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Melatonin alleviates liver steatosis induced by prenatal
dexamethasone exposure and postnatal high-fat diet
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Abstract. Prenatal exposure to glucocorticoids is associated
with negative health consequences for the offspring that
persist into adulthood, including liver steatosis. Melatonin
has previously been demonstrated to suppress liver steatosis
and oxidative stress in humans with non-alcoholic fatty liver
disease and in animal models of obesity. The present study
aimed to determine whether melatonin protects against
liver steatosis induced by prenatal dexamethasone exposure
followed by postnatal high-fat diet. Pregnant Sprague-Dawley
rats at gestational days 14-21 were administered dexa-
methasone (0.1 mg/kg/day) or saline via intraperitoneal
injection. The offspring were then divided into five groups,
as follows: Vehicle, postnatal high-fat diet (VHF), prenatal
dexamethasone exposure (DEX), prenatal dexamethasone
exposure + postnatal high-fat diet (DHF), and prenatal
dexamethasone exposure + postnatal high-fat diet + mela-
tonin (DHFM) group. Following vehicle or dexamethasone
exposure of the maternal rats, the offspring rats in the VHF,
DHF and DHFM groups received a high-fat diet (58% fat)
between weaning and 6 months of age. In the DHFM group,
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melatonin was administered to the mothers from gestational
days 14-21 until weaning. The offspring continued to receive
melatonin until they were sacrificed at 6 months old. Oil
Red O staining demonstrated stronger intensity in the DHF
group compared with that in the other four groups. Western
blot analysis also revealed higher levels of cleaved caspase-3,
tumor necrosis factor-a (TNF-a), suppressor of cytokine
signaling 3 (SOCS3) and malondialdehyde (MDA), as well
as reduced expression of manganese superoxide dismutase
(MnSOD) and phosphoinositide 3-kinase (PI3K) in the DHF
group compared with the vehicle and DHFM groups. In addi-
tion, melatonin reduced the Oil Red O staining intensity and
the levels of cleaved caspase-3, TNF-a, SOCS3 and MDA,
while it increased the MnSOD and PI3K levels, in the DHFM
group compared with the DHF group. In conclusion, postnatal
high-fat diet aggravated the prenatal dexamethasone-induced
liver steatosis in adult rat offspring via inflammation, oxida-
tive stress and cellular apoptosis, which may be ameliorated
by prenatal melatonin therapy.

Introduction

Obesity is a worldwide epidemic and the fifth leading cause
of mortality (1). Obesity is also a well-documented risk factor
for non-alcoholic fatty liver disease (NAFLD), which occurs
in approximately one third of the population in the developed
countries (2). Liver steatosis, which is common in NAFLD
patients, is a chronic liver disease characterized by a spectrum
of hepatic pathologies that can lead to cirrhosis (3).

Pregnant women may experience preterm delivery, and
~T7% of them are treated with synthetic glucocorticoids to
improve neonatal outcomes. However, prenatal exposure to
glucocorticoids has been reported to be associated with nega-
tive health consequences for the offspring that persist into
adulthood (4,5). It has become increasingly clear that early
environmental influences also have a long-lasting impact on
the development and physiology of the fetus. For instance,
prenatal glucocorticoid overexposure may result in liver
steatosis (6). Previous studies have observed that prenatal
exposure to dexamethasone increased lipid accumulation in
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the liver in rats on a high-fat diet, while the deleterious effects
of the high-fat diet in the perinatal and post-weaning periods
persisted into adulthood (7,8). The present study aimed to
expand upon the results of a previous study by our group,
which also investigated the effect of melatonin (9). In addi-
tion, our previous study identified that postnatal high-fat diet
increased liver steatosis and apoptosis exacerbated by prenatal
dexamethasone exposure via an oxidative effect (6). High-fat
diet is an environmental risk factor for disease progression in
patients with NAFLD subsequent to prenatal stress. Thus, it is
important to identify a strategy to prevent liver steatosis in the
perinatal period.

