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Background. Both high-fat diet (HFD) and 4-nonylphenol (4-NP) could affect fat formation in adipose tissue individually. We
investigated whether HFD promote abnormal adipose tissue formation caused by early exposure to 4-NP in life and
preliminarily explore the possible mechanisms involved. Methods. The first-generation rats were treated with HFD on postnatal
day after pregnant rats exposure to 5 ug/kg/day 4-NP. Then, the second generation rats started to only receive normal diet
without 4-NP or HFD. We analyzed organ coefficient and histopathology of fat tissues, biochemical index, and gene level
involved in lipid metabolism in female offspring rats. Results. HFD and 4-NP interaction synergistically increased birth weight,
body weight, and organ coefficients of adipose tissue in offspring female rats. HFD accelerately aggravated abnormal lipid
metabolism and increased the adipocyte mean areas around the uterus of the offspring female rats induced by prenatal
exposure to 4-NP. HFD also facilitate the regulation of gene expression involved lipid metabolism in offspring female rats
induced by perinatal exposure to 4-NP, even passed on to the second generation of female rats. Moreover, HFD and 4-NP
interaction synergistically declined the gene and protein expression of estrogen receptor (ER) in the adipose tissue of second-
generation female rats. Conclusion. HFD and 4-NP synergistically regulate the expression of lipid metabolism genes in adipose
tissue of F2 female rats and promote adipose tissue generation, leading to obesity in offspring rats, which is closely related to
low expression of ER. Therefore, ER genes and proteins may be involved in the synergistic effect of HFD and 4-NP.

1. Background

Obesity as the most common chronic disease seriously
endangers human health. And the incidence rate of obesity
is on the rise worldwide, but the exact cause and pathogen-
esis of obesity are still unclear. High-fat diet is increasingly
considered as an indispensable reason for the higher obesity
rate with the change of diet structure in modern society.
Many epidemiological studies have shown that the incidence
rate of obesity is positively correlated with the average

amount of fat in the diet [1]. Moreover, accumulating evi-
dences suggest that the 4-NP pollution is very serious in
foods, especially in the animal foods with high-fat content
[2, 3]. HFD exacerbate the chance of 4-NP which could be
stored in HFD and exposed to the human beings. 4-NP
may affect the adipocyte differentiation and, subsequently,
result in obesity as one kind of typical environmental endo-
crine disrupting chemicals (EDCs) [4].

Increasing evidence suggests that environmental stimuli
during the perinatal period have a prolonged effect on the
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offspring, even leading to obesity or other chronic adult dis-
eases. Some researches showed that maternal exposure to the
abnormal environment changed the metabolic phenotype in
the first generation of rats, and this same effect could occur
in the next or several generations [5]. The intrauterine
hyperglycemia environment may damage the glucose toler-
ance and normal insulin levels of offspring rats [5]. Our pre-
vious research found that HFD and NP simultaneously
caused abnormal expression of fatty acid synthesis genes in
the liver tissue of second-generation rats and had a certain
synergistic effect, ultimately leading to fat accumulation in
the liver tissue of offspring rats [6]. Moreover, perinatal
exposure to the 4-NP might increase the organ coefficients
of adipose tissue and the serum cholesterol level in offspring
rats [7]. This genetic change, even if nonexposed to the envi-
ronmental stimuli, would also be passed to the next genera-
tion or several generations [8]. Clinical evidence suggests
that excessive intake of estrogen substances is closely related
to obesity. Estrogen directly acts on estrogen receptors, reg-
ulates the expression of downstream lipid metabolism genes,
affects adipose tissue formation, and leads to excessive accu-
mulation of adipose tissue in the body [9]. Many genes, such
as fatty acid synthase (Fas), nonesterified fatty acids (NEFA),
and peroxisome proliferator-activated receptors (PPARs),
regulate the generation of adipose tissue and play a crucial
role in obesity, but their mechanisms are still unclear. We
aimed to determine whether the HFD promote the adiogen-
esis in offspring female rats induced by perinatal exposure to
4-NP, whether such synergistic effect could be passed on to
the next generation and the potential mechanisms involved.

