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Introduction

Nonalcoholic fatty liver disease (NAFLD) is character-
ized by hepatocytes with more than 5% steatosis, reflecting 
excessive fat accumulation in the liver [1, 2]. A high-fat diet 
(HFD) can contribute to obesity, which is associated with 
chronic inflammation and the release of various proinflam-
matory cytokines, thereby promoting the development of 
NAFLD [3]. The global prevalence of NAFLD is currently 
25% and continues to rise. The severity of NAFLD is asso-
ciated with various components of metabolic syndrome, 
including steatosis, inflammation, nonalcoholic steatohepa-
titis, advanced liver fibrosis, and overall mortality [4]. The 
“multiple-hit pathogenesis” hypothesis suggests that the 
onset of NAFLD results from a combination of genetic, 
epigenetic, metabolic, and environmental factors. An imbal-
ance in energy metabolism in the liver leads to excessive 
energy storage, primarily as carbohydrates and fat, resulting 
in a net accumulation of fat in the live [5, 6]. This fat accu-
mulation in hepatocytes triggers inflammation, cell death, 
and fibrosis [7]. Additionally, the development of NAFLD 
is further stimulated by mitochondrial dysfunction and the 
overproduction of reactive oxygen species (ROS) [8, 9].
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Abstract
Prenatal exposure to a high-fat diet (HFD) or microplastics can impact liver fat accumulation in offspring. This study 
investigates the protective effects of prenatal melatonin on liver injury in male pups resulting from maternal exposure to a 
HFD and microplastics. Pregnant Sprague-Dawley rats were fed either an HFD or a normal chow diet, with some groups 
exposed to microplastics alone or in combination with melatonin. Male pups were evaluated on postnatal day 7. Results 
indicated that pups in the HFD-microplastics group (HFD-Mi) exhibited increased liver lipid accumulation (observed in 
histological staining), apoptosis (elevated cleaved caspase 3, phospho-AKT, and TUNEL staining), inflammation (higher 
IL- 6 and TNF-α), and oxidative stress (elevated malondialdehyde). Conversely, melatonin treatment (HFD-Mi + M) sig-
nificantly reduced these effects, including lipid accumulation, apoptosis, and inflammation, while enhancing antioxidant 
enzyme glutathione peroxidase activity and improving lipid metabolism (reduced SREBP- 1 expression). These findings 
suggest that prenatal melatonin mitigates liver injury caused by maternal HFD and microplastics through its anti-inflam-
matory, antioxidative, and lipid-regulating properties, underscoring its potential hepatoprotective role.
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The rising global demand for industrial products has led 
to the widespread production of plastic items, contributing 
to plastic pollution [10]. Over time, these plastic materials 
degrade, forming microplastics (particle size < 5 mm) and 
nanoplastics (particle size < 100 nm) in the environment. 
Animals subsequently ingest these plastics, leading to their 
accumulation in various organs [11–13]. Polystyrene micro-
plastics have been shown to damage hepatocytes. Candidate 
mechanisms underlying microplastic-induced hepatotoxic-
ity include cytotoxicity, alterations in key molecular mark-
ers, ATP production, lipid metabolism disruption in liver 
organoids, oxidative stress, and inflammatory responses 
[14]. Notably, microplastics can harm not only the liver but 
also other systems, such as the immune [15], nervous [16], 
and skeletal muscles [17].

Melatonin, also known as N-acetyl- 5-methoxytrypta-
mine, is synthesized by the pineal gland in both rats and 
humans [18, 19], and it is also present in dietary sources 
like sour cherries, walnuts, and orange juice [20]. Melato-
nin provides various benefits, including anticancer and anti-
osteoarthritic activities, strong antioxidant properties, free 
radical scavenging, anti-inflammatory actions, and proapop-
totic effects [21, 22]. Numerous studies have emphasized 
its role in preventing hepatic steatosis and the progression 
of NAFLD [23, 24]. Melatonin preserves the liver architec-
ture and function in the HFD offspring [24, 25]. While one 
study investigated the interaction between microplastics and 
melatonin, it did not explore how this combined effect is 
influenced by the presence of an HFD in the experimental 
group [26].

Adult-onset chronic non-communicable diseases can 
originate in early life through developmental programming 
[27]. Regarding prenatal programming, evidence has shown 
that the deleterious effects of a prenatal HFD can impair the 
liver of rat offspring, even into adulthood [28]. Environmen-
tal factors, including drinking water–induced microplastic 
exposure [29], which are critical for children’s growth and 
development, have been associated with an increased risk 
of adult NAFLD [30–32]. Maternal exposure to polystyrene 
microplastics has also been linked to metabolic disorders in 
offspring [33]. Several lines of evidence indicate an asso-
ciation between suboptimal fetal and neonatal environments 
and the development of adult diseases later in life [34]. The 
combined effect of exposure to polystyrene microspheres 
and a HFD-induced metabolic dysfunction–associated ste-
atotic liver disease has been reported [35]. However, few 
studies have examined the combined effects of microplas-
tics and chemical contaminants on liver toxicity in offspring 
[36]. Our previous study demonstrated that prenatal expo-
sure to a HFD combined with microplastics induces liver 
injury via oxidative stress in male pups [5].

Reprogramming strategies refer to interventions aimed 
at reversing maladaptive developmental programming and 
restoring normal development [27]. This study aimed to 
simulate a more realistic scenario by combining maternal 
microplastic and HFD exposure to evaluate whether mela-
tonin can reprogram these conditions and to investigate the 
underlying mechanisms involved.

