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Maternal obesity accelerated non-alcoholic fatty liver
disease in offspring mice by reducing autophagy
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Abstract. Non-alcoholic fatty liver disease (NAFLD) is a
chronic liver disease characterized by an excessive accu-
mulation of triacylglycerol in the liver. Autophagy is a
lysosome-dependent degradation product recovery process,
which widely occurs in eukaryotic cells, responsible for the
vital maintenance of cellular energy balance. Previously
published studies have demonstrated that autophagy is
closely related to NAFLD occurrence and maternal obesity
increases the susceptibility of offspring to non-alcoholic
fatty liver disease, however, the underlying mechanism of
this remains unclear. In the present study, NAFLD mouse
models (offspring of an obese mother mouse via high-fat
feeding) were generated, and the physiological indices of

Correspondence to: Professor Yiqun Teng, Department of
Pediatrics, The Second Affiliated Hospital of Jiaxing University,
Jiaxing Second Hospital, 1518 Huancheng North Road, Jiaxing,
Zhejiang 314000, P.R. China
E-mail: rtr656692@163.com

Dr Guoxi Jin, Department of Endocrinology, The First Affiliated
Hospital of Bengbu Medical College, 2600 Donghai Avenue,
Bengbu, Anhui 233000, P.R. China

E-mail: jyzjyz1999@163.com

“Contributed equally

Abbreviations: NAFLD, non-alcoholic fatty liver disease; AMPK,
adenosine 5'-monophosphate (AMP)-activated protein kinase;
mTOR, mammalian target of rapamycin; OM, obese mother; CM,
chow mother; OM-O, offspring of obese mother; CM-O, offspring
of chow mother; TC, total cholesterol; TG, triglycerides; HDL,
high-density lipoprotein cholesterol; LDL, low-density lipoprotein
cholesterol; IL-6, interleukin-6; a-sma, alpha-smooth muscle actin;
TGF-f1, transforming growth factor betal; SD rat, Sprague Dawley
rat

Key words: maternal obesity, non-alcoholic fatty liver disease,
autophagy, AMPK/mTOR

the liver were observed using total cholesterol, triglyceride,
high-density lipoprotein and low-density lipoprotein serum
assay kits. The morphological changes of the liver were also
observed via HE, Masson and oil red O staining. Reverse
transcription-quantitative-PCR and western blotting were
performed to detect changes of autophagy-related genes in
liver or fibrosis marker proteins (a-smooth muscle actin or
TGF-f,). Changes in serum inflammatory cytokine IL-6 levels
were determined via ELISA. The results of the present study
demonstrated that the offspring of an obese mother were more
likely to develop NALFD than the offspring of a chow-fed
mother, due to their increased association with liver fibrosis.
When feeding continued to 17 weeks, the worst cases of
NAFLD were observed and the level of autophagy decreased
significantly compared with the offspring of a normal weight
mouse. In addition, after 17 weeks of feeding, compared with
the offspring of a chow-fed mother, the offspring of an obese
mouse mother had reduced adenosine 5'-monophosphate
(AMP)-activated protein kinase (AMPK) phosphorylation
levels and increased mammalian target of rapamycin (mTOR)
phosphorylation levels. These results suggested that a reduced
level of AMPK/mTOR mediated autophagy may be of vital
importance for the increased susceptibility of offspring to
NAFLD caused by maternal obesity. In conclusion, the current
study provided a new direction for the treatment of NAFLD in
offspring caused by maternal obesity.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a multisystem
disease that increases the risk of type 2 diabetes, cardio-
vascular disease and heart disease (1). NAFLD can range
from simple steatosis to steatohepatitis and can develop into
cirrhosis and subsequently liver cancer in certain cases.
NAFLD is endemic worldwide, with a prevalence of 25% in
the Asian population. In 2016, the number of NAFLD cases
in the United States was 85.3 million (2,3). A previous study
has suggested that maternal obesity is closely related to the
occurrence of NAFLD in the offspring. Ayonrinde et al (4)
conducted a cohort study on 1,170 17-year-old adolescent
mothers and found that maternal obesity and weight gain
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in early to mid-term pregnancy increased the incidence of
NAFLD in their babies. A prospective study by Patel et al (5)
of 14,541 pregnant women revealed that the higher the body
mass index of the mother prior to pregnancy, the greater the
probability of NAFLD in their offspring. Hence, it is very
important to understand how maternal obesity promotes the
formation of NAFLD in offspring.