2. Methods

2.1. Animal Studies. Twenty-four wild virgin Wistar rats
were purchased from Beijing Vital Rivers (Beijing, China)
and were kept under specific pathogen-free conditions in
the Experimental Animal Centre of Tongji Medical College,
Huazhong University of Science and Technology. All the
animals approved by the Ethics Committee of Tongji Medi-
cal College were treated according to the Guidelines of the
National Institutes of Health for Animal Care and Use.

2.2. Maintenance and Treatment with the 4-NP and the
HFD. Phytoestrogen deficient diet (PEDD, Shanghai Labora-
tory Animal Center, Shanghai, China, which contains
13.21% fat, 27.18% protein, and 59.61% carbohydrates, with
the energy of 14.39 kJ/g kcal/g) was used to feed with Virgin
Wistar rats (F0) from the 11 days before being caged to post-
natal day (PND) 21, which would exclude the intervention
effect by other estrogenic substance in the normal diet.
One male rat and two female rats were caged in one cage
to obtain the first-generation rats (F1). The time that the
sperm-positive smear was observed under a microscope
was defined as gestation day (GD). It was randomly divided
into two groups (8 pregnant rats for each group): the
control-ND group treated with olive oil and the NP-5-ND
group treated with NP (5μg/kg/day), both of which received
a normal diet (Figure 1). It was divided into four groups for
F1 male or female rats with similar body weight on PND 21:

control ND group (16 rats) and NP-5-ND group (16 rats),
fed with normal diet; control-HFD group (16 rats) and
NP-5-HFD (16 rats), receiving high-fat diet (28.53% fat,
22.33% protein, 49.14% carbohydrates, with energy of
17.36 kJ/g) (Figure 1).

Male F1 rats (9 weeks old) were mated with the female
F1 rats (9 weeks old) in the four groups (8 rats per group)
to obtain the second-generation rats (F2) which were given
a normal diet after weaning (Figure 1). F1 female rats at 23
weeks and F2 female rats at 13 weeks were anesthetized with
pentobarbital sodium (intraperitonealed with 50mg/kg pen-
tobarbital sodium) and euthanasiaed by cervical dislocation.
The serum was collected and stored in a refrigerator at
−80°C. The perirenal adipose tissue and periuterine adipose
tissue were separated rapidly, washed by PBS, dried by the
filter paper, and weighted to figure out the organ coefficient.

2.3. Biochemical Assays. The serum levels of triglycerides
(TG) and blood-glucose (GLU) were determined with an
automatic blood analyzer (Mindray BS-200; Shenzhen,
China). Serum nonesterified free fatty acids (NEFA) were
measured by colorimetric assay (Jiancheng Biological Insti-
tute, Nanjing, China). Leptin and adiponectin concentrations
were determined by the ultrasensitive mouse leptin and adi-
ponectin enzyme-linked immunosorbent assay (ELISA)
(Linco Research, Millipore, Billerica, MA).

2.4. Detection of the Serum 4-NP in F1 and F2 Female
Offspring. Serum samples were collected from the PND21
offspring in F1 female rats andF2 female rats. The serum levels
of the 4-NP were determined with a liquid chromatography-
tandem mass spectrometry (LC-MS/MS) according to the
method previously reported [10].

2.5. Hematoxylin and Eosin (H/E) Staining for the Size of
Adipose Cells. The number and size of adipose cells were
visualised by HE staining of fat tissue that had been fixed
with 4% paraformaldehyde solution. Under a light micro-
scope (Olympus CKX41, Japan), the quantity and areas of
120 adipocytes were measured in each captured image. Pho-
tographs were taken by using a Zeiss Axiocam Camera (Carl
Zeiss, Gottingen, Germany) and assembled in Photoshop 6.0
(Adobe Systems, Mountain View, CA).

2.6. RNA Sequencing. The total RNA was isolated from the
perigonadal adipose tissue in F2 generation rats by using
the E.Z.N.A. total RNA kit (Omega, Norcross, GA, USA).
The quality and quantity were detected using a NanoDrop
ND-1000 spectrophotometer (Thermo Scientific). RNA
libraries were made according to the manufacturer’s proto-
col of the TruSeq RNA sample preparation kit (Illumina,
San Diego, CA, USA) and analyzed with the Genome Ana-
lyzer II sequencing system in the BGI Technology Services
Co., Ltd., China. Differentially expressed genes were selected
according to P < 0:05 or a fold change greater than 2.