Melatonin, an indoleamine secreted from the pineal gland,
has a wide range of physiological and pharmacological func-
tions, as well as beneficial effects in metabolic diseases (10-12).
The administration of melatonin reduced the metabolic pathol-
ogies associated with the intake of high-fat diet, suggesting its
protective role (13). A further animal study demonstrated the
therapeutic amelioration caused by melatonin, which improved
the metabolic syndrome induced by high fructose intake in
rats (14). In addition, melatonin maintains the biological
membrane fluidity, and functions as an antioxidant and reac-
tive oxygen species scavenger at the mitochondrial level (15).
Melatonin also counteracts adipogenesis by stimulating ther-
mogenesis, insulin sensitivity and glucose uptake, as well as by
improving the liver function in different metabolic and physi-
ological conditions (16). Furthermore, the hepatoprotective
effect of melatonin in suppressing steatosis and oxidative stress
has been observed in human patients with NAFLD (17) and in
animal models of obesity (18). Certain investigators observed
that the use of pentoxifylline and melatonin in combination
with pioglitazone ameliorated experimental NAFLD, thus
indicating that pentoxifylline and melatonin can be used as
adjuvant therapies in the clinical management of NAFLD (19).
Finally, it was previously observed that melatonin alleviated
liver steatosis and oxidative injury (8). However, its roles and
mechanisms of action are not fully understood in the context
of environmental exposure in the perinatal period.

The aim of the present study was to determine whether
melatonin protects the liver from NAFDL induced by prenatal
dexamethasone exposure and postnatal high-fat diet. The
study focused on the investigation of the liver morphology,
redox state, apoptosis and metabolic markers.

Materials and methods

Animals. The present study followed the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health
(version 8) (20). The protocol was approved by the Institutional
Animal Care and Use Committee of the Kaohsiung Chang
Gung Memorial Hospital (Kaohsiung, Taiwan). A total of
15 Sprague-Dawley rats (12-16 weeks old; 200-250 mg;
male:female, 1:2; BioLasco Taiwan Co., Ltd., Taipei, Taiwan)
were housed in the animal care facility of the Kaohsiung
Chang Gung Memorial Hospital at 22°C and a 12 h light/dark
cycle (light from 7 a.m.). Pregnant rats were checked for litters
daily at 10 a.m. Sprague-Dawley female rats were allowed to
mate with male rats for 24 h. After 1 day, female rats were
separated from the male rats and housed individually in a stan-
dard plastic home cage. Following confirmation of pregnancy
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on day 14 after mating, pregnant females were randomly
subjected to prenatal steroid exposure or left undisturbed until
delivery. The day of birth was designated as postnatal day 0
(PND 0). Rat pups were weaned at PND 21 and had free access
to standard chow and water.

Grouping. The offspring rats were divided into five groups
(n=6/group), as follows: Vehicle group, vehicle + postnatal
high-fat diet group (VHF), prenatal dexamethasone exposure
group (DEX), prenatal dexamethasone exposure + postnatal
high-fat diet group (DHF), and prenatal dexamethasone expo-
sure + postnatal high-fat diet + melatonin group (DHFM).

Postnatal high fat diet. Offspring rats in the VHF, DHF and
DHFM groups received a 58% high-fat diet (D12331; Research
Diet, Inc., New Brunswick, NJ, USA) from weaning to
6 months of age. The vehicle and DEX groups received control
diet, consisting of 23.5% protein, 4.5% fat, 5.0% crude fiber,
7.0% crude ash and 13% water (Taiwan Fwusow Industry Co.,
Ltd., Taichung, Taiwan).

Prenatal dexamethasone or vehicle exposure. Pregnant
Sprague-Dawley rats at gestational days 14-21 were adminis-
tered dexamethasone (0.1 mg/kg/day; D4902; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) or normal saline via
intraperitoneal injection in the DEX and vehicle groups,
respectively, as reported in a previous study (21).

