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Abstract. Disorders in cholesterol metabolism are critical in 
development of atherosclerosis and are related to acute myocar-
dial infarction (AMI). The liver is one of the most important 
organs that balances cholesterol metabolism. In order to 
investigate whether Nur77 is capable of regulating cholesterol 
metabolism in HepG2 cells and to demonstrate the underlying 
mechanism, the downregulation and upregulation of Nur77 
expression in HepG2 cells was achieved by the transfection 
of siRNA specific to Nur77 and the transfection of the recom-
binant plasmid, pcDNA3.1-Nur77, respectively. Following the 
downregulation and upregulation of Nur77 expression, changes 
in the total cholesterol (TCHO) levels in HepG2 cells were 
observed based on lipid overloading. Thereafter, changes in 
a series of key gene expressions related to hepatic cholesterol 
metabolism were measured at the mRNA and protein levels by 
RT-PCR and western blot analysis, respectively. The TCHO 
levels in the HepG2 cells were found to increase following 
the downregulation of Nur77 expression and to decrease 
following the upregulation of Nur77 expression; these results 
were confirmed by oil red O staining of the cells. As for the 
hepatic cholesterol metabolism genes, low-density lipoprotein 
receptor (LDLR) and HMGCoA reductase (HMGCR) levels 
increased following the downregulation of Nur77 expression 
and decreased following the upregulation of Nur77 expression. 
However, liver X receptor α (LXRα) expression did not change 
markedly along with that of Nur77. According to these find-
ings, we conclude that Nur77 is capable of reducing hepatic 

cholesterol based on lipid overloading, and that this may be 
due to the decrease in LDLR and HMGCR levels.

Introduction

To date, an increasing number of individuals worldwide are 
experiencing cholesterol metabolism disorders. These disor-
ders are one of the key factors of atherosclerosis development 
and are related to a number of serious diseases, such as acute 
myocardial infarction (AMI) and stroke (1,2). The liver is the 
organ that plays a role in reverse cholesterol transport and is 
responsible for the excretion of cholesterol. Abnormal lipid 
profiles are often observed in patients with liver diseases (3). 
Therefore, much of the research has been focused on the 
hepatic cell when investigating cholesterol metabolism disor-
ders. 

Nur77 is also known as nuclear receptor subfamily 4 group A 
member 1 (NR4A1) and nerve growth factor I-B (NGFI‑B), and 
was first discovered by Milbrandt in 1988 in the pheochromo-
cytoma cell line, PC12, after being induced by the nerve growth 
factor (4). Nur77 belongs to the NR4A family of nuclear recep-
tors, which also includes Nurr1 (NR4A2) and Nor1 (NR4A3). 
As with other nuclear receptors, it consists of an N-terminal 
activating-function-1 domain, a central DNA-binding domain, 
and a C-terminal ligand-binding domain (LBD) (5). However, 
the LBD of Nur77 is not typical and lacks the classical ligand-
binding pocket (6). Therefore, it has been demonstrated that 
Nur77 is regulated by differential gene expression and post-
translational modification rather than ligand-binding (7,8). It 
has been reported that Nur77 plays a role in the regulation of 
a number of biological process including apoptosis, inflamma-
tion and glucose metabolism (9-16). It has also been reported 
that Nur77 is involved in hepatic lipid metabolism in mice, and 
can lower hepatic triglyceride levels through the suppression of 
SREBP1c activity (17). However, there is no significant evidence 
on whether Nur77 is capable of regulating the hepatic choles-
terol metabolism, particularly in humans.

In this study, we demonstrate for the first time that Nur77 
reduces hepatic cholesterol based on lipid overloading, and the 
underlying mechanism may lie in the decrease in the levels of 
the low density lipoprotein receptor (LDLR) and HMGCoA 
reductase (HMGCR).
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Materials and methods

Cell culture. The HepG2 cells were purchased from the 
American Type Culture Collection (ATCC). The cells were 
maintained in Dulbecco's modified Eagle's medium (Gibco 
Invitrogen Life technologies, Shanghai, China) supple-
mented with 10% heat-inactivated fetal bovine serum (Gibco 
Invitrogen Life technologies).

RNA interference. An siRNA segment specific for Nur77 
was synthesized by Ribobio Co. Ltd. (Guangzhou, China). 
The sequence is shown in Table Ⅰ. The transfection process 
was carried out using Lipofectamine 2000 transfection 
reagent (Gibco Invitrogen Life technologies) according to the 
manufacturer's instructions. In order to achieve the optimal 
downregulation of Nur77 expression, the duration of the 
transfection process and the ratio of the siRNA fragment and 
Lipofectamine 2000 were optimized, respectively. 