2.7. Real-Time Reverse Transcription PCR. Total RNA was
isolated from the fat tissue by using the E.Z.N.A. total
RNA kit (Omega, Norcross, GA, USA). One-step RT-PCR
with real-time detection was conducted with the SYBR
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Green Real-Time RT-PCR Master Mix (Toyobo, Osaka,
Japan). The mRNA levels of Lpl, Fas, Srebp-1, Ppar-γ,
ERα, and 36B4 were detected with the PCR conditions
(22). Relative gene expression was calculated by the 2−△△Ct

method with 36B4 as an endogenous reference gene.

2.8. Western Blotting. Aliquots of proteins from fatty tissue
lysates were electrophoresed on 10% (w/v) polyacrylamide
gels and transferred onto nitrocellulose membranes (Schlei-
cher & Schuell, Kassel, Germany). HRP-conjugated second-
ary antibodies (GB23404, Service bio Biotechnology Inc.,
China) were applied after being probed with antibodies for
ERα (GB11026, Servicebio Biotechnology Inc., China) or
β-actin (GB12001, Servicebio Biotechnology Inc., China).

2.9. Statistical Analysis. Statistical analyses were performed
by using SPSS 18.0. Comparisons between the two groups
were analyzed via two independent samples t-test. One-
way ANOVA or two-way ANOVA was applied with Bonfer-
roni’s test when different groups were compared. P value
<0.05 was considered statistically significant.

3. Results

3.1. HFD and 4-NP Interaction Has Catalytic Role on the
Birth Weight of F2 Female Rats. The serum 4-NP in postna-
tal day 21 of F1 and F2 female rats were detected as zero.
Recent reports have demonstrated that early life exposure
to endocrine disrupting chemical was correlated with the
increased body weight [11]. Therefore, we detected the effect
of the synergistic effect of HFD and 4-NP on the changes of
gestation days, the litter size, sex ratio, and birth weight.
HFD or 4-NP alone had no synergistic effect on gestation
days, litter size, sex ratio, and birth weight of offspring rats.
But HFD and 4-NP interaction had a synergistic effect on
the birth weight of F2 offspring rats (P < 0:05), with no sig-
nificant changes on gestation days, litter size, or sex ratio of
offspring rats (Figure 2).

3.2. HFD Promote an Increase of the Body Weight and Organ
Coefficients of Adipose Tissue in the Offspring Female Rats
Induced by Perinatal Exposure to 4-NP. 4-NP or HFD alone
could significantly increase the body weights and organ coef-
ficient in F1 and F2 offspring female rats (P < 0:05). More-

over, 4-NP and HFD interaction could synergistically
increase the body weight and organ coefficient of adipose tis-
sue in F1 and F2 offspring female rats (P < 0:05), as shown in
Table 1.

3.3. HFD and 4-NP Interaction Aggravatingly Affect on the
Disorder of Glucose and Lipid Metabolism in Offspring
Female Rats. HFD alone upregulated the levels of leptin, tri-
glyceride (TG), glucose (Glu), and nonesterified fatty acids
(NEFA) in F1 and F2 female rats and downregulated the
levels of adiponectin in F1 and F2 female rats (P < 0:05),
while 4-NP could upregulate the levels of leptin, TG, and
Glu of F1 and F2 female rats and downregulate the levels
of adiponectin of F1 and F2 female rats (P < 0:05). In addi-
tion, HFD and 4-NP interaction could synergistically
enhance the levels of leptin, TG, Glu, and NEFA of F1 and
F2 female rats (P < 0:05), as shown in Table 2.

3.4. HFD Accelerately Increase the Adipocyte Mean Area in
Offspring Female Rats Induced by Perinatal Exposure to 4-
NP. The adipocyte mean area around the uterus in the
HFD or 4-NP group of F1 and F2 female rats was bigger,
compared to the adipocyte mean area of the control group.
HFD and 4-NP synergistically increased the adipocyte mean
area around the uterus in offspring female rats. Obviously,
HFD and 4-NP had higher degree of inflammatory aggrega-
tion and fibrosis, compared to the control group (Figure 3).

