
Introduction

In recent years, the number of obese people has 
increased year by year, which has become a global 

public health problem. China, the world’s most 
populous country, has entered a period of rapid aging,  
the prevalence of metabolism syndrome among people 
aged ≥60 years was 36.9% [1]. According to current 
research, endocrine-disrupting chemicals (EDCs) 
have become one of the main factors affecting obesity 
[2, 3]. EDCs refer to exogenous chemical substances 
that interfere with the development and functions 
of endocrine systems. Nonylphenol (NP) has been 
introduced as the most common EDCs, which is 
ubiquitous in our daily life. NP is widely used in 
industrial production and home and lifestyle products 
such as detergents, moisturizers, preservatives, and 
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Abstract

The aim of this work was to examine the in vivo and in vitro effects of NP on Bax and Caspase-3 
expressions in 3T3-L1 preadipocytes and adipose tissue of rats. Forty rats were gavaged with NP for 
24 weeks at the doses of 0.02 μg/kg, 0.2 μg/kg, 2.00 μg/kg and groundnut oil, respectively. 3T3-L1 
preadipocytes were exposed to NP (0, 40 pM, 40 nM, 40 μM) during the stages of the MDI-induced 
differentiation. The expression of apoptotic protein Bax and Casapse-3 was both up-regulated in all 
NP treatment groups than that in the control. Oil Red O staining of 3T3-L1 preadipocytes exposed to 
40 μM NP showed that the whole field of view was the reddest, and new lipid droplets were observed. 
At the late stage of differentiation, the expression of Caspase-3 protein at high dose of NP group was 
higher than that of the control group. Simultaneously, the protein expression of Bax decreased at the late 
stage. Subchronic exposure of NP could increase the body weight and expression of Bax and Caspase-3  
in adipose tissue of rats. The accumulation of lipid droplets and increased expression of Bax  
and Caspase-3 in 3T3-L1 preadipocytes after NP exposure were revealed as well.

Keywords: Nonylphenol, 3T3-L1 preadipocytes, Bax, Caspase-3

†Na Fu and Wenmei Li are co-first authors 
contributed equally to this paper.
#Jie Xu  and Jie Yu are co-corresponding authors 
who contributed equally to this study.
*e-mail: Xujie360@sina.com
**e-mail: 737717694@qq.com

DOI: 10.15244/pjoes/130273 ONLINE PUBLICATION DATE: 2021-05-05 



Fu N., et al.3526

some plastic products, etc. Previous studies have shown 
that NP could be detected in the air, water other than 
food [4, 5]. Our prior study showed that the pollution  
of NP in Xiangjiang River, tap water, and aquatic in 
Zunyi of China belongs to moderate or severe level 
in the world [6]. Xie et al. reported the increase level 
of NP in the air of the North Sea of China [7]. NP 
exposure has toxic effects on reproductive, immune, 
endocrine and nerve systems. Xiao et al. [8] found 
that NP exposure could cause maternal reproductive 
toxicity during pregnancy, which was associated with 
the occurrence of spontaneous abortion. In addition, 
our previous study proved that NP exposure might 
have neurotoxic effects on brain, and induce depressive 
behavior in rats [9], however, the toxic effects of NP on 
apoptotisis related gene expression in adipocytes has 
never been elaborated, the relationship between NP and 
obesity is the focus of current research. 

It has been confirmed that some EDCs (i.e. 
bisphenol A (BPA), Monoethylhexyl phthalate (MEHP)) 
can increase adipocyte apoptosis, which can lead to 
obesity [10, 11] . Previous studies of our research 
found that NP can lead to diabetes and obesity [12, 
13, 9], etc. Apoptosis is a kind of programmed cell 
death. Bax and Caspase-3 are important genes of 
apoptosis [14]. In vivo experiments, caspase activity 
and adipocyte apoptosis in adipose tissue of both obese 
mice and obese humans have been shown significantly 
increased [15]. Meanwhile, this study also reported that 
adipocyte apoptosis is a very critical progress in cell 
steatosis, which helps macrophages infiltrate adipose 
tissue, increase insulin secretion, and eventually 
contribute to cell steatosis; and then to inhibit adipocyte 
apoptosis may be a new strategy for treating metabolic 
complications associated with obesity [14, 15].  
This study intends to determine for the first time the 
effects of subchronic NP exposure on body weight 
of rats and Bax and Caspase-3 expression in adipose 
tissue through in vivo experiments, and then in vitro 
experiments to verify the effects of NP on apoptosis-
related proteins expression at different stages  
of 3T3-L preadipocytes differentiation, so as to provide 
clues and data basis for finding the etiology of obesity, 
diabetes and other metabolic syndromes caused by NP 
exposure.