Some studies have suggested that maternal obesity is
related to the onset of NAFLD in the offspring and the oxida-
tion of their lipids (6,7). Previous articles have commonly
used male rats that were fed a high-fat diet to establish
NAFLD models (8,9). Borengasser et al (10) induced obesity
in female Spring Dawley rats (SD) via a high fat diet. Tests
on their male offspring demonstrated that the liver energy of
the male offspring was reduced and mitochondrial function
was damaged; additionally, maternal obesity also reduced
the level of fatty acid oxidation in the offspring. Additionally
the physical state of the mother,has also been observed to
induce NAFLD changes in offspring. Wankhade et al (11)
fed C57BL/6J female mice a high-fat diet and extracted DNA
from their liver tissue for quantitative analysis and found that
high-fat diet resulted in DNA methylation in the offspring
leading to NAFLD. Either insulin resistance and changes in
intestinal flora may be responsible for maternal obesity and the
occurrence of NAFLD in offspring (12,13). The mechanism
behind maternal obesity and the development of NAFLD in
offspring remains unknown.

Autophagy is a catabolic process inherent to eukaryotic
cells, via which cells carry damaged organelles, misfolded
proteins or pathogens into the lysosome for degradation in
order to maintain cell homeostasis (14). Autophagy serves
a vital role in maintaining a balance in cell energy metabo-
lism, controlling organelle quality and the cellular stress
response (15). Some studies have shown that liver transcrip-
tion factor EB can induce liver cell autophagy by regulating
the expression of lysosome and autophagy-related genes,
such as LC3-II, hence improving liver steatosis (16,17). It has
also been shown that the upregulation of sirtuin-3 may lead
to the deacetylation and activation of manganese superoxide
dismutase, which may inhibit autophagy after depletion of
cellular superoxide and promote the formation of fat (18).

Recent NAFLD studies have focused on comparing a before
and after scenario regarding NAFLD occurrence, but to the
best of our knowledge there is a lack of studies investigating the
relationship between maternal obesity and the susceptibility
of their offspring to NAFLD and autophagy (19,20). Hence,
the present study generated obese maternal mice via a high-fat
diet to create NAFLD models in their offspring to explore the
influence of maternal obesity on the susceptibility of NAFLD
in the offspring and its underlying molecular mechanisms.
The results may provide a new direction for the treatment of
NAFLD in offspring caused by maternal obesity.

Materials and methods

Ethics approval. Animal experiments performed in the present
study comply with the relevant provisions of the Regulations
of the People's Republic of China on the Administration of
Experimental Animals and have been reviewed and approved
by the Animal Experiments and Animal Experiment Ethics

Committee of The Second Affiliated Hospital of Jiaxing
University, Jiaxing Second Hospital (Jiaxing, China; approval
no. jxey2017002).

Animals. The obesity model of maternal mice was established
for 4 weeks and the gestation period was 3 weeks. Offspring
were weaned for 17 weeks after 4 weeks of lactation. A total
of 20, 4-week-old C57BL/6] female mice were obtained
from the Experimental Animal Center of Jiaxing University
(Jiaxing, China), where they were housed in specific pathogen
free grade conditions. The temperature was kept at 24+2°C, a
relative humidity of 50+10% and 12/12 h light and dark cycle
lighting was maintained. Free access to water and food was
provided. The mice were randomly divided into 2 groups.
One group was fed a high-fat diet [obese mother (OM) group,
n=10] containing 60.0% fat, 19.4% protein, and 20.6% carbo-
hydrates (TROPHIC Animal Feed High-Tech Co., Ltd.); the
other group was fed a normal diet [chow mother (CM), n=10]
containing 4% fat, 18% protein, 53% carbohydrates and 0.07%
cholesterol (SHOOBREE, Synergetic Medical Bioengineering
Co., Ltd.). Common male mice (A total of 10 8-week-old
mice from Jiaxing University) were mated with the 2 groups
of female mice (1 male:2 female) and their offspring were
defined as offspring of obese mother (OM-O) and offspring
of obese mother (CM-O). The offspring of the 2 groups were
weaned at 4 weeks old. Subsequently, 10 male offspring from
the OM-O and CM-O groups were continuously fed a high-fat
diet until they were sacrificed at 17 weeks old. Briefly, a sterile
transparent glass container with a gauze pad at the bottom was
prepared and 2-4 ml ether (Huadong Medicine Co., Ltd.) was
added to the gauze pad, the container was sealed for 10-20 sec
to prevent volatilization, a mouse was added to it, the container
was resealed and inhalation anesthesia was performed, since
mice breathe fast and tetraplegia is thought to be a sign of
successful anesthesia. After anesthesia,] ml venous blood was
collected. Subsequently, all the mice were euthanized by neck
dislocation. Finally, blood and liver tissue obtained from the
mice were stored at -80°C for further analysis.