Construction and transfection of the recombinant plasmid. The 
PIRES2-EGFP vector and PCR-XL-TOPO vector (containing 
Nur77 which was assembled by the chemically synthesized 
oligos through PCR) were purchased from Invitrogen Life 
technologies. Segments of EcoRI-Nur77 and IRES-EGFP‑XhoI 
were amplified using the template of the PCR-XL-TOPO and 
PIRES2-EGFP vectors, respectively. Gel electrophoresis was 
carried out and the 1,800 and 1,300 bp bands were retrieved, 
respectively. EcoRI-NR4A1-IRES-EGFP-XhoI was then 
jointed by the two segments mentioned above using overlap 
PCR. Gel electrophoresis was carried out again and the 3,100 bp 
band was retrieved. The retrieved fragment was then double 
enzyme digested by EcoRI/XhoI (Takara Biotechnology Co., 
Ltd., Dalian, China), and was linked to the pcDNA3.1(+)vector 
(Takara Biotechnology Co., Ltd.). It was then transformed into 
the competent cells, DH5α, (Takara Biotechnology Co., Ltd.), 
for further amplification and use. The recombinant plasmid 
was verified by sequencing and named as pcDNA3.1‑Nur77. 

The plasmid transfection process was carried out using 
Lipofectamine 2000 transfection reagent according to the manu-
facturer's instructions. The ratio of plasmid and Lipofectamine 
2000 was optimized to 1:2.5 (µg:µl).

Quantification of total cholesterol (TCHO) in HepG2 cells. 
In order to achieve the lipid overload model of the HepG2 cell 
line, a mixture of oleate/palmitate (at a ratio of 2:1) was added 
into the regular DMEM culture 6 h following the transfection 
of the siRNA segment and recombinant plasmid, respectively. 
The final concentration of the mixture was diluted to 0.5 nM as 
described previously (18). A total of 48 h after lipid overloading, 
different groups of the cells were dissociated with RIPA buffer 
(Biocolors Biotechnologies, Shanghai, China). The profiles of 
TCHO and total protein (TP) levels were quantified by the 
automated biochemistry analyzer, AU5400 (Beckman Coulter 
Ltd., USA), using the kits of Ausbio Laboratories Co., Ltd. 
(Yantai, China) and Beckman Coulter Co., Ltd., respectively. 
The TCHO levels of the different groups were corrected for 
the level of TP.

Oil red O staining. As for the HepG2 cell staining, the cells 
were rinsed 3 times with PBS and fixed in 10% formalin for 

30 min. They were briefly washed with running tap water for 
2 min and stained with freshly prepared oil red O working 
solution for 15 min. The cells were then rinsed with 60% 
isopropanol and distilled water, then the lipids in the cells 
were observed to be clearly stained red. 

RNA extraction, cDNA synthesis and RT-PCR analysis. RNA 
was extracted from the cells using RNAiso plus (Takara 
Biotechnology Co., Ltd.) according to the manufacturer's 
instructions. Thereafter, the cDNA was synthesized from 
1 µg total RNA using a PrimeScript RT reagent kit (Takara 
Biotechnology Co. Ltd.). Quantitative RT-PCR was performed 
using SYBR Premix Ex Taq (Takara Biotechnology Co. Ltd.) 
in the ABI 7500 fast RT-PCR system with gene-specific 
primers. Primer sequences were designed and are shown in 
Table Ⅱ. All expression levels were corrected to the expression 
of the housekeeping gene, GAPDH.

Western blot analysis. Protein was extracted from the cells 
using RIPA buffer (Biocolors Biotechnologies). The protein 
concentration was quantified using the BCA protein assay kit 
(KeyGen Biotechnologies, Nanjing, China). A sample of 50 µg 
TP was used to carry out the western blot analysis with the 
PowerPac Basic Electrophoresis system (BioRad, Singapore). 
Specific antibodies were synthesized by Abcam Ltd. (Hong 
Kong, China). All expression levels were corrected to the 
expression of the housekeeping protein, β-actin.

Statistical analysis. All data were retrieved from 3 independent 
experiments, and shown as the means ± standard deviation 
(SD). The paired t-test was used to calculate statistical signifi-
cance using SPSS13.0 software. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Downregulation of Nur77 expression by RNA interference. 
Following the optimization of transfection time and siRNA 
dose, the optimal downregulation of Nur77 expression was 
achieved following transfection at a final siRNA concentration 
of 100 nM for 36 h. According to the RT-PCR analysis, the 
optimal downregulation (approximately 10%) was achieved 
36 h following the transfection using the siRNA dose of 100 nM. 
Furthermore, the downregulatory effect was confirmed by 
western blot analysis 48 h following transfection of the siRNA 
segment at a final concentration of 100 nM. The results were in 
agreement with those of the RT-PCR analysis (Fig. 1).