Materials and Methods

Chemicals and Reagents 

NP (purity = 98%) was purchased from the 
Shandong Xiya Chemical Industry Co. lTD (Shandong, 
China). 3T3-L1 mouse embryonic fibroblast (No. 
ZQ0089) was purchased from the Shanghai Zhongqiao 
Xinzhou Biotechnology Co., ltd. (Shanghai, China). 
BCA protein quantification kit was purchased from 
Beijing Solarbio Co., ltd (Beijing, China). Trypsin was 
purchased from Sigma Chem Co. (St. Louis, MO, USA). 

Anti-Caspase-3 rabbit monoclonal antibody and anti-
Bax rabbit monoclonal antibody were purchased from 
Abcam (Cambridge, MA, USA). All other chemicals 
were commercially available.

Experimental Animal Grouping and Gavage

Forty 4-week-old healthy SD male rats (150±10g), 
provided by the Daping Animal Center, Third Military 
Medical University [Certificate No. (SCXK (Chong) 
2012-0005)], were housed under controlled 12/12 h 
light/dark cycle, natural ventilation, temperature 
(22±2ºC) and relative humidity (60%±5%) in animal 
rooms, and fed with pellet feed, free to eat and drink. 
The animals were randomly divided into 4 groups of 
10 rats each: control group (group C, corn oil), and 
three groups exposed to NP with low, medium and  
high doses (0.02, 0.2, 2.00 μg/kg • day-1). All animals 
were garaged at a volume of 5 ml/kg for 24 weeks 
(168 days) at 8:00 am each day. The body weight of 
the rats was measured. After fasting and anesthesia, 
whole blood was taken through the abdominal aorta, 
the total blood volume of each rat was approximately  
5 mL. After serum was collected, it was stored at -80ºC 
for later use. Animal experiments were approved by 
the Zunyi Medical University ethics committee and all 
procedures were in stick accordance with the relevant 
regulations and requirements of the Zunyi Medical 
University. 

The criteria for selecting the concentrations used: 
The admissible concentration of chronic NP exposure 
was 3.3 μg/L [16], and the LC50 (the concentration 
lethal to half of any given species over a certain time) 
for NP was 0.17 ng/L [17]. Additionally, the tolerance 
value of NP for mice was 0.17 μg/L, which was reckoned 
and based on the safety factor (human:mice = 1:100). 
On account of principle that the lowest dose would be 
above the lower limit of the safe dose, therefore NP 
dose was set at the concentration of 0.02 μg/kg • day-1, 
the other two doses would be10 times and 100 times 
concentration of 0.02, hence the NP dose was 0.02, 0.2, 
2 μg/kg • day-1.

Cell Culture, Staging and NP Exposure

Cell Culture and Passage

3T3-L1 preadipocytes were maintained in phenol 
red–free Dulbecco’s modified Eagle medium (DMEM; 
Invitrogen) supplemented with 10% FBS in a 5% CO2 
incubator at 37ºC. Medium was changed every 48 h, 
at the cell confluence up to 80%, cells were digested 
by trypsin, centrifuged, and proceeded according  
to 1:3 to passage, or cell counting was performed and 
cells were seeded in cell plates. Cells was digested by 
trypsin, centrifuged to make a cell suspension with a 
cryopreserved solution, and placed the cryopreservation 
tube, and then stored in liquid nitrogen after gradient 
cooling.
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Cell Induction and Differentiation