Pathological liver examination. At 17 weeks old, the OM-O
and CM-O mice were sacrificed, the liver was quickly
resected, a small piece of fresh liver tissue was taken, and the
liver specimens were fixed with 4% paraformaldehyde at 4°C
for 24 h. They were then prepared and embedded in a paraffin
block and 4-um thick sections were cut .and used for regular
hematoxylin-eosin (each 10 min at room temperature), oil red
O staining (8 min at room temperature) and Masson staining
(ponceau staining for 8 min and aniline blue for 15 min at
room temperature) to analyze liver tissue changes under
confocal microscopy (magnification, x200).

Immunohistochemistry. The liver was harvested, and represen-
tative sections were fixed in 4% paraformaldehyde (Huadong
Medicine Co., Ltd.) at room temperature for 24 h. Liver
sections from OM-O and CM-O mice were then embedded
in paraffin and cut into 4 ym sections. The paraffin sections
were then dewaxed and hydrated at room temperature by
successively adding xylene I (15 min), xylene II (15 min), anhy-
drous ethanol I (5 min) and anhydrous ethanol II (5 min). The
slices were subsequently removed and placed in a ventilated
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laboratory to dry and then washed in distilled water. At 100°C,
EDTA antigen repair buffer (PHS8.0; cat. no. PO086; Beyotime
Institute of Biotechnology) was used for antigen repair.
Hydrogen peroxide (3%) was added and incubated at room
temperature for 10 min to inactivate the activity of endogenous
enzymes. Finally, 2% bovine serum albumin (cat. no. 37520
Thermo Fisher Scientific, Inc.) was added and incubated for
10 min at room temperature. Primary antibodies (all ABclonal
Biotech Co., Ltd.) against alpha-smooth muscle actin (c-sma)
(cat. no. A7240), transforming growth factor betal (TGF-f1)
(cat.no. A2124),1L-6 (cat. no. A0286) and their corresponding
biotinylated secondary antibodies (HRP Goat Anti-Rabbit
IgG; cat. no. ASO14; ABclonal) were added to the sections.
All antibodies were diluted at 1:500. DAB (cat. no. RC062;
Shanghai Recordbio Biological Technology Co., Ltd.) color
development was performed and the slides coverslipped.
Sections were assessed and imaged under confocal micros-
copy (magnification, x200). Quantitative analysis was then
performed using Image J software (1.52V; National Institutes
of Health).

Biochemical index detection. Blood samples (1 ml) were
collected from the eyeballs of 10 mice from the OM-O and
CM-O groups at 17 weeks of age. Whole blood was placed at
4°C, centrifuged at 2,200 x g for 10 min at 4°C and the super-
natant was collected. Total cholesterol (TC) assay kit (cat.
no. Al11-1-1; Nanjing Jiancheng Biological Co., Ltd.), triglyc-
erides (TG) assay kit (cat. no. A110-1-1; Nanjing Jiancheng
Biological Co., Ltd.), high- density lipoprotein cholesterol
(HDL) assay kit (cat.no. A112-1-1; Nanjing Jiancheng Biological
Co., Ltd.), low-density lipoprotein cholesterol (LDL) assay kit
(cat. no. A113-1-1; Nanjing Jiancheng Biological Co., Ltd.)
and interleukin-6 (IL-6) Elisa kit (cat. no. AO07-1-2; Nanjing
Jiancheng Biological Co., Ltd.) were detected according to the
manufacturer's instructions.