Identification of the recombinant plasmid and upregulation of 
Nur77 expression. The inserted gene ‘EcoRI-NR4A1-IRES-
EGFP-XhoI’ was amplified by overlap PCR as described 
in Materials and methods. It was then linked into the 
pcDNA3.1(+) vector and amplified by DH5α. The recombinant 
plasmid (pCDNA3.1-Nur77) was then double enzyme digested 
(EcoRI/XhoI), and the result of the gel electrophoresis is 
shown in Fig. 2. Bands of 3.1 and 5.4 kb may be observed 
clearly in Fig. 2. The total sequencing data of the inserted 
gene was combined and the total length was also 3.1 kb, which 
implied that the construction of the recombinant plasmid was 
successful.
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A total of 48 h following transfection of the recombinant 
plasmid, the expression level of Nur77 mRNA increased 
markedly (approximately 500-fold higher than the control) 
according to the RT-PCR analysis. Similarly, the expression 
level of the Nur77 protein markedly increased 48 h following 
the transfection of the plasmid, pCDNA3.1-Nur77, compared 

with the control (pcDNA3.1-mock), which can be observed 
clearly in the western blot analysis results (Fig. 3).

Nur77 reduces TCHO levels in HepG2 cells. Five groups of cells 
were included in this experiment. No transfection was carried 
out in the blank group. siRNA-NC and siRNA-Nur77 were the 
downregulated groups. They were transfected with the negative 
control of the siRNA segment and siRNA specific for Nur77, 
respectively. pcDNA3.1-mock and pcDNA3.1-Nur77 were the 
upregulated groups. They were transfected with the empty 
pcDNA3.1 plasmid and the recombinant plasmid pcDNA3.1, 
respectively. The regular DMEM culture was changed into 
the lipid overload culture mentioned previously (15), 6 h after 
each transfection. A total of 48 h later, the TCHO levels in 
HepG2 cells were quantified after correction to the level of 
TP. The TCHO levels in the HepG2 cells showed an 8.8% 
increase following the downregulation of Nur77 expression 
(0.124±0.017 mmol/gTP vs. 0.114±0.019 mmol/gTP). On the 
other hand, TCHO levels showed a 14.2% decrease following 
the upregulation of Nur77 expression (0.091±0.017 mmol/
gTP vs. 0.106±0.01 mmol/gTP). The changes were statistically 
significant (Table Ⅲ). 

Oil red O staining was performed in the five groups after 
the same number of lipid overload hours. The results are in 
agreement with the TCHO quantification results, as is shown 
in Fig. 4.

Table II. Primers for RT-PCR amplification of the genes.

Name	 Sequence (5'-3')

GAPDH-forward	 GCACCGTCAAGGCTGAGAAC
GAPDH-reverse	 TGGTGAAGACGCCAGTGGA
Nur77-forward	 CCAGCACTGCCAAACTGGACTA
Nur77-reverse	 CTCAGCAAAGCCAGGGATCTTC
LDLR-forward	 GGCAGTGTGACCGGGAATATG
LDLR-reverse	 TTCGCCGCTGTGACACTTG
HMGCR-forward	 GCCTGGCTCGAAACATCTGAA
HMGCR-reverse	 CTGACCTGGACTGGAAACGGATA
LXRα-forward	 TCTGGAGACATCTCGGAGGTACAAC
LXRα-reverse	 AGCAAGGCAAACTCGGCATC

LDLR, low density lipoprotein receptor; HMGCR, HMGCoA reduc-
tase; LXRα, liver X receptor α.

Table I. siRNA fragments synthesized for Nur77.

Target sequence	 Synthesized sequence

CGGCTACACAGGAGAGTTT	 5'-CGGCUACACAGGAGAGUUU dTdT-3'
	 3'-dTdT GCCGAUGUGUCCUCUCAAA-5'

Figure 1. Downregulation of Nur77 expression by of RNA interference. The siRNA concentration of 100 nM was used to achieve the downregulation of Nur77 
expression. The relative expression level of Nur77 mRNA dereased to approximately 10% 36 h following the transfection of the siRNA segment according to 
the RT-PCR analysis. Compared with the negative control (siRNA-NC), the difference was statistically significant (*P<0.01). This downregulatory effect was 
confirmed by western blot analysis 48 h following the transfection of the siRNA segment (*P<0.01).
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Nur77 modulates hepatic cholesterol metabolism gene 
expression. In order to investigate the mechanism under-
lying the reduction in hepatic TCHO levels in response to 
the upregulation of Nur77 expression, we performed mRNA 
expression analysis of a series of genes that are critical in 
hepatic cholesterol metabolism, including LDLR, HMGCR 
and LXRα. According to the downregulation and upregulation 
in the expression of Nur77, RNA was extracted from the cells 
36 h following siRNA transfection, and 48 h following the 
transfection of the recombinant plasmid, respectively. RT-PCR 
analysis was then performed and the mRNA expression was 
corrected to that of the housekeeping gene, GAPDH. LDLR 
and HMGCR levels were found to increase following the 
downregulation of Nur77 expression and to decrease following 
the upregulation of Nur77 expression. However, the expression 