3.5. HFD Facilitate the Regulation of Gene Expression Involved
Lipid Metabolism in Offspring Female Rats Induced by
Perinatal Exposure to 4-NP. Signature DEG comparison
and ontological analyses of the RNA-seq data highlight
the gene differential expression involved in glucolipid
metabolism in F1 and F2 female rats. HFD or 4-NP treated
alone significantly upregulated the gene expression involved
fatty acid synthesis, and HFD and 4-NP interaction syner-
gistically upregulated gene expression involved fatty acid
synthesis in adipose tissue in F1 and F2 female rats, such
as the peroxisome proliferator-activated receptor-γ coacti-
vator-1α (PGC-1α), fatty acid synthase (Fas), peroxisome
proliferator-activated receptor α (Ppar-α), acetyl-CoA syn-
thetase 2 (Acss 2), Lpl, peroxisome proliferator-activated
receptor-γ (Ppar γ), Srebp-1, ATP-citrate lyase (Acly), acetyl

8
weeks

old

9
weeks

old
9

weeks
old

Fertilization

F0 rats

F1 rats

F2 rats

Control-ND

Control-ND

Control-HFD

NP-ND

NP-ND

NP-HFD Control-ND

Control-HFD
NP-ND

NP-HFD

ND Obesity

Birth

PND
21

PEDD

PEDD Alter diet

PEDD + 4-NP

(i)
(ii)

(i)
(ii)

(iii)
(iv) (i)

(ii)
(iii)
(iv)

Figure 1: Experimental design and intervention methods.
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coenzyme A carboxylase α (Acaca), long-chain fatty acids
family member 6 (Elovl 6), stearoyl-CoA desaturase 1 (Scd
1), hexose-6-phosphate dehydrogenase (H6pd), acetoacetyl-
CoA synthetase (Aacs), insulin-induced gene (insig1), and
the Berardinelli-Seip congenital lipodystrophy 2 (Bscl 2)
(Figure 4).

Moreover, HFD or 4-NP treated alone significantly
downregulated the RNA level of some genes in adipose tis-
sue in F1 and F2 female rats, for example, adiponectin

receptor 2 (Adipo R2), GATA binding protein 2 (Gata 2),
adiponectin receptor 1 (Adipo R1), plasma cell membrane
glycoprotein-1 (PC-1), and glucokinase (Gck). HFD and 4-
NP interaction synergistically downregulated the RNA level
of these genes in adipose tissue in F1 and F2 female rats
(Figure 4).

In addition, RT-PCR assays were applied to confirm the
mRNA expression involved in fatty acid synthesis in adipose
tissue in offspring female rats. It was shown that 4-NP
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Figure 2: The effect of HFD and 4-NP on gestation days, little size, and sex ratio of offspring rats of F1 and F2 offspring rats. HFD and 4-NP
interaction had a synergistic effect on the birth weight of F2 offspring rats. ∗P < 0:05 vs. control; #synergistic effect existed.

Table 1: The effect of HFD and NP on body weight and adipose tissue coefficient of F1 (23 weeks old) and F2 (13 weeks old) female rats.

ND HFD P value
Control-ND NP-5-ND Control-HFD NP-5-HFD Diet Nonylphenol D ×N

Body weight (g)
F1 231 ± 8 290 ± 13 283 ± 11 357 ± 27 <0.05 <0.05 <0.05
F2 205 ± 7 244 ± 12 261 ± 9 331 ± 17 <0.05 <0.05 <0.05

Organ coefficient (%)
F1 2:95 ± 0:35 4:36 ± 0:15 4:49 ± 0:36 5:59 ± 0:75 <0.05 <0.05 <0.05
F2 2:31 ± 0:40 4:06 ± 0:58 4:20 ± 0:61 5:37 ± 0:69 <0.05 <0.05 <0.05

Note: n = 7 − 8 rats/group. The data represent the mean ± SD.
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treated alone significantly upregulated the mRNA level of
Fas, Lpl, Ppar-γ, and Srebp-1 in offspring female rats. HFD
and 4-NP interaction synergistically upregulated mRNA
level of Fas, Lpl, Ppar-γ, and Srebp-1 in F1 and F2 female
rats (Figure 5).