Reverse transcription-quantitative (RT-q) PCR. Total RNA
was extracted from the liver with TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific Inc.) and reverse transcribed to cDNA
using the HiFiScript gDNA Removal cDNA Synthesis kit
(CoWin Biosciences) according to the manufacturer's protocol.
The expression of Beclin-1, ATG3, ATGS, ATG12, P62 and
LC3B were detected with SYBR Green mix (BioTek China)
using the Thermo Fisher-QS3 (Thermo Fisher Scientific Inc.).
B-actin was used as an internal control. The thermocycling
conditions were as follows: Pre-denaturation at 94°C for 5 min;
followed by 40 cycles of denaturation at 94°C for 30 sec,
annealing at 60°C for 30 sec and extension at 72°C for 30 sec.
The primer sequences used in this study are summarized in
Table I. The relative mRNA expression was measured using
the 244% method (21).

Western blotting. Total protein was extracted from the liver
tissue of OM-O and CM-O mice for western blotting. A
protease phosphate inhibitor (cat. no. P1045; Beyotime Institute
of Biotechnology) and Phenylmethanesulfonyl fluoride (cat.
no. ST506; Beyotime Institute of Biotechnology) was added
to RIPA lysis buffer (cat. no. PO0O13B; Beyotime Institute
of Biotechnology) to extract total proteins from the liver
tissues of the OM-O and CM-O groups. The bicinchoninic

acid (cat. no. PO0O10S; Beyotime Institute of Biotechnology)
protein determination kit was used to measure total protein
concentration. The protein samples were adjusted to the same
concentration and then mixed with 1/4 volume of protein
loading buffer, boiled and denatured. The total protein content
(2 ug) was then separated by 10% SDS polyacrylamide gel
electrophoresis and transferred to a PVDF membrane. The
membrane was blocked using 5% skimmed milk powder at
room temperature for 2 h and the corresponding antibody
stock solution (1:1,000) was diluted. Primary antibodies (all
ABclonal Biotech Co., Ltd.) against Beclin-1 (cat. no. A10101),
ATG3 (cat. no. A5809), ATGS (cat. no. A0203), ATG12 (cat.
no. A19610), p62 (cat. no. A7758), LC3B (cat. no. A5618),
adenosine 5'-monophosphate (AMP)-activated protein kinase
(AMPK) (cat. no. A1229), phosphorylated (p)-AMPK (cat.
no. A1229), mammalian target of rapamycin (mTOR) (cat.
no. A2445), p-mTOR (cat. no. APO115) and a-sma (cat.
no. A7240), TGF-B1 (cat. no. A2124), IL-6 (cat. no. A0286)
were added and the sections incubated overnight at 4°C. The
following day, the membrane was washed three times in TBST
(TBS/0.1% Tween x10; cat. no. PS103, Epizyme) for 10 min
each time and the horseradish peroxidase-labeled secondary
antibody (Goat Anti-Rabbit IgG; cat. no. AS029; ABclonal,
1:1,000) was diluted with 5% skimmed milk powder and
incubated on a shaker for 90 min at room temperature. After
washing the membrane three times in TBST, a luminescent
liquid (ECL: cat.no. POO18S, Beyotime) was added and
exposed with the Bio-Rad imaging system. ImageJ software
(National Institutes of Health; 1.52 V) was used to determine
the gray value. B-actin (cat. no. AC038; ABclonal; 1:1,000)
or tubulin (cat. no. AC008; ABclonal; 1:1,000) were used as
the loading controls and the gray value of the target protein
was compared with the gray value of the internal control to
determine relative expression levels.

Statistical analysis. Data were presented as means + standard
error of the mean (SEM). All the experiments were repeated 3
times. An unpaired Student's t-test was used for comparisons
between 2 groups. Statistical analyses were performed using
IBM SPSS Statistics 22 software (IBM Corp.) "P<0.05 were
considered to indicate a statistically significant difference.

