suitable for chronic
exposures. Finally, tamsulosin has a rapid onset of action, but
the potential risk of Nrf2 overactivation must considered. In
conclusion, silymarin and tamoxifen are more effective in
MP-induced acute liver injury, whereas dietary antioxidants
and probiotics are more suitable for long-term prevention. In
the future, therapeutic strategies that combine multiple path-
ways require further exploration.

8. Cutting-edge perspectives

The effect of MPs on liver function is dependent upon the
polymer type, thus the first step in assessing MP-driven
hepatic function damage is to identify the polymer type. The
MP polymer type can be investigated through spectroscopy or
mass spectrometry, and Fourier transform-infrared spectros-
copy (FT-IR) is the most commonly utilized technology in this
field. FT-IR assigns a specific absorption value to a specific
group by comparing it with the infrared reference spectrum
library, thereby enabling the determination of the type of
plastic. The instrument is capable of distinguishing particles on
the basis of their chemical composition, as well as evaluating
the aging of particles by observing the surface oxidation (170).
However, this technique has low sensitivity, which precludes
its ability to detect low concentrations of NPs (171). Similar
to FT-IR, Raman spectroscopy can detect different vibrational
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modes in molecules and measure the change in scattering
light frequency, and can be used to classify the components
of MPs (172). Notably, the Raman spectrum offers superior
size resolution in comparison with the FT-IR spectrum (173).
However, the Raman spectrum is susceptible to interfer-
ence from the fluorescence background emitted by the filter
paper (172). Furthermore, novel detection methodologies,
including dark-field hyperspectral microscopy, near-infrared
aggregation-induced emission fluorophore labeling and
surface-enhanced Raman scattering labeling have been
employed to monitor the transport and accumulation of MPs in
organisms (174,175). The advent of these novel detection tech-
nologies has enabled the quantification and visualization of the
dynamic process of MP uptake and purification by organisms.
In conclusion, although various detection technologies possess
inherent advantages and disadvantages, they are indispensable
tools for accurately identifying the different types of MPs and
exploring their effects on liver function.

In addition to their effects on the liver, the effects of MPs
on other organs and functions are also worthy of attention.
For instance, research has shown that exposure to PS-MPs
can inhibit the insulin signaling pathway in the liver of
mice, thereby inducing insulin resistance in mice (176-179).
Exposure to MPs can also disrupt the equilibrium of
self-renewal and differentiation in the colonic epithelium,
accelerating the development of colitis (180). Smaller NPs
cause more severe damage to the intestinal mucosal layer
than larger NPs, while larger NPs have a greater impact on
the composition of the microbiota (181). Exposure to PE-MPs
can induce gonadal pathological changes, while exposure
to PS-MPs can increase the levels of sex hormones such as
follicle-stimulating hormone, estradiol and testosterone in
mice, leading to endocrine disorders (182-184). Of note, one
study found that daily exposure to 600 g of MPs significantly
altered the typical structure of erythrocytes in animals (185).
Furthermore, exposure to high levels of MPs also signifi-
cantly reduced hematological parameters in fish, particularly
the red blood cell count (RBC), haemoglobin (Hb) levels and
erythrocyte pressure (Ht) (35,186). RBC, Hb and Ht levels
are related to the number of RBCs in the circulation and the
normal functioning of RBCs in transporting oxygen. The
reduction of these parameters provides further evidence that
exposure to MPs has detrimental effects on organisms, such as
infection or inflammation (187). By systematically analyzing
the biodistribution characteristics of MPs in different organ
systems and their mechanisms of disruption of blood homeo-
stasis, researchers can establish a molecular framework for
the association of extrahepatic toxic effects with liver injury.
This may provide important theoretical support for a more
complete assessment regarding the systemic pathological
consequences of MPs.

9. Conclusion

At present, there are still a number of limitations in the
study of the hepatic effects of MPs. Firstly, it should be
noted that the majority of MP research utilizes PS as the
particle material. Although previous studies on PS have
addressed the common hepatic effects of MPs, certain
studies have indicated that the hepatic effects of MPs with
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different materials may vary, and the toxicological mecha-
nisms may differ (24,82,66,187). Consequently, it is essential
to expand the scope of material available for studying
the hepatic effects of MPs. Secondly, the current basis of
research on the effects of MPs on the liver is often acute or
subacute exposure, which is inconsistent with the reality of
the long-term exposure and intake of MPs that organisms
undergo in the environment. In the majority of the research
literature, the experimental animals employed are marine
or freshwater fish. Although certain fish (such as zebrafish)
are considered to be useful for studying the hepatic effects
of MPs, it is important to consider the pathological differ-
ences between mammals and aquatic animals, human cells
and aquatic animal cells. Furthermore, it should be noted
that NPs exhibit a stronger tendency to cross the intestinal
barrier compared with MPs based on their nanoscale struc-
tural features and enhanced biofilm permeability. However,
there is a lack of studies on liver effects associated with
NPs. Further research is needed to understand the mecha-
nisms of action of NPs on the liver. It is also essential to
investigate the dose-response relationship between MP/
NP-induced oxidative stress and liver metabolism disorders.
Furthermore, the development of a composite exposure
model of MPs/NPs and other environmental pollutants to
simulate real environmental pollution is imperative. The
integration of cutting-edge technologies such as single-cell
sequencing and spatial metabolomics allows an in-depth
analysis of the molecular network of MPs that interfere with
hepatocyte homeostasis. This, in turn, provides new avenues
for the study of the hepatic role of MPs. In conclusion, the
present study systematically reviewed the available evidence
and comprehensively elucidated the impact and potential
mechanisms of MPs in animal and human livers. The present
study aimed to provide a theoretical framework for the study
of the hepatic impacts associated with MP exposure, and
will assist in the formulation of precise risk management
policies for MPs.
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