3.6. HFD and 4-NP Interaction Synergistically Reduce the
Gene and Protein Expression of ER in the Adipose Tissue
of F2 Female Rats. It is shown in Figure 4 that HFD or 4-
NP alone significantly decreased the gene expression level
of ER in offspring female rats, and HFD and 4-NP interac-
tion synergistically reduce the gene expression of ER in adi-
pose tissue of offspring female rats. We also detect the
synergistic effects of HFD and 4-NP on the protein expres-
sion of ERα in the fatty tissues of F2 generation rats. The
result has shown that HFD or 4-NP alone significantly
decreased the protein expression level of ERα in female F2
rats. HFD and 4-NP interaction synergistically reduce the
protein expression of ERα in adipose tissue of F2 female rats
(Figure 6).

4. Discussion

Human and zoological researches show that the metabolic
phenotype resulted from matrilineal exposure to the abnor-
mal environment can be inherited by the next generation.
With the increasing incidence of obesity, a large number of
scientific researches have focused on the correlation between
the maternal environment and obesity and the long-term
effect on the offspring [12]. Pregnancy exposed to endocrine-
disrupting chemicals could produce transgenetic effects by
epigenetic modification [13, 14]. We studied whether a
high-fat diet promotes the adipogenesis in offspring female
rats induced by perinatal exposure to the typical endocrine
disruptor 4-nonylphenol. It was confirmed in our experi-
ment that the level of serum 4-NP in postnatal day 21 of
offspring rats was detected as zero due to the given low dose
of 4-NP and the biological metabolism. HFD or 4-NP alone
had no significant effect on gestation days, litter size, sex
ratio, and birth weight of offspring rats, but HFD and 4-
NP interaction had synergistic effect on the birth weight

Table 2: The effect of HFD and NP exposure on blood biochemical parameters in F1 and F2 female rats.

ND HFD P-value
Control-ND NP-5-ND Control-HFD NP-5-HFD Diet Nonylphenol D ×N

Leptin (nmol/L)
F1 6:17 ± 0:37 8:06 ± 0:28 8:64 ± 1:18 10:92 ± 0:73 <0.05 <0.05 <0.05
F2 6:64 ± 0:28 7:99 ± 0:38 8:25 ± 0:44 11:31 ± 0:79 <0.05 <0.05 <0.05

Adiponectin(nmol/L)
F1 174 ± 6 150 ± 9 142 ± 9 99 ± 8 <0.05 <0.05 <0.05
F2 191 ± 9 157 ± 8 145 ± 6 105 ± 11 <0.05 <0.05 <0.05

TG (mg/dl)
64 ± 9 74 ± 5 72 ± 4 99 ± 7 <0.05 <0.05 <0.05

F2 65 ± 5 68 ± 7 71 ± 4 78 ± 3 <0.05 <0.05 <0.05

Glu (mg/dl)
F1 121 ± 16 137 ± 14 144 ± 17 164 ± 5 <0.05 <0.05 <0.05
F2 60 ± 13 80 ± 14 91 ± 13 122 ± 9 <0.05 <0.05 <0.05

NEFA (μg/L)
F1 0:60 ± 0:78 0:63 ± 0:98 0:78 ± 0:17 1:39 ± 0:14 <0.05 >0.05 <0.01
F2 0:60 ± 0:76 0:65 ± 0:12 1:58 ± 0:11 2:59 ± 0:09 <0.01 >0.05 <0.05

Note: n = 8 rats/group. The data represent the mean ± SD.
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Figure 3: The pathomorphology change of adipose tissues around the uterus in F1 and F2 female rats (×40). HFD and 4-NP had a
synergistic effect on adipocyte mean area around the uterus in offspring female rats. Note: ∗P < 0:05 vs. control; ∗∗P < 0:01 vs. control;
#synergistic effect existed.
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of F2 offspring rats. Moreover, HFD or 4-NP alone had sig-
nificant effect on body weight and organ coefficient of off-
spring rats, and HFD and 4-NP interaction had synergistic
effect on body weight and organ coefficient of offspring rats.