Melatonin administration. Melatonin was prepared three
times a week by dissolving 16 mg dry melatonin in 100%
ethanol (1 ml; M5250; Sigma-Aldrich; Merck KGaA),
followed by dilution with distilled water to a final concen-
tration of 40 mg/l (0.01%). The bottles were covered with
aluminum foil to protect them from light. Rats were estimated
to consume ~25 ml of water per day; thus the mean daily
intake of melatonin to the rat mothers in the DHFM group was
estimated to be 1 mg/kg/day from gestational days 14-21 until
weaning ended and to the offspring rats in the DHFM group
was estimated to be 1 mg/kg/day until they were sacrificed,
as previously reported (6). This melatonin regimen has previ-
ously been used in our laboratory, and rats have demonstrated
good compliance with beneficial results (6,22,23).

Sacrifice and sample collection. Animals in all five groups were
sacrificed at PND 180 by intramuscular injection of ketamine
(10 mg/kg; Pfizer, Hsinchu, Taiwan), with efforts made to
minimize suffering. Immediately after sacrificing, the liver was
resected, weighed, embedded in paraffin and stored at -80°C. A
blood sample was also collected by cardiocentesis and placed
into an EDTA-containing vial. The levels of cholesterol, aspar-
tate aminotransferase (AST) and alanine aminotransferase
(ALT) levels in the blood were determined using a standard
autoanalyzer (Hitachi 7450; Hitachi, Ltd., Tokyo, Japan).

Immunohistochemical localization of Oil Red O. Frozen
liver samples obtained from 6 rats in each group were cut
into 2-3-um-thick sections, which were mounted on coating
slides. Tissue sections were then incubated with 3% hydrogen
peroxide for 10 min to block any endogenous peroxidase
activity. Next, the sections were boiled in citrate buffer in
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Table I. Weight and biochemical parameters of animals in the experimental groups.
Parameter Vehicle VHF DEX DHF DHFM
Weight (mg) 623.0+17.1* 759.0+17.9° 658.2+20.0* 804 .4+35.1°¢ 699.2+13.9
Liver weight (mg) 17.5+£0.5 18.9+0.4 20.7+0.8° 20.3+0.9 18.7+0.2
Liver/body (%) 2.63+0.1¢ 2.48+0.1¢ 3.09+0.1*° 2.52+0.1¢ 2.68+0.1¢
AST (U/) 95.0£9.0° 148.3£7.1° 128.9+19.5% 413.1+ 64.2°¢ 163.8+17.7*
ALT (U/1) 35.8+1.8* 76.0£8.3* 57.2+10.5* 336.1+67.2°¢ 90.2+10.2*
Cholesterol (mg/dl) 74.3£2.6¢ 79.3+4.0 102.9+8.6° 88.2+7.1 59.8+6.8%¢

1P<0.05 vs. DHF-treated group; °P<0.05 vs. vehicle-treated group; °P<0.05 vs. DEX-treated group. Data are expressed as the mean + standard
error. AST, aspartate transaminase; ALT, alanine aminotransferase; VHF, postnatal high-fat diet group; DEX, prenatal dexamethasone exposure
group; DHF, prenatal dexamethasone exposure + postnatal high-fat diet group; DHFM, prenatal dexamethasone exposure + postnatal high-fat

diet + melatonin group.

the microwave for 12 min for antigen retrieval, stained with
Oil Red O (cat. no. 1.02419; EMD Millipore, Billerica, MA,
USA), dissolved in 60% isopropanol for 15 min at room
temperature, and rinsed in 60% isopropanol and washing in
dH,O. The tissue was then counterstained by hematoxylin,
washed thoroughly in dH,O and transferred to Aqua-Mount
mounting medium (Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The labeling index of hepatocytes was defined
as the mean + standard error of number of positively stained
nuclei among 500 hepatocytes in the liver section. Sections
containing at least three portal tracts were used for the
labeling index in at least three non-overlapping fields under a
light microscope (magnification, x100).