Results

Maternal obesity promotes NAFLD in mouse offspring. In the
present study, 4-week-old female C57BL/6J mice (n=20) were
randomly selected and 1 group was fed a high-fat diet (OM
group, n=10), and the other group was fed a normal diet (CM
group n=10). After 3 weeks of feeding, the weight began to show
differences between the 2 groups and feeding was continued
for 1 week. After 4 weeks of high-fat feeding, the body weight
of the OM group was significantly higher compared with that
of the CM group and the average weight of the OM group was
greater compared with the CM group (P<0.05; Fig. 1A). At
8 weeks old, the female mice were mated with ordinary male
mice and the offspring named OM-O and CM-O, respectively.
The results demonstrated no difference in the body weight
between these 2 groups at 4 weeks of weaning. After high-fat
feeding for 12 weeks, the body weight of the OM-O group
was high, and after 17 weeks, the weight of the OM-O group
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Table I. Sequences of primers used for RT-qPCR.

Gene Forward (5'-3") Reverse (5'-3")

ATG5 GCAGAATGACAGATTTGACCAGTTT GGTTTCCAGCATTGGCTCTATC
ATG12 TCGGTGCTGTGGGAAGAG GTGCCAACCAAGTAAATGC
ATG3 GAAGAAGATGATGGTGATGGGGG TTCCTCGTCTTCTTCATCACACA
Beclin-1 GAGTGGAATGAAATCAATGCTGC TTTCCACCTCTTCTTTGAACTGC
LC3 CCACACCCATCGCTGAC AAGGTTTCTTGGGAGGCGTAG
P62 TGCTCCACCAGAAGATCCC CGGCTTCTCTTCCCTCCATGT
[p-actin CTAGGCACCAGGGTGTGATG CTCATTGTAGAAGGTGTGGTGC

RT-q, reverse transcription-quantitative; LC3B, light chain 3B; ATG, autophagy associated gene.
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Figure 1. Body weight of mother and NAFLD in mice offspring. (A) Body weight of mouse groups, CM and OM on different diets (n=10/group). (B) Body weight
of offspring of CM and OM, CM-O and OM-O groups, respectively from 4-17 weeks (n=10/group). (C-F) Serum TG, TC, LDL, HDL at 17 weeks of offspring
mice (n=6/group). (G and H) Hematoxylin-eosin and Oil-Red-O staining of liver sections from CM-O and OM-O groups at 17 weeks (n=3/group; magnifica-
tion, x100). Data are shown as mean + SEM. "P<0.05. NAFLD, non-alcoholic fatty liver disease; OM, obese mother; CM, chow mother; OM-O, offspring
of obese mother; CM-O, offspring of chow mother; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein cholesterol; LDL, low-density

lipoprotein cholesterol.

was significantly higher compared with that of the CM-O
group (P<0.05; Fig. 1B). In addition, serum TC and TG in the
OM-O group were found to be significantly higher compared
with the CM-O group (P<0.05), while HDL was significantly
lower compared with the CM-O group (P<0.05), while LDL
had an upward trend in the OM-O group compared with the
CM-O group (Fig. 1C-F). Following HE staining of offspring

liver sections, it was identified that when compared with the
liver tissue of the CM-O group, the OM-O group exhibited
markedly higher fatty vacuolization (Fig. 1G). Observation of
the fat content, according to the degree of redness of the oil
red O-stained tissue sections, revealed that the fat content of
the OM-O group was significantly higher compared with the
CM-O group (Fig. 1H).
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Figure 2. Expression of autophagy-related genes in offspring liver. (A) Expression of genes related to autophagy in 17 weeks old offspring by RT-qPCR
(n=3/group). (B and C) Western blotting of autophagy-related genes (n=3/group). (D) Expression of genes related to autophagy in 17 weeks old offspring by WB
(n=3/group). (E) Representative picture of LC3B immunohistochemical staining in liver (n=3/group; magnification, x200). Data are shown as mean + SEM.
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Maternal obesity promotes the decrease of the liver
autophagy level in offspring. It was hypothesized that
maternal obesity may promote NAFLD in offspring by
autophagy regulation. Previous studies have suggested
that Beclin-1, Atg3, Atg5 and Atgl2 are components of
autophagy mechanism, and LC3b is a marker gene of
autophagy (22,23). Hence, the present study investigated
autophagy related genes by RT-qPCR. At 17 weeks, Beclin-1,
ATG3, ATGS5, ATGI12, and LC3B levels were significantly
lower in the OM-O group compared with the CM-O group,
while P62 showed the opposite trend (P<0.05) (Fig. 2A). It
was also revealed that there were significant differences in
Beclin-1, LC3B and P62 between the two groups (P<0.05)
(Fig. 2B-D). Furthermore, ATG3, ATG5 and ATGI12 levels
were decreased. By immunohistochemical detection of the
expression level of LC3B, the same result was observed
(P<0.05) (Fig. 2E). These results indicated that the level of
autophagy in the liver of the offspring of the obese mice was
decreased.