Materials and methods

Animals

The study was conducted at the Kaohsiung Chang Gung 
Memorial Hospital Animal Experimental Center in Taiwan 
and was approved by the Institutional Animal Care and 
Use Committee of the hospital (No. 2021083001). Seven- 
to eight-week-old Sprague Dawley rats were used for the 
study. The rats were housed in an animal facility under a 
12-hour light/dark cycle, with lights turned on at 7:00 a.m. 
Litters were inspected daily at 10:00 a.m. The rats were 
divided into two groups: one group of females fed a high-
fat diet (HFD) and another group fed a normal chow diet 
(NCD) for a minimum of seven weeks before mating. The 
HFD consisted of 23 g/100 g protein, 35.5 g/100 g carbo-
hydrate, and 35.8 g/100 g saturated fat (58% kcal from fat), 
with fat sources derived from soybean oil and coconut oil. 
In contrast, the NCD consisted of 19.2 g/100 g protein, 67.3 
g/100 g carbohydrate, and 4.3 g/100 g saturated fat. Both 
diets were purchased from the Research Diet Company 
(D12331i, Research Diet, New Brunswick, NJ, USA). Male 
rats consumed the NCD, except during mating. Female rats 
were given 24 h to mate with male rats while consuming 
either the HFD or NCD. After mating, the rats were separated 
and individually housed in standard plastic cages. Pregnant 
females were then randomly assigned to one of two groups: 
maternal HFD (N = 12) or NCD (N = 12) exposure para-
digms until delivery. Some pregnant females in both para-
digms were exposed to microplastics (Bangs Laboratories; 
Fishers, IN, USA). These dams were given drinking water 
containing PS-MPs (5 μm in size) at a concentration of 1000 
µg/L (N = 4), or were co-treated with both microplastics and 
melatonin (40 mg/L) (N = 4) from conception onward. Each 
litter consisted of one male and two female rats, resulting 
in a total of twelve male and twenty-four female rats. The 
mating period lasted seven days to improve the pregnancy 
rate, achieving a 100% pregnancy rate and a live birth rate 
94.9%, with a male-to-female ratio of 1:1.04. The average 
litter size was 13.9 pups. The experimental groups were as 
follows: HFD-Mi: HFD + microplastics (5 μm, 1000 µg/L), 
HFD-Mi + M: HFD + microplastics (5 μm, 1000 µg/L) 
+ melatonin (40 mg/L), NCD-Mi: NCD + microplastics (5 
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μm, 1000 µg/L), and NCD-Mi + M: NCD + microplastics (5 
μm, 1000 µg/L) + melatonin (40 mg/L). Comparisons were 
made between the NCD group and the NCD-Mi or NCD-
Mi + M groups, as well as between the HFD group and the 
HFD-Mi or HFD-Mi + M groups. On postnatal day 7 (PD7), 
male pups were sacrificed for subsequent analysis (Fig. 1).

Measurement of plasma biochemistry parameters

Blood samples were collected by cardiac puncture when 
the rats were sacrificed to alleviate their suffering [37]. The 
plasma levels of total cholesterol, aspartate transaminase 
(AST), and alanine aminotransferase (ALT) were deter-
mined by a standard auto-analyzer (Hitachi model 7450, 
Tokyo, Japan).

Tissue preparation

On PD7, the rats were anesthetized with 25 mg/kg Zoletil 
and 23 mg/kg Xylazine. Continuous perfusion with nor-
mal saline was performed using a peristaltic pump. The 
liver was promptly extracted and placed on ice. Liver tissue 
designated for immunohistochemistry was sectioned and 
embedded in paraffin, while the remaining liver samples 
were stored at − 80 ℃ for future analysis. Tissue prepara-
tion for Oil Red O staining differs significantly from that 
for H&E staining, as it requires a separate fresh liver tissue 
sample. Due to the limited amount of liver tissue available 
from 7-day-old rat pups, we were unable to collect a suffi-
cient sample for Oil Red O staining at that time.

Hematoxylin and eosin staining

The liver was excised and fixed in 4% paraformaldehyde at 
4 ℃ overnight. They were then dehydrated through a gradi-
ent of ethanol concentrations (70%, 75%, 85%, 90%, 95%, 
and 100%), followed by clearing in xylene and embedding 
in paraffin wax at 55 °C. Sections of the liver 3 μm thick, 

were cut and stained using an H&E staining kit (ScyTek 
Laboratories, West Logan, WV, USA). Histological lesions 
were observed using a Leica DMI- 3000 microscope 
equipped with a digital camera. ImageJ (Fiji version 1.8.0) 
software was used to quantify liver lipid accumulation. The 
image was first converted to an 8-bit grayscale image and 
then inverted to black and white so that the lipid droplets 
appeared black. A threshold of 20 out of 255 on the gray-
scale was applied to remove inter-hepatocyte structures that 
did not indicate lipid droplet features, followed by particle 
analysis. All particles with the circularity between 0.5 and 
1.0 and a diameter between 0.1 μm and 50 μm were counted. 
The area fraction (%) occupied by the counted particles was 
then determined. The semi-quantification of lipid droplets 
was calculated using approximately 500 liver cells.

Terminal deoxynucleotidyl transferase-mediated 
deoxyuridine triphosphate biotin nick-end labeling

The terminal deoxynucleotidyl transferase-mediated deoxy-
uridine triphosphate biotin nick-end labeling (TUNEL) 
assay was conducted on fixed tissues embedded in paraf-
fin, sectioned at 3 μm thickness, and mounted on slides. An 
apoptosis detection kit (Roche, 11684817910, Mannheim, 
Germany) was used to assess cellular apoptosis according 
to the manufacturer’s instructions. The rates of TUNEL-
positive cells were determined by counting the positively 
stained cells in the liver of each rat, based on observations 
from 10 randomly selected fields.

Western blot

Livers were dissected and subsequently frozen in liquid 
nitrogen. The tissue from each liver was homogenized in 
lysis buffer (17081; iNtRON Biotechnology, Seongnam, 
Korea) and centrifuged at 14,000×g. The supernatant pro-
teins were quantified with a protein assay dye (5000002, 
Bio-Rad, Hercules, CA, USA). A total of 65 µg of protein 

Fig. 1 A scheme for the experimen-
tal groups and the treatments
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NaOH. The mixture was heated at 95 °C for one hour and 
then centrifuged at 1,600 × g. The absorbance of the clear 
supernatant was measured using an ELISA plate reader 
against a reference blank at 532 nm.

Glutathione peroxidase activity assay l

Each supernatant sample from the homogenized liver tis-
sue was used to measure the activities of hepatic antioxi-
dant enzyme Glutathione peroxidase 1 (GPX1, Cayman, 
703102, MI, USA) level by using commercially available 
kits according to the manufacturer’s instructions.

Statistical analysis

Data were analyzed using SPSS (Version 24, Chicago, IL, 
USA). Biochemical parameters, enzyme activities, and 
Western blot results were evaluated using a two-way analy-
sis of variance with Tukey’s post hoc tests. For compari-
sons between two groups, the Mann–Whitney U test was 
used. Results are presented as the mean ± standard error 
of the mean, with a P value of < 0.05 indicating statistical 
significance.