Western blot analysis. Liver tissues from the five rat groups
were dissected and frozen immediately in liquid N,. The tissue
was homogenized in lysis buffer (cat. no. 17081; iNtRON
Biotechnology, Seongnam, Korea) and then centrifuged
at 14,000 x g at 4°C for 5 min. Total protein concentra-
tion was detected by Bio-Rad Protein Assay Dye Reagent
Concentrate (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Protein (40 ug) from the supernatant of each sample was
separated by 10-15% SDS-PAGE and transferred to polyvi-
nylidene difluoride membranes by electrophoresis. Next, the
membranes were blocked in Tris-buffered saline/Tween-20
buffer containing 5% low-fat milk powder for 1 h at room
temperature. Immunoblotting was then performed by incuba-
tion at 4°C for overnight with specific primary antibodies. The
monoclonal primary antibodies included cleaved caspase-3
(cat. no. 9661; Cell Signaling Technology, Inc., Danvers, MA,
USA), tumor necrosis factor-a (TNF-a; cat. no. 3707; Cell
Signaling Technology, Inc.), suppressor of cytokine signaling 3
(SOCS3; cat. no. ab16030; Abcam, Cambridge, MA, USA),
phosphoinositide 3-kinase (PI3K; cat. no. ab40755; Abcam),
antioxidant manganese superoxide dismutase (MnSOD; cat.
no. sc133134; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), malondialdehyde (MDA; ab27642; Abcam), and the
internal control, GAPDH (cat. no. ab9485; Abcam). The
membranes were then incubated for 1 h at room temperature
with an alkaline phosphatase (AP) conjugated anti-rabbit
(1:5,000; cat. no. S3731; Promega Corp., Madison, WI,
USA) or mouse (1:10,000; cat. no. 715-055-150; Jackson

ImmunoResearch Laboratories, Inc., West Grove, PA, USA)
secondary antibody (6,24,25). Subsequently, the western blots
were visualized using the ProtoBlot II AP System (Promega
Corp.), The western blotting results were quantified by the colo-
rimetric method using Quantity One software (version 4.5.2;
Bio-Rad Laboratories, Inc.).

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay. In order to investigate cellular
apoptosis in the liver tissue, TUNEL staining was performed
as previously reported (26). ApopTag Plus Peroxidase in
situ Apoptosis Detection kit (Chemicon; EMD Millipore)
was used for TUNEL assay. Briefly, deparaffinized sections
obtained from 6 rats in each group were washed with distilled
water and treated with a protease for 15 min at 37°C. Sections
containing at least three portal tracts were used for counting
the labeling index in at least three non-overlapping fields under
a microscope, and the mean + standard error of these counts
was considered as a labeling index. A total of 500 hepatocytes
in each rat were used to count positively stained cells.

Statistical analysis. SPSS software (version 15.0; SPSS,
Inc., Chicago, IL, USA) was used for statistical analysis.
Statistical analysis was conducted using analysis of variance
with a Bonferroni post hoc test. The data are presented as the
mean =+ standard error of the mean. Statistically significant
differences were indicated by values of P<0.05.

Results

AST and ALT levels, and the body weight of the rats are
increased in the DHF group and decreased in the DHFM
group. As demonstrated in Table I, the body weight was
significantly higher in the DHF group as compared with that in
the DHFM and DEX groups. There was no significant differ-
ence in the liver weight among the DHF, vehicle and DHFM
groups. By contrast, rats in the DHF group exhibited a higher
body weight and a lower liver/body ratio compared with the
DEX group. In addition, the DHF group had a significantly
lower liver/body ratio comparing with the DEX group, but no
significant difference when compared with the Vehicle, VHF
and DHFM groups.
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Figure 1. Liver steatosis assessed by Oil Red O staining. Sections were obtained
from 6 rats in each group. Following formalin fixation, these paraffin-embedded
liver sections were stained and evaluated. (A) Stronger Oil Red O staining
intensity was observed in the DHF group, which was then reduced subse-
quent to melatonin administration (magnification, x400; scale bar, 30 ym).
(B) Semi-quantitative analysis of Oil Red O stained cells. All values are presented
as the mean + standard error (n=6). "P<0.05. VHF, postnatal high-fat diet; DEX,
prenatal dexamethasone; DHF, prenatal dexamethasone + postnatal high-fat
diet; DHFM, prenatal dexamethasone + postnatal high-fat diet + melatonin.