3T3-L1 preadipocytes were induced into mature 
adipocytes under the MDI induction protocol [18]. 
MDI induction protocol is as follows: after the 
inhibition, cells were kept to 10% FBS medium and 
continued to culture for 48 h, which is marked as 0 days 
and maintained in MDI induction medium [DMEM 
with 0.5 mM 3-isobutyl-1-methylxanthine (3-isobutyl-1- 
methyl-7H-xanthine (IBMX), 1μM Dexamethasone 
(Dex), 0.1 μM insulin (Insulin, I) in 10% FBS] for  
48 h (2 days), then exchanged to induction medium 
B (0.1 μM insulin in 10% FBS) for 48 h (4 days), 
DMEM medium with 10% FBS, 48 h/time for medium 
exchange, continued to culture until 12 days after 
induction until lipid droplets appeared in the cells. 

Staging and NP Exposing

NP was exposed to 3T3-L1 differentiation, and doses 
were: 0, 40 pM, 40 nM, 40 μM; the specific procedure 
was as followed: (1) in the early stage of induction, 
3T3-L1 preadipocytes were exposed to NP working 

solution with DMEM for 48 hours after inhibition. (2) 
In the middle stage of induction: cells were treated with 
NP for 48 h in MDI induction medium as mentioned 
in materials 2.2. (3) In the later stage of induction, the 
cells were induced and differentiated by 2.2 procedure. 
Only on the 12th day of, the cells were exposed to NP 
working solution for 48 hours. Cells were taken at 
each stage. Fig. 1 depicts exposure protocols and time 
duration of exposure.

Extraction of Adipose Tissue

After the rats were dissected, the para-gonadal fat 
pads were taken for gene expression assay, and the 
organ coefficient was calculated: the fat coefficient = fat 
wet weight (g) /body weight (g) × 100%.

Oil Red O Staining to Detect Intracellular 
Lipid Deposition

Oil Red O staining was performed on the 
differentiation stages induced by NP exposure to  
3T3-L1 preadipocytes, and each stained slice was 

Fig. 1. Exposure protocols and time duration of exposure.

Table 1. The sequences of the primers.

Gene name Sequences

Bax
Forword:CAGGATGCGTCCACCAAGAA

Reverse:CGTGTCCACGTCAGCAATCA

Caspase-3
Forword:GGCCTGAAATACCAAGTGAGGAA

Reverse:CCATGGCTTAGAATCACACACACA

β-actin
Forword: CACCCGCGAGTACAACCTTC

Reverse: CCCATACCCACCATCACACC
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observed and photographed with intracellular lipid 
droplets under a 100 × light microscope [19]. 

Detection of Apoptosis Related Gene Expression 
in 3T3-L1 Preadipocytes

Western Blot (WB) was performed to detect  
the protein expression of Bax and Caspase-3 in 3T3-L1 
preadipocytes; RT-qPCR was assayed to detect 
expression of Bax and Caspase-3 mRNA in adipose 
tissues [20].

Total RNA was extracted from samples. cDNA 
synthesis from total RNA samples was performed 
with cDNA Reverse Transcription Kit. RT-qPCR  
was performed using a qPCR platform and SYBR 

Green normalised with β-actin. Differences in gene 
expression between groups were calculated by the 
relative quantitative method. The calculation formula 
is: Q = 2-∆∆Ct, and the Ct of internal control was at the 
range of 18-25. The sequences of the primers used are 
listed in Table 1. 

Statistical Analysis

SPSS software (v23.0; SPSS Inc., Chicago, IL,  
USA) was used to perform statistical analyses. All 
descriptive statistics for variables in this study are 
reported as mean±standard deviation. ANOVA was  
used for comparison between multiple groups. 
Differences within the group were compared by the 
lSD method to the control group. The test level was 
α = 0.05. Three replicates were performed for each 
concentration, and the experiment was repeated three 
times

Results

Effect of NP Exposure on Body Weight 
of Rats

During the 0-16 weeks of breeding, the body weight 
of the NP-exposed group showed up-regulated trend, 
but there was no statistical significance (P>0.05). At 
the 18th week, the rats weight increased (F18 weeks = 2.312, 
P18 weeks = 0.035); during the 18-24 weeks of breeding, 
the rats' weight increased significantly, as shown in the 
NP high-dose group>medium-dose group>low-dose 
group>control group (P<0.05, Fig. 2).