Results

After female rats gave birth and were sacrificed, their body 
weight, liver weight, and biochemical parameters were 
measured. Maternal body weight and liver weight increased 
in both the HFD and HFD-Mi groups compared to the NCD 
group (p < 0.05) and decreased after melatonin adminis-
tration (Table 1). There were no significant differences in 
GPT and total cholesterol levels among the groups. How-
ever, GOT levels increased following microplastic and HFD 
exposure compared to the NCD group. Triglyceride levels 

from each sample was separated by SDS-PAGE and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes. 
The membranes were blocked in TBST buffer containing 
10% non-fat milk for 1 h at room temperature. Immunoblot-
ting was performed by incubating the blocked membranes 
overnight at 4 °C with the following primary antibodies at 
the indicated dilutions: cleaved caspase- 3 (#9661, Cell Sig-
naling, Denver, MA, USA) at 1:1000, caspase- 3 (#9662, 
Cell Signaling, Denver, MA, USA) at 1:1000, IL- 6 (ab6672, 
Abcam, Cambridge, MA, USA) at 1:1000, AKT (#9272, 
Cell Signaling) at 1:1000, phospho-AKT (#4060, Cell Sig-
naling) at 1:1000, SREBP- 1 (PA1 - 335, Thermo Fisher 
Scientific, Waltham, MA, USA) at 1:4000, ECSH- 1 (11305 
- 1-AP, Proteintech, Rosemont, IL, USA) at 1:1000, MCAD 
(sc- 365108, Santa Cruz, Dallas, TX, USA) at 1:1000, and 
GAPDH (ab181602, Abcam) at 1:5000. The membranes 
were then incubated with secondary HRP-conjugated anti-
rabbit (1:5000; Jackson Immuno Research, West Grove, PA 
USA) or anti-mouse antibody (1:10,000; Jackson Immuno 
Research) for 1 h at room temperature. Western blots were 
visualized using an ECL kit (PerkinElmer, NEL 105001EA, 
Boston, MA, USA). Western blot quantification was con-
ducted using Quantity One software (version 4.52, Bio-
Rad), which measured the background-subtracted band 
densities. All results were normalized to GAPDH expres-
sion [5].

Estimation of lipid peroxidation

Lipid peroxidation in liver tissue was determined using a 
thiobarbituric acid reactive substances (TBARS) assay kit 
(10009055, Cayman, MI, USA) according to the manufac-
turer’s instructions. Briefly, 25 mg of liver tissue from each 
sample was homogenized in 250 µl of lysis buffer (17081; 
iNtRON Biotechnology, Seongnam, Korea). Then, 100 µl 
of the liver tissue homogenate was mixed with 900 µl of 
color reagent containing TBA, concentrated acetic acid, and 

Table 1 Body and liver weights of mothers and pups, and biochemical data of mothers
Maternal NCD NCD-Mi NCD-Mi + M HFD HFD-Mi HFD-Mi + M
Body weight (g) 314.50 ± 19.19+$ 333.50 ± 11.02+$ 329.75 ± 1.43+$ 364.50 ± 44.50*#&※ 383.00 ± 22.05*#&※ 317.50 ± 18.37+$

Liver weight (g) 13.57 ± 0.36+$ 14.065 ± 1.56+$ 12.065 ± 0.50+$ 18.73 ± 2.55*#&※ 18.00 ± 2.65*#&※ 14.08 ± 0.59+$

GOT 61.67 ± 9.54#+$ 98.67 ± 16.78* 94.00 ± 11.28 106.40 ± 4.70* 106.33 ± 3.11* 85.00 ± 14.06
GPT 53.00 ± 1.02 59.33 ± 11.50 55.50 ± 2.88 59.00 ± 4.10 61.67 ± 2.49 57.67 ± 2.65
T-cholesterol 67.50 ± 5.76 70.20 ± 6.89 64.67 ± 5.71 67.50 ± 7.98 72.33 ± 5.87 63.33 ± 8.10
Triglyceride 30.80 ± 2.32+$※ 32.67 ± 2.94+$※ 28.00 ± 1.55+$※ 52.50 ± 9.80*#& 66.33 ± 10.12*#& 50.33 ± 2.15*#&

Male pups
Body weight (g) 8.58 ± 0.25#&+$※ 13.54 ± 0.29*$ 13.14 ± 0.55*$ 13.61 ± 0.85* 14.86 ± 0.31*#& 13.61 ± 0.29*

Liver weight (g) 0.34 ± 0.01#&+$※ 0.40 ± 0.02*+$※ 0.39 ± 0.01*+$※ 0.49 ± 0.02*#&$ 0.54 ± 0.02*#&+※ 0.46 ± 0.02*#&$

GOT: Glutamic Oxaloacetic Transaminase, GPT: Glutamic Pyruvic Transaminase, T-cholesterol: total cholesterol
*p<0.05 compared to NCD, # p<0.05 compared to NCD-Mi,
&p<0.05 compared to NCD-Mi+M, + p<0.05 compared to HFD,
$p<0.05 compared to HFD-Mi, ※ p<0.05 compared to HFD-Mi+M
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Oxidative stress

MDA serves as an indicator of oxidative stress in the off-
spring liver. MDA levels were significantly decreased in 
the HFD-Mi + M group compared to the HFD and HFD-Mi 
groups (Fig. 6). The intrinsic anti-free radical and antioxi-
dant capabilities of GPX1 in cells were assessed, with the 
results presented in Fig. 7. GPX1 expression was decreased 
in both the HFD and HFD-Mi groups, indicating a reduced 
anti-free radical and antioxidative stress response due to the 
HFD and microplastics in these 7-day-old pups. Melatonin 
enhanced the anti-free radical effect in the HFD-Mi + M 
group (Fig. 7).

Lipid metabolism

SREBP- 1, ECSH1, and MCAD serve as indicators of 
lipid metabolism (Fig. 8a). Exposure to microplastics sig-
nificantly increased the expression of SREBP- 1 in both the 
NCD-Mi and HFD-Mi groups, but this increase was mark-
edly alleviated following melatonin treatment (Fig. 8b). 
Conversely, no significant changes in ECSH1 or MCAD 
expression were observed, even after exposure to micro-
plastics and melatonin (Fig. 8c and d).

Discussion

Our study findings revealed that prenatal exposure to HFD 
and microplastics increases apoptosis, oxidative stress, 
inflammatory response, and lipid accumulation. However, 
prenatal melatonin administration effectively mitigated 
these adverse effects. Therefore, we propose minimizing 
prenatal exposure to HFD and microplastics and consider-
ing prenatal melatonin supplementation to prevent potential 
liver cell damage in offspring.

Evidence supports the concept of “developmental pro-
gramming” in livestock. This suggests that a stimulus 
or insult occurring during critical periods of pre- or post-
natal growth and development may result in permanent, 
programmed alterations in the health and wellbeing of the 
offspring [38]. Several factors, such as maternal nutritional 
perturbations and inflammation, have been recognised as 
prominent causes of developmental programming [39] Per-
turbations to the emerging immune system might have long-
term consequences for the physiology and disease risk of 
the offspring due to programming effects [24] However, the 
critical developmental stages during which the immune sys-
tem is vulnerable to environmental programming have not 
yet been elucidated and likely vary between different spe-
cies [24]. In our study, we also found that the programming 

increased in the HFD, HFD-Mi, and HFD-Mi + M groups 
compared to the NCD group.