Animals in the DHF group presented the highest AST and
ALT levels (Table I). Furthermore, the levels of AST, ALT and
cholesterol were significantly reduced in the DHFM group
compared with the DHF group. The cholesterol level in the
DHF group was not statistically significant compared with the
Vehicle, VHF, DEX and DHFM groups (Table I).

Liver steatosis in the DHFM group. Oil Red O staining of the
liver tissues (Fig. 1A) exhibited a stronger intensity in the DHF
group compared with that in the other four groups, indicating a
synergistic effect between prenatal dexamethasone exposure and
postnatal high-fat diet. In addition, the results demonstrated that
melatonin administration reduced the Oil Red O staining level
in the DHFM group as compared with the DHF group (P<0.05;
Fig. 1B). This suggested that melatonin was efficient in reducing
the liver lipid storage by attenuating liver steatosis in rats with
postnatal high-fat diets and exposed to prenatal dexamethasone.

Apoptosis in the DHFM group. Activation of apoptotic
pathways was detected based on the extent of TUNEL
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Figure 2. TUNEL assay was conducted to analyze the role of apoptosis in
liver damage. (A) TUNEL staining was stronger in the DHF, DEX and VHF
groups as compared with the vehicle-treated group, while the DHFM group
presented reduced TUNEL staining in comparison with the DHF group
(magnification, x400; bar, 30 #m). (B) Semi-quantitative analysis of TUNEL
stained cells. All values are expressed as the mean + standard error (n=6).
“P<0.05. VHF, postnatal high-fat diet; DEX, prenatal dexamethasone; DHF,
prenatal dexamethasone + postnatal high-fat diet; DHFM, prenatal dexa-
methasone + postnatal high-fat diet + melatonin; TUNEL, TdT-mediated
dUTP-biotin nick end-labeling.

staining (Fig. 2), as well as the level of cleaved caspase-3
(Fig. 3A and B). TUNEL staining revealed a significantly
greater proportion of apoptotic cells in the DHF group
compared with that in the other four groups, indicating a
synergistic effect between prenatal dexamethasone exposure
and postnatal high-fat diet (Fig. 2). Following melatonin
administration to the offspring rats in the DHFM group, the
degree of TUNEL staining was decreased in comparison
with that in the DHF group (P<0.05; Fig. 2B). These findings
suggested that melatonin was efficient in reducing liver cell
apoptosis in rats with prenatal dexamethasone exposure and
postnatal high-fat diet.

The level of cleaved caspase-3 was significantly higher in
the DHF group as compared with Vehicle and DHFM groups
(Fig. 3B). Following melatonin administration, the level in the
DHFM group was significantly decreased compared with the
DHEF group (P<0.05), suggesting that melatonin was efficient
in reducing the level of cleaved caspase-3 and thus decreasing
apoptosis via insulin resistance and oxidative stress in rats
subjected to prenatal dexamethasone exposure and postnatal
high-fat diet.
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Figure 3. Western blotting and analyses of (A) western blotting results revealed the changes in protein expression in the five groups. Protein expression levels
of (B) cleaved caspase-3, (C) SOCS3, (D) TNF-a, (E) PI3K, (F) MDA and (G) MnSOD, examined by western blot analysis. Higher expression levels of cleaved
caspase-3, TNF-a, SOCS3 and MDA were observed in the DHF group and lower levels in the DHFM group. By contrast, the expression of PI3K and MnSOD
was decreased in the DHF group compared with that of the DHFM group. All values are expressed as the mean + standard error (n=6). “P<0.05. VHF, postnatal
high-fat diet; DEX, prenatal dexamethasone; DHF, prenatal dexamethasone + postnatal high-fat diet; DHFM, prenatal dexamethasone + postnatal high-fat
diet + melatonin; SOCS3, suppressor of cytokine signaling 3; MDA, malondialdehyde; TNF-a, tumor necrosis factor a; MnSOD, manganese superoxide

dismutase; PI3K, phosphoinositide-3-kinase.