Fig. 3. Effect of NP exposure on the expression of apoptotic proteins (Bax, Caspase-3) in adipose tissue of rats (n = 10). C: control group; 
l: low dose group; M: medium dose group; H: high dose group. avs control group, P<0.05; bvs low dose group, P<0.05; cvs high dose 
group, P<0.05.

Fig. 2. Effect of NP exposure on body weight of rats (n = 10).
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Effect of NP Exposure on the Expression 
of Apoptotic Proteins (Bax, Caspase-3) 

in Adipose Tissue

The expression of apoptotic protein Bax and 
Casapse-3 was both up-regulated in all the three 
NP exposure groups than in the control group.  
The expression of protein Bax was highest in group  
with high doses (FBax = 245.707, P<0.001); Meanwhile, 
the expression of protein Casapse-3 in high-dose 
group was around 3.5 fold of that of the control group. 
(FCaspase-3 = 87.711, P <0.001, Fig. 3).

Effect of NP Exposure on mRNA Expression 
of Apoptosis-Related Genes (Bax, Caspase-3)  

in Adipose Tissue of Rats 

Compared with the control group, mRNA 
expression of Bax was significantly up-regulated in 

the NP medium-dose group (FBax = 31.758, P<0.001); 
expression of Caspsae-3 mRNA was significantly 
higher in the NP high-dose group than in the control 
group (FCaspase-3 = 42.238, P<0.001, Fig. 4).

Oil Red O Staining of 3T3-L1 Preadipocytes 
Exposed to NP

After NP exposure to 3T3-L1 preadipocytes,  
no obvious Oil Red O staining was observed in 
the control group. When the NP concentration was  
40 pM, the Oil Red O staining increased, which was 
deeper than that of the control group; when the NP 
concentration was 40 nM, the Oil Red O staining 
dramatically increased, it was deeper than the control 
group and NP concentration at 40 pM, and some  
cells appeared red. When the NP dose was 40 μM, 
the whole field of view was the reddest, and new lipid 
droplets were observed (Fig. 5).

Fig. 5. Comparison of Oil Red O staining of T3-L1 cells exposed to different dose of NP (100 ×).  

Fig. 4. Relative mRNA expression of apoptosis-related genes (Bax, Caspase-3) in adipose tissue of rats (n = 10). C: control group; L: low 
dose group; M: medium dose group; H: high dose group. avs control group, P<0.05; bvs low dose group, P<0.05; cvs high dose group, 
P<0.05.
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Effect of NP Exposure at the Early, Middle and 
Later Stages of Induction of 3T3-L1 Preadipocytes 

on Protein Expression of Bax and Caspase-3 

At the early stage of induction, the relative protein 
expression of Bax in the high-dose NP exposure 
group was higher than that in the control group  
(FBax = 220.050, P<0.001); and the relative protein 
expression of caspase-3 in all three NP exposed 
groups was higher than in the control group  
(FCaspase-3 = 1199.542, P<0.001). At the middle stage 
of induction, the relative protein expression of both 
Bax and Caspase-3 in high-dose exposed group was 
higher than that in the control group (FBax= 54.329; 
FCaspase-3 = 449.201, P<0.001). At the late stage of 
differentiation, the expression of Caspase-3 protein 
at high dose of NP group was higher than that  
of the control group (FCaspase-3 = 15.490, P<0.001). 
However, Caspase-3 expression level was relatively lower 
than in the early and middle stages. Simultaneously, the 
protein expression of Bax also decreased at the late stage  
(FBax = 4.686, P = 0.008, Fig. 6).