The body weight of pups in the NCD-Mi, NCD-Mi + M, 
HFD, HFD-Mi, and HFD-Mi + M groups increased com-
pared to that of pups in the NCD group (Table 1). The HFD-
Mi group showed an increase in liver weight compared to 
the HFD and NCD groups, but liver weight decreased in the 
HFD-Mi + M group (Table 1).

Lipid accumulation

Reactive lipid accumulation in the offspring liver was 
assessed using H&E staining (Fig. 2a). As expected, an 
HFD significantly increased reactive lipid accumulation 
compared with an NCD. In this study, microplastic exposure 
further promoted lipid accumulation in both the NCD-Mi 
and HFD-Mi groups. However, melatonin administration 
led to a more pronounced reduction in lipid accumulation 
in the HFD-Mi + M group compared to the NCD-Mi + M 
group (Fig. 2b).

Apoptosis

Phospho-AKT overexpression was identified as a key fac-
tor in triggering apoptotic cell death. Microplastic exposure 
led to a significant increase in phospho-AKT expression 
in both the NCD-Mi (NCD + microplastics) and HFD-
Mi (HFD + microplastics) groups. However, following 
melatonin administration, phospho-AKT expression sig-
nificantly decreased in both groups (Fig. 3a and b). Apop-
tosis, indicated by cleaved caspase- 3, serves as a marker 
of liver cellular damage and apoptotic pathways activation. 
Microplastics increased cleaved caspase- 3 expression, but 
this apoptotic effect was mitigated by melatonin (Fig. 3c). 
The results of TUNEL staining indicated late- stage apop-
tosis in the offspring liver cells, suggesting that liver cel-
lular DNA fragmentation was more advanced at this stage 
following microplastic exposure in both the NCD-Mi and 
HFD-Mi groups. However, melatonin alleviated microplas-
tics-induced stress, leading to a reduction in apoptosis in 
both groups (Fig. 4a. 4b).

Inflammation

To assess the inflammatory responses, we examined the 
expression of IL- 6 (Fig. 5a). Exposure to microplastics led 
to a significant increase in IL- 6 expression in the HFD-Mi 
group, whereas melatonin treatment reduced its expression 
(Fig. 5b). Consequently, melatonin appears to play a role in 
reducing the inflammatory response.
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Fig. 2 Lipid accumulation analysis. H&E staining revealed a signifi-
cantly lower level of lipid accumulation in the HFD-Mi + M group 
compared to the HFD-Mi group. (a) H&E staining results illustrating 
lipid accumulation. (b) Quantification of lipid accumulation. All val-
ues are expressed as mean ± standard error (n = 36, each group had 
6 animals). *P < 0.05. Different letters denote the respective groups: 

NCD: normal chow diet group; NCD-Mi: chow diet with microplas-
tics intervention group; NCD-Mi + M: chow diet with microplastics 
+ melatonin intervention group; HFD: high-fat diet group; HFD-Mi: 
high-fat diet with microplastics intervention group; HFD-Mi + M: 
high-fat diet with microplastics + melatonin intervention group. (origi-
nal magnification 400x; bar = 20 μm)
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alleviating apoptotic liver damage by mitigating ER stress 
through the modulation of unfolded protein response signal-
ing [21, 46], demonstrated its potential to reduce liver cellu-
lar apoptosis in pups. This finding is consistent with studies 
on caspase 3, where microplastics increased the expression 
of cleaved caspase 3 associated with liver cellular apopto-
sis [47], and melatonin exhibited a protective effect against 
excessive apoptosis.

Xu et al. demonstrated that melatonin reduces weight 
gain, adiposity, and ectopic fat accumulation, enhances 
energy expenditure, and ameliorates insulin resistance and 
inflammation, specifically in mice fed an HFD [48]. They 
suggested that melatonin had no toxicity or side effects in 
mice fed an NCD under energy-balanced conditions [48]. 
These findings are consistent with the present study. Nota-
bly, in this study, melatonin was administered to pregnant 
rat, similar to reported in other studies [38, 49]. However, 
the current study involved various analyses on liver injury 
in the neonate offspring of rats using a combination of treat-
ments. Despite these variations, similar positive effects 
were observed as those seen when melatonin was directly 
administered to the animals.

Microplastics have been shown to increase the expres-
sion of proinflammatory factors, including IL- 6 and TNF-α, 
through the NF-κB pathway [50]. Melatonin can reduce the 
aggregation of inflammatory cells and the release of IL- 6 
and TNF-α [51]. Melatonin played key roles in reducing 
inflammation in both the HFD and microplastics groups in 

insult from a HFD combined microplastics occurs through 
oxidative stress and inflammation-related mechanisms.

The use of melatonin has been suggested as a repro-
gramming agent [27], and its important role in pregnancy 
and parturition has been well established [38]. Studies 
have reported that melatonin can be safely administered to 
improve fertility rates and redox status during pregnancy 
[40], potentially benefiting offspring by modulating proin-
flammatory cytokines through redox-related mechanisms 
[41]. Additionally, maternal serum melatonin levels have 
been reported to exhibit a diurnal rhythm, serving as an 
important signal for the fetus to entrain the light-dark cycle 
of newborns after birth [42]. In our study, we also found that 
melatonin can reprogram the effects of a HFD combined 
microplastics through redox- and inflammation-related 
mechanisms. However, the additional increase in liver fat 
observed in the control group with co-exposure to melato-
nin in these 7-day-old pups is an interesting phenomenon 
that requires further investigation to be fully understood.

Furthermore, we found that microplastics induced a sig-
nificant increase in phospho-AKT levels in the NCD-Mi and 
HFD-Mi groups, but melatonin effectively reduced phos-
pho-AKT levels in both groups. This aligns with previous 
reports that phospho-AKT overexpression induces apoptosis 
[43, 44], it also has been shown to induce liver steatosis by 
suppressing the expression of downstream genes involved 
in fatty acid synthesis, including sterol regulatory element-
binding proteins (SREBPs) [45]. Melatonin, known for 

Fig. 3 Apoptosis pathway analysis. 
The expression of cleaved caspase 
3 protein and phosphor-AKT 
was the highest in the high-fat 
diet + microplastics (HFD-Mi) 
group, compared with the other 
groups, indicating apoptosis in the 
HFD-Mi group. The HFD-Mi + M 
group exhibited lower levels of 
cleaved caspase 3 and phosphor-
AKT than the HFD-Mi group. (a) 
Results of the Western blot analysis 
of phosphor-AKT, and cleaved 
caspase- 3. (b) Quantification of 
phospho-AKT/AKT expression. (c) 
Quantification of cleaved caspase- 
3/caspase- 3 expression. All values 
are expressed as mean ± standard 
error (n = 36, each group had 6 
animals). *P < 0.05. Different let-
ters denote the respective groups as 
in Fig. 2
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[54], and an HFD is known to induce oxidative stress and 
inflammation through the same pathway [55]. I In this study, 
melatonin significantly reduced MDA expression levels in 
the HFD-Mi + M group compared with the HFD and HFD-
Mi groups. This finding may explain why melatonin effec-
tively mitigated oxidative stress in the HFD-Mi + M group. 
No obvious effect of microplastics was observed in either 

our study. We hypothesize that melatonin can prevent liver 
inflammation in the pups exposed to both prenatal HFD and 
microplastics.