Insulin resistance and inflammation in the DHFM group.
Western blot analysis (Fig. 3A) also revealed significantly
higher SOCS3 levels in the DHF group in comparison with that
in the DHFM, DEX and Vehicle groups (Fig. 3C). Following
melatonin administration, SOCS3 expression was decreased
(DHF vs. DHFM groups; P<0.05), suggesting that melatonin
effectively reduced the SOCS3 protein expression in rats with
prenatal dexamethasone exposure and postnatal high-fat diet.

TNF-a is a cell signaling protein involved in systemic
inflammation that has been proposed to be associated with
insulin resistance (27) and to cause insulin resistance (28).
Rats in the DHF group exhibited significantly higher levels
of TNF-a compared with animals in the DHFM and Vehicle
groups (Fig. 3D). These results suggest that melatonin was
efficient in reducing the TNF-a level and this insulin resistance
in rats with prenatal dexamethasone exposure and postnatal
high-fat diet.

PI3 kinases are key components of the insulin signaling
pathway (29,30). PI3 kinases are also associated with oxida-
tive stress (31). Rats in the DHF group demonstrated reduced
PI3K protein expression compared with animals in the
Vehicle, DEX and DHFM groups (Fig. 3E), indicating a syner-
gistic effect between prenatal dexamethasone exposure and

postnatal high-fat diet. Furthermore, melatonin administra-
tion increased the PI3K expression (DHF vs. DHFM groups;
P<0.05), suggesting that melatonin was efficient in restoring
the PI3K protein expression in rats with prenatal dexametha-
sone exposure and postnatal high-fat diet.

Anti-oxidative stress in the DHFM group. MDA results from
lipid peroxidation of polyunsaturated fatty acids and is used
as a biomarker to measure the level of oxidative stress (32,33).
Rats in the DHF group presented higher MDA levels in
comparison with animals in the Vehicle, VHF and DHFM
groups (Fig. 3F). Subsequent to melatonin administration in
DHFM rats, the MDA level was decreased compared with the
DHEF group (P<0.05), suggesting that melatonin was efficient
in reducing oxidative stress in rats with prenatal dexametha-
sone exposure and postnatal high-fat diet.

The crucial role of MnSOD in protecting cells against
oxidative stress is well known (34). In the present study,
rats in the DHF group exhibited a decreased MnSOD level
in comparison with that in animals of the other four groups,
indicating a synergistic effect between prenatal dexametha-
sone exposure and postnatal high-fat diet (Fig. 3G). However,
melatonin administration increased the MnSOD level
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(DHF vs. DHFM groups; P<0.05), suggesting that melatonin
was efficient in restoring the MnSOD protein expression,
which exhibits the anti-oxidative and protective effects, in rats
with prenatal dexamethasone exposure and postnatal high-fat
diet. Therefore inflammation was reduced.

Oil Red O staining and western blot analyses of cleaved
caspase-3, TNF-a, SOCS3, MDA, MnSOD and PI3K demon-
strated that their expression levels were similar in the Vehicle
and DHFM groups following melatonin administration. In the
VHF group, cleaved caspase-3, TNF-a, SOCS3 expression
levels and TUNEL staining were increased, and PI3K and
MnSOD expression levels were decreased compared with the
Vehicle group as inflammation and the level of apoptosis were
found to be higher in the postnatal high fat diet.

Discussion

The present study demonstrated that prenatal melatonin
administration in rats exposed to dexamethasone prenatally
and receiving a high-fat diet postnatally was efficient in:
i) Reducing the liver lipid storage; ii) decreasing the expres-
sion levels of cleaved caspase-3, TNF-a, SOCS3 and MDA in
the liver; and iii) restoring the liver PI3K and MnSOD protein
expression levels in the liver.