As we all know, the most important biological effects of
leptin as a kind of hormone mediated by neuropeptide-
containing neurons and neuropeptide receptors in the hypo-

thalamus could inhibit appetite, reduce energy intake,
increase energy consumption, and inhibit fat synthesis
[15]. Adiponectin as an insulin-sensitizing hormone is an
important regulator in the regulatory network of lipid
metabolism and blood glucose homeostasis [16]. And adipo-
nectin treatment significantly reduced the content of blood
triglyceride and low-density lipoprotein and increased the
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Figure 4: The effect of HFD and 4-NP on the gene expression of adipose tissue in F1 and F2 female rats. (a) HFD and 4-NP interaction
synergistically regulated gene expression involved lipid metabolism in F1 female rats. (b) HFD and 4-NP interaction synergistically
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content of high-density lipoprotein [17]. Free fatty acids,
also known as nonesterified fatty acids (NEFA), are the
intermediate products of fat metabolism and the important
metabolic substrates of energy metabolism in cells of the
body. The concentration of NEFA in serum is closely related
to obesity [18]. Our results also indicated that HFD or 4-NP
alone upregulated the levels of leptin, TG, Glu, and NEFA in
offspring female rats and downregulated the levels of adipo-
nectin in offspring female rats: HFD and 4-NP interaction
could synergistically enhance the levels of leptin, TG, Glu,
and NEFA of offspring female rats. Moreover, HFD and 4-
NP had a synergistic effect on adipocyte mean area around
the uterus in offspring female rats. In other words, HFD syn-
ergistically promoted abnormal lipid metabolism and patho-
morphology change of adipose tissues around the uterus in
offspring female rats induced by perinatal exposure perinatal
exposure to 4-NP, which maybe genetically altered and
passed on to the next generation rats.

Abnormal expression of fatty acid synthesis genes alters
the formation of adipose tissue and even leads to obesity.
Elevated NEFA concentrations in obesity are thought to
arise from an increased adipose tissue mass [19]. Fatty acid
synthase (Fas) encodes the key enzymes for fatty acid syn-
thesis which is related to the accumulation of adipose tissue

[20]. Fas is also involved in the activation of Peroxisome
proliferator-activated receptors (PPARs) which is the
nuclear receptor superfamily and could regulate the metabo-
lism of fatty acids at the transcriptional level [21]. Sterol reg-
ulatory element-binding protein- (Srebp-) 1 is also now well
established as a key transcription factor for the regulation of
lipogenic enzyme genes such as FAS [22]. ATP-citrate lyase
(Acly) fuels pivotal biochemical reactions such as the syn-
thesis of fatty acids [23]. Stearoyl-coenzyme A desaturase 1
(SCD1) is a central regulator of fuel metabolism and cata-
lyzes the synthesis of monounsaturated fatty acids (MUFAs)
[24]. There are many master-regulator of lipid syntheses
such as acetyl-CoA carboxylase (Acaca), acetoacetyl-CoA
synthetase (AACS), acetyl-CoA synthetase 2 (ACSS2),
insulin-induced gene (Insigs), and Berardinelli-Seip’s con-
genital lipodystrophy 2 (Bscl2) [25–29]. Recently, new data
suggest that peroxisome proliferator-activated receptor-γ
coactivator-1α (PGC-1α) plays an important role in the reg-
ulation of mitochondrial biogenesis along with other genes
involved in adipose tissue [30]. Lipoprotein lipase (Lpl) as
an important lipogenetic gene catalyzes triglyceride into
glycerin and fatty acids which are ingested into adipocytes
in adipose tissue [31]. Inactive cortisol is converted into active
cortisol under the action of enzyme 11-β hydroxysteroid
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dehydrogenase type 1 (HSD11B1), thereby promoting the
occurrence of obesity [32]. Our experiment showed that
HFD or 4-NP treated alone significantly upregulated the gene
expression involved in fatty acid synthesis, and HFD and 4-
NP interaction synergistically upregulated gene expression
involved fatty acid synthesis in adipose tissue in offspring
female rats, such as PGC-1α, Fas, Ppar-α, Acss 2, Lpl, Ppar
γ, Srebp-1, Acly, Acaca, Elovl 6, Scd 1, H6pd, Aacs, Insig1,
and Bscl 2, which induced the proliferation and differentia-
tion of adipocytes. In addition, it was confirmed that 4-NP
treated alone significantly upregulated the mRNA level of
Fas, Lpl, Ppar-γ, and Srebp-1 in offspring female rats, even
HFD and 4-NP interaction synergistically upregulated
mRNA level of Fas, Lpl, Ppar-γ, and Srebp-1 in offspring
female rats.