Maternal obesity promotes the decrease of AMPK phos-
phorylation levels and the increase of mTOR phosphorylation
levels in offspring livers. AMPK is a key energy sensor that
regulates cellular metabolism to maintain energy homeo-
stasis. Additionally, it is known that autophagy is inhibited
by mTOR (24,25). AMPK and its downstream site changes
in mTOR phosphorylation were therefore investigated after

feeding mice for 17 weeks. The results of showed that the total
AMPK and mTOR protein levels remained unchanged in both
CM-0O and OM-O groups. However, compared with CM-O,
AMPK phosphorylation levels were decreased and mTOR
phosphorylation levels were increased in OM-O (P<0.05;
Fig. 3). These results indicated that the formation of NAFLD in
the offspring of obese female mice may be related to changes
in AMPK/mTOR phosphorylation.

Maternal obesity promotes liver fibrosis in offspring mice.
Masson staining revealed that the level of fibrosis in the OM-O
group was significantly higher compared with CM-O group
(P<0.05; Fig. 4A). In order to verify the association between
the occurrence of NAFLD in the offspring and any changes in
liver fibrosis, an ELISA kit was used to determine the serum
IL-6 level in the mice offspring at 17 weeks. a-sma and TGF-f1
lead to liver fibrosis, which further leads to changes in NAFLD.
a-sma and TGF-B1 were chosen as liver fibrosis markers in
the present study (26) and western blotting and immunohisto-
chemistry to investigate their expression was performed. The
results demonstrated that a-sma and TGF-f, expression in the
OM-O group at 17 weeks were significantly higher compared
with the CM-O group (P<0.05; (Fig. 4B and C). A significant
increase in IL-6 levels at 17 weeks was also observed in the
OM-O group when compared with the CM-O group (P<0.05;
Fig. 4D). In addition, the results of western blotting demon-
strated that there was significantly higher IL-6 and TGF-f1
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Figure 4. NAFLD is associated with liver fibrosis. (A) Representative image of Masson staining in liver sections (n=3/group; magnification, x200).
(B and C) Representative pictures of a-sma and TGF-f1 immunohistochemical staining, respectively in liver are shown (n=3/group; magnification, x200).
(D) Serum IL-6 was detected in offspring at 17 weeks (n=6/group). (E and F) Representative blots of IL-6, a-sma and TGF-f1 expression in offspring
mice liver are shown (n=3/group). (G) Expression of IL-6, a-sma and TGF-B1 in 17 weeks old offspring by WB (n=3/group). "P<0.05, “P<0.01. NAFLD,
non-alcoholic fatty liver disease; CM-O, offspring of chow mother; OM-O, offspring of obese mother; IL-6, interleukin-6; a-sma, alpha-smooth muscle actin;
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in the liver in OM-O group compared with the CM-O group  group compared with the CM-O group (P<0.05) (Fig. 4E
and that a-sma expression significantly increased in the OM-O  and G). These results indicated that while maternal obesity led
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to the development of NAFLD in the offspring, it was accom-
panied by an increase in liver fibrosis.