MDA is a reliable marker of oxidative stress and has been 
implicated in various disorders, including liver injury [52, 
53]. Melatonin has been demonstrated to alleviate oxida-
tive stress by modulating the ERK/Akt signaling pathway 

Fig. 4 Apoptosis characterized by liver cellular DNA fragmentation 
and late-stage apoptosis in the offspring liver. The apoptosis increased 
following microplastic exposure in both the NCD-Mi and HFD-Mi 
groups, and melatonin alleviated the apoptosis in both groups. (a) 

TUNEL staining in the offspring liver (b) Semi-quantitative analysis of 
liver TUNEL staining. *P < 0.05. (n = 36, each group had 6 animals). 
Different letters denote the respective groups as in Fig. 2. (original 
magnification 400x; bar = 20 μm)
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SREBP- 1, ECSH1, and MCAD are crucial components 
of lipid metabolism [62, 63]. In this study, melatonin pre-
vented the significant increase in SREBP- 1 induced by 
microplastics [14]. This intervention alleviated liver cell 
damage resulting from massive hepatic steatosis. Both mel-
atonin and microplastics may influence SREBP- 1 through 
the SREBP- 1 signaling pathway, with melatonin specifi-
cally suppressing lipogenesis [59, 60]. A substantial increase 
in lipid accumulation was observed following microplastic 
exposure in both the NCD-Mi and HFD-Mi groups. How-
ever, a remarkable decrease in lipid accumulation was noted 
in the HFD-Mi + M group. These findings align with the 
changes observed in SREBP- 1 and could be explained by 
the combined effect of microplastics and melatonin on the 
SP1/SREBP- 1 signaling pathway [59, 60].

We did not study female offspring because their lipid 
metabolism is more sensitive to hormonal influences, 
leading to sex-specific differences in placental transcrip-
tome results [64]. A HFD significantly alters the renal 

the NCD-Mi or HFD-Mi groups. Since microplastics were 
administered during the prenatal period, maternal rat may 
have buffered the oxidative stress effects of microplastics on 
the neonate offspring.

GPX1 plays a crucial role as an antioxidant enzyme in 
regulating cellular redox balance by controlling ROS levels 
[56], and helps prevent further damage, including vascular 
disease [57]. Microplastics have been shown to induce oxi-
dative stress and free radical damage [58, 59]. Melatonin 
directly alleviates oxidative and free radical stress in cells 
[60, 61]. In this study, microplastics significantly decreased 
antioxidant levels in both the HFD and HFD-Mi groups. 
Melatonin increased GPX1 levels in 7-day-old pups in the 
HFD-Mi + M group. This finding could be explained by the 
antioxidative effects of melatonin at the early developmen-
tal stage of pups.

Fig. 7 Analysis of anti-free radical and antioxidant effects. The expres-
sion of GPX1 was the lowest in the HFD-Mi + M group. Results of 
the GPX1 assay with quantification of its expression. All values are 
expressed as mean ± standard error (n = 36, each group had 6 animals). 
*P < 0.05. Different letters denote the respective groups as in Fig. 2

 

Fig. 6 Oxidative stress analysis. The expression of thiobarbituric acid 
reactive substances (TBARS) malondialdehyde (MDA) was lower in 
the HFD-Mi + M group than HFD-Mi group. All values are expressed 
as mean ± standard error (n = 36, each group had 6 animals). *P < 0.05. 
Different letters denote the respective groups as in Fig. 2

 

Fig. 5 Analysis of inflammatory 
responses. The expression of IL- 6 
was the lowest in the HFD-Mi 
+ M group. (a) Results of the 
Western blot analysis of IL- 6. (b) 
Quantification of IL- 6 expression. 
All values are expressed as mean 
± standard error (n = 36, each group 
had 6 animals). *P < 0.05. Differ-
ent letters denote the respective 
groups as in Fig. 2
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relationships more precisely, including potential effects on 
female offspring and subsequent generations.

Conclusions

Maternal HFD combined with microplastics has the poten-
tial to induce liver cellular apoptosis, inflammation, lipid 
accumulation, and oxidative stress in male pups. Prenatal 
melatonin administration may prevent liver steatosis dam-
age in male pups.
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transcriptome, with female offspring being more sensitive to 
HFD-related changes [65]. Maternal HFD-associated pro-
gramming exhibits sexual dimorphism, with male offspring 
showing worse hepatic pathology, increased pro-inflamma-
tory cytokines, and altered expression of bile acid regulators 
[39]. Nanoplastics exposure during pregnancy has a greater 
impact on female offspring than on male offspring [66]. It is 
possible that the impact of microplastics on offspring may 
vary depending on sex. Further experiments are needed to 
understand the differential impact of this sex difference.

Strengths

Our study elucidates the effects of prenatal exposure to an 
HFD, microplastics, and melatonin on offspring liver cells. 
The findings suggest that reducing exposure to HFD and 
microplastics while enhancing melatonin levels during 
pregnancy may benefit postnatal liver health. A key strength 
of this study is its focus on the combined effects of three 
factors: HFD, microplastics, and melatonin.

Limitations

All data were obtained from a single laboratory, ensuring 
consistency in experimental conditions. However, the study 
is limited by its associative findings and does not investigate 
epigenetic effects as a potential mechanism, including their 
impact on spermatogenesis in F1 male offspring [67–70]. 
Future studies should aim to clarify the cause-and-effect 

Fig. 8 Lipid metabolism study. The 
expression of SREBP- 1 was the 
lowest in the NCD-Mi + M and 
HFD-Mi + M groups. (a) Results 
of the Western blot analysis of 
SREBP- 1, ECSH1, and MCAD. 
(b) Quantification of SREBP- 1 
expression. (c) Quantification of 
ECSH1 expression. (d) Quanti-
fication of MCAD expression. 
All values are expressed as mean 
± standard error (n = 36, each group 
had 6 animals). *P < 0.05. Different 
letters denote the respective groups 
as in Fig. 2

 

1 3

1511

https://doi.org/10.1007/s10495-025-02111-2
https://doi.org/10.1007/s10495-025-02111-2