Discussion

In the current study, the potential toxic influence 
of nonylphenol on Bax and Caspase-3 expressions 
in 3T3-L1 preadipocytes and adipose tissue of rats 
was explored. The results of this study showed  
that subchronic exposure of NP could increase the 
body weight and expression of Bax and Caspase-3 in  
adipose tissue of rats. In vitro, the accumulation of lipid 
droplets and increased expression of Bax and Caspase-3 
in 3T3-L1 preadipocytes after NP exposure were also 
revealed. 

The results of this experiment confirmed that  
the subchronic exposure of NP could increase the body 
weight of rats, and the more NP exposed (0-40 μM), 
the more body weight of rats gained. The experimental 
results verified the previous results of the research 
group [21], which was also reported by Zhang [22] and 
other scholars, that were: NP exposure contributed to 
the weight increase of rats offspring. Wang [23] et al. 
found that the possible mechanism of EDCs induced 
obesity is to directly combine with estrogen receptor 

Fig. 6. Effect of NP exposure on apoptotic proteins (Bax, Caspase-3) at the early, middle and later stages of induction of 3T3-L1 
preadipocytes. avs control group, P<0.05; bvs low dose group, P<0.05; cvs high dose group, P<0.05.

Early stage of induction
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which plays the role of agonist or antagonist, and finally 
promotes the increase of rat’s volume; NP can also be 
directly used as an active feeding metabolite to regulate 
rat’s satiety, disturb lipid metabolism, and induce the 
increase of rat’s weight [24]. In this study, NP exposure 
could lead to the increase expression of Bax and 
Caspase-3 in adipose tissue. Bax and Caspase family 
are important related genes in eukaryotic cell apoptosis. 
Many studies have confirmed that activated caspase-3 
has the apoptotic effect [25-27] . The results showed 
that NP could increase the body weight, the expression 
of Bax and Caspase-3 in rats, and there was a positive 
correlation between them, but it could not explain the 
causal relationship, further experiments are needed to 
explore their relationship.

The results of in vivo and in vitro experiments 
are the consistent: after NP exposure to 3T3-L1 
preadipocytes, it was observed the increase of degree 
of Oil Red O staining with the increase of NP dosage, 
which indicated that the accumulation of lipid droplets 
in 3T3-L1 preadipocytes may be the cause of obesity; 
meanwhile, the up-regulation of protein expression of 
Bax and Caspase-3 in each NP exposure groups was 
found in the early and middle stage of NP induced 
3T3-L1 preadipocytes. The above findings demonstrate 
that NP could increase the expression of Bax and 
Caspase-3, thus affecting the process of apoptosis in 
rats. Peng et al. [28] found that NP could affect the 
spermatogenic function of spermatogenic cells by 
increasing the expression of Bax and Caspase-3 in rat 
testis. At present, there is no study on the increase  
of apoptosis of adipocytes induced by NP exposure. 
This study was the first to find that Bax and Caspase-3 
expression of adipocytes of NP exposure to 3T3-L1  
was mainly concentrated in the early and middle  
stage of induction, and the effect of the late stage 
of induction was not obvious. The early and middle 
stage of cell differentiation was the key stage of 
cell differentiation, which indicated that NP had 
an important impact on apoptosis of adipocytes 
in the early stage of cell formation. Although a 
large number of studies have reported that NP 
can affect the proliferation and differentiation of 
preadipocytes, few reports point to the critical stage of  
preadipocyte differentiation. If the proliferation and 
differentiation of adipocytes are interfered by chemical 
or physical methods in critical period, which could be 
a strategy to reduce the incidence of obesity-related 
diseases.

Conclusion

The subchronic exposure of NP could increase the 
weight of rats and the expression of Bax and Caspase-3 
in adipose tissue. In vitro, it was also found that the 
expression of Bax and Caspase-3 in preadipocytes 
increased after NP exposure, but further experiments 
are necessary to confirm whether there is a causal 

relationship between them. As mentioned earlier, 
adipose cell apoptosis is a very critical part of cell 
steatosis, which can induce fat degeneration of cell. 
Therefore, inhibition of adipocyte apoptosis can be 
used as one of the strategies for treating obesity-related 
metabolic complications.
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