Discussion

NAFLD global prevalence is increasing year on year and it is
widely known that maternal obesity is closely related to the
occurrence of NAFLD in the offspring (27). Cantoral et al (28)
found that maternal overweight before pregnancy was closely
related to liver fat content of offspring in a cohort study.
Another study demonstrated that intervention of maternal rats
with high-fat diet during pregnancy or early pregnancy can
lead to severe liver steatosis and NAFLD risk in offspring (29).
In the present study, an obese female mouse model was
established via a high-fat diet and it was found that the mice
of the OM-O group were more likely to form NAFLD than
the CM-O group. By investigation of biochemical indica-
tors and tissue sections of the offspring in the present study,
it was revealed that TC, TG and LDL of the OM-O group
increased, while the HDL levels showed a downward trend
compared with the CM-O group. Notably, the present study
by performing HE and oil red staining demonstrated that the
OM-O group had more lipid droplets than the CM-O group.
Previous epidemiological studies have reported that maternal
obesity is an independent risk factor for the development of
NAFLD in offspring (27,30,31). However, the present study
did not provide sufficient data to prove that the degree of
maternal obesity was positively associated with the severity of
NAFLD in the offspring. It is likely that this may be caused by
some uncontrollable factors regarding the maternal generation
in epidemiological studies, such as dietary structure, circadian
rhythm etc. The findings of the present study demonstrated
that maternal obesity is one of the susceptibility factors for
NAFLD in the offspring, but it cannot yet be stated definitively
that the higher the obesity of the maternal generation, the more
severe the occurrence of NAFLD in the offspring. However,
the results of the present study are sufficient to provide a
warning to mothers that obesity serves an important role in
the occurrence and exacerbation of NAFLD in the offspring.
A study demonstrated that autophagy may serve a role in
NAFLD formation in offspring (32). Lipophagy (a type of
selective autophagy) mainly involves the selective degrada-
tion of cytoplasmic lipid droplets, so hepatocyte autophagy is
currently considered a defense mechanism in the prevention of
NAFLD (33). On the contrary, a study has demonstrated that
excessive triglycerides and free fatty acids in NAFLD caused
lipid effects, such as insulin resistance and oxidative stress to
inhibit autophagy activity and then a decrease in autophagy
activity further aggravates the production of NAFLD (34).
Yet other studies have reported that using rapamycin and
carbamazepine promotes autophagy to reduce NAFLD occur-
rence (35,36). The present study demonstrated that beclin-1,
ATG3, ATGS, ATG12 and LC3B expression in OM-O livers
was lower than mice of the CM-O group, while the expres-
sion of P62 was increased, which indicated that OM-O livers
were inhibited during this period. In the present study, the
livers of the OM-O group had severe lipid droplet deposition
and a large increase in serum IL-6, fully indicating that the
decrease in autophagy was aggravated to some extent, which
was confirmed by previous studies (37-39). Liu et al (40) found

that in SD rats fed a high-fat diet, the early stage of steatosis
revealed higher levels of LC3 II/I, lower p62 and higher fat
cholesterol in the late stage, suggesting that autophagy is
usually activated in the early stages of steatosis, but then
blocked in at a late stage. The aforementioned results indicated
that autophagy is more likely to be blocked in the late obese
generation, and the decrease of autophagy level is more likely
to increase the susceptibility to NAFLD in the offspring of an
obese mother.

The present study also demonstrated that the liver NAFLD
formation induced by maternal obesity may be related
to the changes of autophagy upstream signal AMPK and
mTOR. Recently, a liver-specific genetic study confirmed the
important role of AMPK in HFD induced hepatic steatosis
in NAFLD mice (41). While, a large number of studies have
also shown that the activation of AMPK signal pathway can
reduce the deposition of lipid droplets and the occurrence of
NAFLD. Zhou et al (42) found that a low dose of aspirin may
reduce lipid droplet deposition via AMPK activation in the
offspring of obese mothers. Devarajan et al (32) also reported
that the occurrence of NAFLD in offspring with energy
limitation during the perinatal period was related to AMPK
changes. AMPK is the main positive regulator of autophagy
and mTOR is the key negative regulator of autophagy (43).
Soto-Avellaneda et al (44) demonstrated that statins can alter
the synthesis of cholesterol free fatty acids by inhibiting the
activation of mTOR site and autophagy, hence reducing the
deposition of lipids in non-adipose tissues, such as the liver.
The aforementioned results were consistent with the findings
of the present study and that the change of AMPK-mTOR
pathway may promote the formation of NAFLD in obese
children.