Apoptosis (2025) 30:1502–1514

10. Moreno A, Sipponen MH (2024) Overcoming challenges of lig-
nin nanoparticles: expanding opportunities for scalable and mul-
tifunctional nanomaterials. Acc Chem Res 57(14):1918–1930

11. da Costa Araujo AP, Malafaia G (2021) Microplastic ingestion 
induces behavioral disorders in mice: A preliminary study on 
the trophic transfer effects via tadpoles and fish. J Hazard Mater 
401:123263

12. Peng L, Fu D, Qi H, Lan CQ, Yu H, Ge C (2020) Micro- and 
nano-plastics in marine environment: source, distribution and 
threats - A review. Sci Total Environ 698:134254

13. Yu HR, Sheen JM, Tiao MM (2024) The impact of maternal 
nanoplastic and microplastic particle exposure on Mammal’s off-
spring. Cells 13(16):1380

14. Cheng W, Li X, Zhou Y, Yu H, Xie Y, Guo H, Wang H, Li Y, Feng 
Y, Wang Y (2022) Polystyrene microplastics induce hepatotoxic-
ity and disrupt lipid metabolism in the liver organoids. Sci Total 
Environ 806(Pt 1):150328

15. Kwon W, Kim D, Kim HY, Jeong SW, Lee SG, Kim HC, Lee YJ, 
Kwon MK, Hwang JS, Han JE et al (2022) Microglial phagocyto-
sis of polystyrene microplastics results in immune alteration and 
apoptosis in vitro and in vivo. Sci Total Environ 807(Pt 2):150817

16. Yin K, Wang D, Zhao H, Wang Y, Zhang Y, Liu Y, Li B, Xing 
M (2022) Polystyrene microplastics up-regulates liver glutamine 
and glutamate synthesis and promotes autophagy-dependent fer-
roptosis and apoptosis in the cerebellum through the liver-brain 
axis. Environ Pollut 307:119449

17. Shengchen W, Jing L, Yujie Y, Yue W, Shiwen X (2021) Poly-
styrene microplastics-induced ROS overproduction disrupts the 
skeletal muscle regeneration by converting myoblasts into adipo-
cytes. J Hazard Mater 417:125962

18. Subramanian P, Mirunalini S, Dakshayani KB, Pandi-Perumal 
SR, Trakht I, Cardinali DP (2007) Prevention by melatonin of 
hepatocarcinogenesis in rats injected with N-nitrosodiethylamine. 
J Pineal Res 43(3):305–312

19. Tan DX, Manchester LC, Esteban-Zubero E, Zhou Z, Reiter RJ 
(2015) Melatonin as a potent and inducible endogenous antioxi-
dant: synthesis and metabolism. Molecules 20(10):18886–18906

20. Kennaway DJ (2017) Are the proposed benefits of melatonin-rich 
foods too hard to swallow? Crit Rev Food Sci Nutr 57(5):958–962

21. Zhang JJ, Meng X, Li Y, Zhou Y, Xu DP, Li S, Li HB (2017) 
Effects of melatonin on liver injuries and diseases. Int J Mol Sci 
18(4):673

22. Yu HR, Tsai CY, Chen WL, Liu PY, Tain YL, Sheen JM, Huang 
YS, Tiao MM, Chiu CY (2024) Exploring oxidative stress and 
metabolic dysregulation in lung tissues of offspring rats exposed 
to prenatal polystyrene microplastics: effects of melatonin treat-
ment. Antioxidants 13(12):1459

23. Tiao MM, Huang LT, Chen CJ, Sheen JM, Tain YL, Chen CC, 
Kuo HC, Huang YH, Tang KS, Chu EW et al (2014) Melatonin in 
the regulation of liver steatosis following prenatal glucocorticoid 
exposure. Biomed Res Int 2014:942172

24. Merlot E, Couret D, Otten W (2008) Prenatal stress, fetal imprint-
ing and immunity. Brain Behav Immun 22(1):42–51

25. Lapa Neto CJC, de Melo IMF, Alpiovezza P, de Albuquerque 
YML, Francisco Soares A, Teixeira AAC, Wanderley-Teixeira 
V (2023) Melatonin associated with a high-fat diet during preg-
nancy and lactation prevents liver changes in the offspring. Gen 
Comp Endocrinol 343:114357

26. Missawi O, Jeddou IB, Venditti M, Zitouni N, Zaouali MA, 
Abdennebi HB, Messaoudi I, Reiter RJ, Minucci S, Banni M 
(2023) Environmental microplastic accumulation exacerbates 
liver ischemia-reperfusion injury in rat: protective effects of mel-
atonin. Sci Total Environ 860:160155

27. Tain YL, Huang LT, Hsu CN (2017) Developmental program-
ming of adult disease: reprogramming by melatonin?? Int J Mol 
Sci 18(2):426

Data availability No datasets were generated or analysed during the 
current study.

Declarations

Competing interests The authors declare no competing interests.

Institutional review board statement The study was conducted in ac-
cordance with the Declaration of Helsinki, and approved by the Insti-
tutional Review Board of the Institutional Animal Care and Use Com-
mittee of the Kaohsiung Chang Gung Memorial Hospital (Approval 
No. 2021083001).

Open Access  This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and 
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to 
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit  
h t t p :   /  / c r e a t i  v e c  o m m o  n  s .  o r   g / l  i c e  n s  e  s /   b y  - n c  -  n d / 4 . 0 /.

References

1. Shen FC, Weng SW, Tsao CF, Lin HY, Chang CS, Lin CY, Lian 
WS, Chuang JH, Lin TK, Liou CW et al (2018) Early interven-
tion of N-acetylcysteine better improves insulin resistance in diet-
induced obesity mice. Free Radic Res 52(11–12):1296–1310

2. Deng Y, Zhang Y, Lemos B, Ren H (2017) Tissue accumulation 
of microplastics in mice and biomarker responses suggest wide-
spread health risks of exposure. Sci Rep 7:46687

3. Liu Y, Sheng L, Xiong Y, Shen H, Liu Y, Rui L (2017) Liver 
NF-kappaB-Inducing kinase promotes liver steatosis and glu-
cose counterregulation in male mice with obesity. Endocrinology 
158(5):1207–1216

4. Powell EE, Wong VW, Rinella M (2021) Non-alcoholic fatty 
liver disease. Lancet 397(10290):2212–2224

5. Tiao MM, Sheen JM, Lin IC, Khwepeya M, Yu HR (2023) Pre-
natal High-Fat diet combined with microplastic exposure induces 
liver injury via oxidative stress in male pups. Int J Mol Sci 
24(17):13457

6. Loomba R, Friedman SL, Shulman GI (2021) Mechanisms and 
disease consequences of nonalcoholic fatty liver disease. Cell 
184(10):2537–2564