Numerous experiments and clinical observations have
shown that adiponectin levels in the circulation of obese
patients are significantly reduced, and adiponectin affects
fat formation through binding to adiponectin receptors
(AdipoR1 and AdipoR2) [33]. Defective GATA-2 expression
regulates adipocyte differentiation through molecular con-

trol of the preadipocyte-adipocyte transition, which is asso-
ciated with obesity [34]. A polymorphism in plasma cell
membrane glycoprotein 1 (PC-1) has been demonstrated
to be associated with insulin resistance in obesity [35]. Glu-
cokinase (Gck) serves as a critical element to the regulatory
feedback loop that interconnects the major insulin target tis-
sues such as adipose tissue [36]. Our results showed HFD or
4-NP treated alone significantly downregulated the expres-
sion of genes such as Adipo R2, GATA-2, PC-1, and Gck.
HFD and 4-NP interaction synergistically downregulated
the expression level of the gene in adipose tissue in offspring
female rats, such as Adipo R2, GATA-2, PC-1, and Gck. In
other words, prenatal exposure to 4-NP and HFD synergis-
tically promote lipid metabolism and even fat accumulation
in adipose tissues through regulating gene expression level,
which might pass on to the next generation of rats. However,
the specific molecular mechanism underlying this passage
genetic effect has been unclear.

ER-alpha and ER-beta in adipose tissues are importantly
involved in lipid homeostasis which may have critical impli-
cations for risk factors associated with obesity [37]. 4-NP
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Figure 6: The effect of HFD and 4-NP on the expression of ERα in the fatty tissue around the uterus of F2 female rats. HFD and 4-NP
interaction synergistically reduce the gene and protein expression of ERα in adipose tissue of F2 female rats. ∗P < 0:05 vs. control-ND; ∗∗

P < 0:01 vs. control-ND; #synergistic effect existed.
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induced estrogen response element-mediated activity via
ERα [38]. Whether ER played a vital role in the synergistic
effect of HFD plus 4-NP on the induction of obesity in off-
spring rats. It was shown in our experiment that HFD or
4-NP alone significantly decreased the gene level of ER-
alpha and ER-beta in offspring female rats. HFD and 4-NP
interaction synergistically reduce the gene level of ER-
alpha and ER-beta in adipose tissue of offspring female rats.
Moreover, HFD or 4-NP alone significantly decreased the
protein expression level of ER-alpha in female F2 rats.
HFD and 4-NP interaction synergistically reduce the protein
level of ER-alpha in adipose tissue of F2 female rats. In
another words, exposure to 4-NP in the early stages of life
altered the expression level of genes involved in fat accumu-
lation in F1 rats and synergistically with later high-fat diet
interventions on F2 offspring, resulting in abnormal gene
expression in the adipose tissue of F2 rats. New research
now shows that ER-alpha controls metabolism in white
and brown adipocytes by affecting the expression of Polg1
(which encodes the mtDNA polymerase γ-subunit) and by
influencing mitochondrial remodelling [39]. The results pro-
vide new ideas for obesity in human. The daily exposure of
perinatal pregnant women to 4-NP and HPD in food might
synergistically induced adipogenesis in adipose tissue of off-
spring female rats, which could be passed on to the next gen-
eration, seriously increasing the risk of obesity in offspring.

5. Conclusion

Low levels of 4-NP pollution in the environment and a high-
fat diet lifestyle synergistically alter gene expression in adi-
pose tissue of two generations of rats and even cause adipose
tissue accumulation, leading to obesity. 4-NP and high-fat
diet also synergistically act on ER in rat adipose tissue, caus-
ing an imbalance in the downstream energy regulatory sys-
tem and abnormal expression of genes involved in lipid
metabolism. Abnormal expression of ER gene may induce
genetic effects of obesity in offspring rats. The role of ER
in adipose tissue may provide more effective therapeutic tar-
gets for obese patients.
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