NAFLD is a type of systemic liver disease, which ranges
from simple steatosis to steatohepatitis, and can progress to
fibrosis, cirrhosis, and finally liver cancer in some cases (45).
Previous studies have revealed that the inflammatory factor,
IL-6 and fibrosis indicators, TGF-f1 and a-sma, are highly
expressed in NAFLD (46-48). In the process of liver fibrosis,
apart from TGF-f1 and a-sma, as an important indicator of
liver fibrosis, serum IL-6 also has been widely reported (49).
Wei et al (50) established a rat model of liver fiber by carbon
tetrachloride. Through the detection of serum IL-6, it was
found that the content of serum IL-6 in the CCL4 group
was significantly higher compared with that in the wild
group, but following the addition of plumbagin, the hepatic
fibrosis induced by CCL4 was significantly improved and
serum IL-6 was significantly decreased (50). A study by
Al-Hashem et al (51) treated mice with hepatic fibrosis with
metformin and it was revealed that the liver fibrosis of mice
treated with metformin was significantly improved and the
level of serum IL-6 was significantly decreased. A large
number of clinical studies have found that compared with
healthy subjects, the content of serum IL-6 in patients with
NAFLD is significantly increased (52,53). Hence, it was
hypothesized that the level of IL-6 may be used as an impor-
tant biological indicator of liver fibrosis. In liver fibrosis, IL-6
is not studied as a single indicator (54), hence in the present
study liver a-SMA and TGF-p1 were studied as well. In the
present study, in order to verify whether maternal obesity is
responsible for fibrosis change in the offspring, ELISA and
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western blotting was used to measure IL-6, a-SMA and
TGF-f1 in the offspring and it was demonstrated that with
the continuous development of NAFLD at 17 weeks, the
expression levels of IL-6, TGF-p1, and a-sma in the livers of
the OM-O group was significantly higher than CM-O mice.
Mouralidarane et al (55) published similar findings regarding
liver fibrosis in the offspring of obese female mice at different
time points.

In addition, there is growing evidence that innate
immunity is the driving force behind the progression of
NAFLD (56,57). As an important immune organ, the liver
contains a coordinated network of innate immune cells, such
as Kupffer cell (KCs), dendritic cell (DC), lymphocytes,
neutrophils and mast cells. Mouralidarane et al established
an obese maternal mouse model to induce hyperlipidemia
in their offspring during pregnancy and found that the liver
phenotype of their offspring deteriorated significantly in
adulthood. In addition, it was also found the number of KCs
in the innate immune system of the liver increased but its cell
phagocytosis decreased, is not conducive to liver lipid clear-
ance (55). KCs can release a large number of cytokines and
chemokines, such as tumor necrosis factor (TNF)-a, IL-6 etc.
further promoting hepatocyte production and complement
protein release and a large number of complement and inflam-
matory factors lead to liver fat deformation and inflammatory
changes (58). The expression of inflammatory cytokines IL-6,
TNF-a and TGF-fB1 has also been demonstrated to change
with the regulation of the immune system (59-61). Based
on the finding of previous studies, it was hypothesized that
innate immunity serves an important role in the formation
and development of NAFLD, while inflammatory factors may
be regulated by the innate immune response, hence playing
an important role in the development of disease. The findings
of previous studies indicated that the occurrence of NAFLD
susceptibility in the offspring due to maternal obesity may be
related to innate immunity. Future studies need to study this
in more detail.

The study has certain limitations. Only the changes of the
OM-O and CM-O groups were observed at 17 weeks, meaning
that the changes of offspring mice beyond this time was not
assessed. At the same time, with regard to the changes of liver
inflammation in mice, only the changes of IL-6 were assessed,
despite there being other inflammatory factors that may serve
a role. Future studies should assess the relationship between
autophagy and NAFLD in obese offspring at different
times,and elucidate the role of different inflammatory factors
in NAFLD obese offspring.

In conclusion, the present study revealed the phenomenon
of altered autophagy in a NAFLD mouse model of offspring
caused by maternal obesity and in addition, demonstrated
the role of AMPK/mTOR signal in this process. Changes
in autophagy may serve a key role in the development of
maternal obesity and NAFLD in offspring, which may lead
to the early prevention of NAFLD. Autophagy may be used
as a new target to prevent maternal obesity causing NAFLD
in the offspring.
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