7. Marchisello S, Di Pino A, Scicali R, Urbano F, Piro S, Purrello F, 
Rabuazzo AM (2019) Pathophysiological, molecular and thera-
peutic issues of nonalcoholic fatty liver disease: an overview. Int 
J Mol Sci 20(8):1948

8. Cobbina E, Akhlaghi F (2017) Non-alcoholic fatty liver dis-
ease (NAFLD) - pathogenesis, classification, and effect on 
drug metabolizing enzymes and transporters. Drug Metab Rev 
49(2):197–211

9. Spahis S, Delvin E, Borys JM, Levy E (2017) Oxidative stress as 
a critical factor in nonalcoholic fatty liver disease pathogenesis. 
Antioxid Redox Signal 26(10):519–541

1 3

1512

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Apoptosis (2025) 30:1502–1514

45. Choi YJ, Suh HR, Yoon Y, Lee KJ, Kim DG, Kim S, Lee BH 
(2014) Protective effect of Resveratrol derivatives on high-fat 
diet induced fatty liver by activating AMP-activated protein 
kinase. Arch Pharm Res 37(9):1169–1176

46. Tunon MJ, San-Miguel B, Crespo I, Laliena A, Vallejo D, Alva-
rez M, Prieto J, Gonzalez-Gallego J (2013) Melatonin treatment 
reduces Endoplasmic reticulum stress and modulates the unfolded 
protein response in rabbits with lethal fulminant hepatitis of viral 
origin. J Pineal Res 55(3):221–228

47. Zhao Y, Jing Z, Li Y, Mao W (2016) Berberine in combination 
with cisplatin suppresses breast cancer cell growth through induc-
tion of DNA breaks and caspase-3-dependent apoptosis. Oncol 
Rep 36(1):567–572

48. Xu L, Li D, Li H, Zhang O, Huang Y, Shao H, Wang Y, Cai S, Zhu 
Y, Jin S et al (2022) Suppression of obesity by melatonin through 
increasing energy expenditure and accelerating lipolysis in mice 
fed a high-fat diet. Nutr Diabetes 12(1):42

49. Zhu HL, Shi XT, Xu XF, Zhou GX, Xiong YW, Yi SJ, Liu WB, 
Dai LM, Cao XL, Xu DX et al (2021) Melatonin protects against 
environmental stress-induced fetal growth restriction via sup-
pressing ROS-mediated GCN2/ATF4/BNIP3-dependent mitoph-
agy in placental trophoblasts. Redox Biol 40:101854

50. Zhao L, Shi W, Hu F, Song X, Cheng Z, Zhou J (2021) Prolonged 
oral ingestion of microplastics induced inflammation in the liver 
tissues of C57BL/6J mice through polarization of macrophages 
and increased infiltration of natural killer cells. Ecotoxicol Envi-
ron Saf 227:112882

51. Zhang Y, He F, Chen Z, Su Q, Yan M, Zhang Q, Tan J, Qian 
L, Han Y (2019) Melatonin modulates IL-1beta-induced extra-
cellular matrix remodeling in human nucleus pulposus cells and 
attenuates rat intervertebral disc degeneration and inflammation. 
Aging 11(22):10499–10512

52. Weismann D, Hartvigsen K, Lauer N, Bennett KL, Scholl HP, 
Charbel Issa P, Cano M, Brandstatter H, Tsimikas S, Skerka C et 
al (2011) Complement factor H binds malondialdehyde epitopes 
and protects from oxidative stress. Nature 478(7367):76–81

53. Tuma DJ (2002) Role of malondialdehyde-acetaldehyde adducts 
in liver injury. Free Radic Biol Med 32(4):303–308

54. Moniruzzaman M, Ghosal I, Das D, Chakraborty SB (2018) Mel-
atonin ameliorates H(2)O(2)-induced oxidative stress through 
modulation of Erk/Akt/NFkB pathway. Biol Res 51(1):17

55. Allam EA, Ibrahim HF, Abdulmalek SA, Abdelmeniem IM, 
Basta M (2022) Coenzyme Q(10) alleviates testicular endocrine 
and spermatogenic dysfunction induced by high-fat diet in male 
Wistar rats: role of adipokines, oxidative stress and MAPK/ERK/
JNK pathway. Andrologia 54(10):e14544

56. Zhao Y, Wang H, Zhou J, Shao Q (2022) Glutathione peroxidase 
GPX1 and its dichotomous roles in cancer. Cancers 14(10):2560

57. Fukai T, Ushio-Fukai M (2011) Superoxide dismutases: role in 
redox signaling, vascular function, and diseases. Antioxid Redox 
Signal 15(6):1583–1606

58. Prust M, Meijer J, Westerink RHS (2020) The plastic brain: neu-
rotoxicity of micro- and nanoplastics. Part Fibre Toxicol 17(1):24

59. Qiu Y, Zhang T, Zhang P (2023) Fate and environmental behav-
iors of microplastics through the lens of free radical. J Hazard 
Mater 453:131401

60. Tomas-Zapico C, Coto-Montes A (2005) A proposed mechanism 
to explain the stimulatory effect of melatonin on antioxidative 
enzymes. J Pineal Res 39(2):99–104

61. Reiter RJ, Manchester LC, Tan DX (2010) Neurotoxins: free radi-
cal mechanisms and melatonin protection. Curr Neuropharmacol 
8(3):194–210

62. Chen H, Shen F, Sherban A, Nocon A, Li Y, Wang H, Xu MJ, Rui 
X, Han J, Jiang B et al (2018) DEP domain-containing mTOR-
interacting protein suppresses lipogenesis and ameliorates hepatic 

28. Parente LB, Aguila MB, Mandarim-de-Lacerda CA (2008) Del-
eterious effects of high-fat diet on perinatal and postweaning peri-
ods in adult rat offspring. Clin Nutr 27(4):623–634

29. Wang C, Zhao J, Xing B (2021) Environmental source, fate, and 
toxicity of microplastics. J Hazard Mater 407:124357

30. Neier K, Montrose L, Chen K, Malloy MA, Jones TR, Svoboda 
LK, Harris C, Song PXK, Pennathur S, Sartor MA et al (2020) 
Short- and long-term effects of perinatal phthalate exposures 
on metabolic pathways in the mouse liver. Environ Epigenetics 
6(1):dvaa017

31. Chen H, Zhang W, Rui BB, Yang SM, Xu WP, Wei W (2016) 
Di(2-ethylhexyl) phthalate exacerbates non-alcoholic fatty liver 
in rats and its potential mechanisms. Environ Toxicol Pharmacol 
42:38–44

32. Kim SM, Yoo JA, Baek JM, Cho KH (2015) Diethyl phthal-
ate exposure is associated with embryonic toxicity, fatty liver 
changes, and hypolipidemia via impairment of lipoprotein func-
tions. Toxicol Vitro: Int J Published Association BIBRA 30(1 Pt 
B):383–393