Animals in all five groups were sacrificed at PND 180,
and body weight measurement indicated a higher weight in
the DHF group as compared with that in the DHFM and DEX
groups (Table I). However, there was no significant difference
in the liver weight among the DHF, vehicle and DHFM groups.
In addition, higher body weight and lower liver/body ratio were
detected in the DHF group as compared with the DEX group.
In the present study, it was also observed that the cholesterol
in the DEX group was higher than that in the DHF group,
although these groups presented a higher cholesterol level when
compared with the vehicle group. These results are similar to the
observations of our previous study (9). Additionally, the DHFM
group presented the lowest cholesterol level, it was significantly
less compared with the DEX and DHF group. Furthermore,
animals in the DHF group exhibited the highest AST and ALT
levels. The results demonstrate that melatonin treatment led to
reduced the levels of AST, ALT and cholesterol.

In our previous study (9), it was observed that rats in the
DHF group had stronger liver lipid accumulation as compared
with rats in the VHF and DEX groups. Therefore, a high-fat
diet in combination with prenatal dexamethasone exposure
may lead to more severe lipid accumulation and liver injury. In
the present study, melatonin administration reduced the lipid
storage in the DHF group. To the best of our knowledge, this is
the first study to demonstrate that melatonin administration is
able to prevent liver steatosis in adult rats induced by a combi-
nation of prenatal dexamethasone exposure and postnatal
high-fat diet.

Kupffer cells are major producers of cytokines, modulating
the levels of TNF-a, and a higher TNF-a. expression is corre-
lated with Kupffer cell dysfunction or activation (35,36). Thus,
higher TNF-a expression during prenatal dexamethasone
administration may indicate inflammation. Decreased TNF-a
expression in the DHFM group compared with the DHF
group indicates that prenatal melatonin treatment reduced
inflammation.
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Apoptosis is the main process contributing to disease progres-
sion in NAFLD (37). Our previous study revealed increased
liver apoptosis in rats with prenatal dexamethasone exposure
that were receiving a high-fat diet postnatally (8). In addition,
there is growing evidence that melatonin may directly affect
the pathways associated with apoptosis (38-40). In the present
study, it was demonstrated that melatonin reduced the apoptosis
by decreasing the level of cleaved caspase-3 in rats with prenatal
dexamethasone exposure and postnatal high-fat diet.

Oxidative stress is another major contributor to disease
progression in NAFLD (27),and previous studies indicated that
the hepatic MDA level was increased in high-fat diet-induced
NAFLD (41,42). Furthermore, MDA levels were increased in
rats with NAFLD, and the PI3K level was decreased during
oxidative stress in rats on a high-fat diet (31,43). The results of
a previous study by our group are consistent with the observa-
tions of the present study (9), it revealed that a higher level
of oxidative stress in the DHF group was accompanied by
increased MDA and decreased MnSOD levels, which was not
observed in the DEX group. In addition, the level of PI3K in
the DHF group was decreased, suggesting that it participates
in the pathogenesis of oxidative stress. In the present study,
it was demonstrated that melatonin administration reduced
the oxidative stress by lowering the MDA level, as well as
increasing the MnSOD and PI3K levels, in rats with prenatal
dexamethasone exposure receiving a high-fat diet postnatally.

SOCS3 contributes to leptin and insulin resistance, and
certain studies have demonstrated that removal of the SOCS
gene prevents insulin resistance in obesity (44.,45). A previous
study also observed that overexpression of SOCS3 in adipo-
cytes led to a reduction in insulin signaling activation, and
diminished the glucose uptake and lipogenesis in mice that
were resistant to the development of diet-induced obesity and
associated insulin resistance (46). SOCS3 is known to serve
two functions in insulin resistance in the liver. Hepatic SOCS3
expression is able to mediate insulin resistance in the liver,
whereas the lack of SOCS3 in the liver may stimulate nuclear
factor-kB-dependent chronic inflammation, which may also
result in systemic insulin resistance (47,48). In the present
study, SOCS3 was overexpressed in the liver of animals in
the DHF group, therefore insulin resistance was increased,
and its level was significantly decreased following melatonin
administration. Melatonin may decrease insulin resistance by
decreasing SOCS3.

In conclusion, the present study demonstrated that a
high-fat postnatal diet exacerbated the effect of prenatal
dexamethasone exposure and led to enhanced liver steatosis in
adult offspring rats, which was reversed by prenatal melatonin
administration.
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