33. Luo T, Zhang Y, Wang C, Wang X, Zhou J, Shen M, Zhao Y, Fu Z, 
Jin Y (2019) Maternal exposure to different sizes of polystyrene 
microplastics during gestation causes metabolic disorders in their 
offspring. Environ Pollut 255(Pt 1):113122

34. Roseboom T, de Rooij S, Painter R (2006) The Dutch famine 
and its long-term consequences for adult health. Early Hum Dev 
82(8):485–491

35. Zhai Z, Yang Y, Chen S, Wu Z (2024) Long-Term exposure to 
polystyrene microspheres and High-Fat Diet-Induced obesity in 
mice: evaluating a role for microbiota dysbiosis. Environ Health 
Perspect 132(9):97002

36. Rainieri S, Conlledo N, Larsen BK, Granby K, Barranco A (2018) 
Combined effects of microplastics and chemical contaminants 
on the organ toxicity of zebrafish (Danio rerio). Environ Res 
162:135–143

37. Du Z, Liang S, Li Y, Zhang J, Yu Y, Xu Q, Sun Z, Duan J (2022) 
Melatonin alleviates PM(2.5)-Induced hepatic steatosis and Met-
abolic-Associated fatty liver disease in ApoE(-/-) mice. Oxidative 
Med Cell Longev 2022:8688643

38. Bouroutzika E, Ciliberti MG, Caroprese M, Theodosiadou E, 
Papadopoulos S, Makri S, Skaperda ZV, Kotsadam G, Michailidis 
ML, Valiakos G et al (2021) Association of melatonin administra-
tion in pregnant Ewes with growth, redox status and immunity of 
their offspring. Animals: Open Access J MDPI 11(11):3161

39. Chadio S, Kotsampasi B (2014) The role of early life nutrition 
in programming of reproductive function. J Dev Origins Health 
Disease 5(1):2–15

40. Bouroutzika E, Kouretas D, Papadopoulos S, Veskoukis AS, 
Theodosiadou E, Makri S, Paliouras C, Michailidis ML, Caro-
prese M, Valasi I (2020) Effects of melatonin administration to 
pregnant Ewes under Heat-Stress conditions, in redox status and 
reproductive outcome. Antioxidants 9(3):266

41. Chen YC, Sheen JM, Tiao MM, Tain YL, Huang LT (2013) Roles 
of melatonin in fetal programming in compromised pregnancies. 
Int J Mol Sci 14(3):5380–5401

42. Tao J, Lv J, Li W, Zhang P, Mao C, Xu Z (2016) Exogenous mela-
tonin reduced blood pressure in late-term ovine fetus via MT1/
MT2 receptor pathways. Reprod Biol 16(3):212–217

43. Chen X, Zhuang J, Chen Q, Xu L, Yue X, Qiao D (2022) Chronic 
exposure to Polyvinyl chloride microplastics induces liver injury 
and gut microbiota dysbiosis based on the integration of liver 
transcriptome profiles and full-length 16S rRNA sequencing data. 
Sci Total Environ 839:155984

44. Luo HR, Hattori H, Hossain MA, Hester L, Huang Y, Lee-Kwon 
W, Donowitz M, Nagata E, Snyder SH (2003) Akt as a mediator 
of cell death. Proc Natl Acad Sci USA 100(20):11712–11717

1 3

1513



Apoptosis (2025) 30:1502–1514

67. Sun J, Teng M, Zhu W, Leung KMY, Wu F (2023) Paternal inheri-
tance is an important, but overlooked, factor affecting the adverse 
effects of microplastics and nanoplastics on subsequent genera-
tions. J Agric Food Chem 71(2):991–993

68. Zhang Z, Meng J, Tian J, Li N, Chen Z, Yun X, Song D, Li F, 
Duan S, Zhang L (2024) Reproductive and developmental impli-
cations of micro- and nanoplastic internalization: recent advances 
and perspectives. Ecotoxicol Environ Saf 286:117245

69. Dou Y, Zhang M, Zhang H, Zhang C, Feng L, Hu J, Gao Y, Yuan 
XZ, Zhao Y, Zhao H et al (2024) Lactating exposure to micro-
plastics at the dose of infants ingested during artificial feeding 
induced reproductive toxicity in female mice and their offspring. 
Sci Total Environ 949:174972

70. Chao S, Lu J, Li LJ, Guo HY, Xu K, Wang N, Zhao SX, Jin XW, 
Wang SG, Yin S et al (2024) Maternal obesity May disrupt off-
spring metabolism by inducing oocyte genome hyper-methyla-
tion via increased DNMTs. eLife 13:RP97507

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

steatosis and acute-on-chronic liver injury in alcoholic liver dis-
ease. Hepatology 68(2):496–514

63. Zheng F, Cai Y (2019) Concurrent exercise improves insulin 
resistance and nonalcoholic fatty liver disease by upregulating 
PPAR-gamma and genes involved in the beta-oxidation of fatty 
acids in ApoE-KO mice fed a high-fat diet. Lipids Health Dis 
18(1):6

64. Lin YJ, Huang LT, Tsai CC, Sheen JM, Tiao MM, Yu HR, Lin 
IC, Tain YL (2019) Maternal high-fat diet sex-specifically alters 
placental morphology and transcriptome in rats: assessment by 
next-generation sequencing. Placenta 78:44–53

65. Tain YL, Lin YJ, Sheen JM, Yu HR, Tiao MM, Chen CC, Tsai 
CC, Huang LT, Hsu CN (2017) High fat diets Sex-Specifically 
affect the renal transcriptome and program obesity, kidney injury, 
and hypertension in the offspring. Nutrients 9(4):357

66. Tang J, Bu W, Hu W, Zhao Z, Liu L, Luo C, Wang R, Fan S, 
Yu S, Wu Q et al (2023) Ferroptosis is involved in Sex-Specific 
small intestinal toxicity in the offspring of adult mice exposed 
to polystyrene nanoplastics during pregnancy. ACS Nano 
17(3):2440–2449

1 3

1514


	Prenatal melatonin reprograms liver injury in male pups caused by maternal exposure to a high-fat diet and microplastics
	Abstract
	Introduction
	Materials and methods
	Animals
	Measurement of plasma biochemistry parameters
	Tissue preparation
	Hematoxylin and eosin staining
	Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate biotin nick-end labeling
	Western blot
	Estimation of lipid peroxidation
	Glutathione peroxidase activity assay l
	Statistical analysis

	Results
	Lipid accumulation
	Apoptosis
	Inflammation
	Oxidative stress
	Lipid metabolism

	Discussion
	Strengths
	Limitations

	Conclusions
	References