of LXRα did not change markedly along with that of Nur77. 
All these trends were confirmed by western blot analysis 
performed 48 h following the downregulation and upregula-
tion of Nur77 expression, which may be observed clearly in 
Fig. 5.

Discussion

The liver is one of the most important organs that plays a role 
in cholesterol metabolism and helps to maintain the balance of 
serum lipid profiles. Nur77 has been reported to play a role in 
the regulation of lipid metabolism. The hepatic expression of 
Nur77 via adenoviral overexpression vectors in mice has been 
shown to modulate the plasma lipid profiles, and reduce hepatic 
triglyceride content (17,19,20). It has also been reported that 
Nur77 null mice on a high-fat diet exhibit increased hepatic 
steatosis  (15). However, all these studies have focused on 
Nur77 and the regulation of hepatic triglyceride metabolism, 
and it is not clear whether Nur77 plays a role in the regulation 
of hepatic cholesterol metabolism.

Using the siRNA oligonucleotides and the recombinant 
plasmid specific for Nur77, we successfully achieved the 
downregulation and upregulation of Nur77 expression in 
HepG2 cells. Based on lipid overloading, the TCHO level 
in HepG2 cells was found to increase following the down-
regulation of Nur77 expression and to decrease following the 
upregulation of Nur77 expression. This phenomenon confirms 
that Nur77 does play a role in the regulation of hepatic choles-
terol metabolism.

We then investigated the mechanism underlying this 
phenomenon by examining a series of genes which are critical 
in hepatic cholesterol metabolism. LDLR and HMGCR levels 
were found to increase following the downregulation of 
Nur77 expression and to decrease following the upregulation 
of Nur77 expression; yet LXRα expression did not change 
markedly along with that of Nur77. LDLR plays an important 
role in the clearance of plasma‑activated α2-macroglobulin 
and apolipoprotein E-enriched lipoproteins (21). It is highly 
expressed in the hepatic cell and is responsible for the absorp-

Table III. TCHO levels in HepG2 cells following the downregulation and upregulation of Nur77 expression.

	 Blank	 siRNA-NC	 siRNA-Nur77	 pcDNA3.1-mock	 pcDNA3.1-Nur77

TCHO
(mmol/l)	 0.933±0.132	 0.507±0.075	 0.673±0.080	 0.503±0.064	 0.393±0.038
TP
(g/l)	 8.567±0.058	 4.467±0.252	 4.633±0.058	 4.800±0.265	 4.900±0.200
TCHO/TP
(mmol/gTP)	 0.109±0.015	 0.114±0.019	 0.145±0.017	 0.106±0.018	 0.081±0.011
t			   -15.522a; -14.923b		  11.625a; 5.274c

P value			   0.004a; 0.004b		  0.007a; 0.034c

Quantitative data represent the means ± SD. Quantification results of hepatic cholesterol were corrected by TP (TCHO/TP). aCompared with 
the blank group; bcompared with the siRNA-NC group; ccompared with the pcDNA3.1-mock group. As for the siRNA-Nur77 group, the value 
of ‘TCHO/TP’ is higher than that of the blank and siRNA-NC groups (P<0.01 compared with the blank group; bP<0.01 compared with the 
siRNA‑NC group). As for the pcDNA3.1-Nur77 group, the value of ‘TCHO/TP’ is lower than that of the blank and pcDNA3.1-mock groups 
(aP<0.01 compared with the blank group; cP<0.05 compared with the pcDNA3.1-mock group). TCHO, total cholesterol; TP, total protein.

Figure 2. Electrophoresis results of the double enzyme digested (EcoRI/XhoI) 
plasmid. The EcoRI and XhoI enzymes were used to carry out the digestion 
of the recombinant plasmid according to the pcDNA3.1(+) manual and the 
design of the overlap PCR. After carrying out electrophoresis of the digestion 
products, bands of 3.1 and 5.4 kb can be observed clearly, which represent the 
inserted Nur77 and the rest of the pcDNA3.1(+) plasmid, respectively.
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Figure 3. Upregulation of Nur77 expression using the recombinant plasmid. According to the RT-PCR analysis, the relative expression level of Nur77 mRNA 
increased to approximately 500-fold higher than that of the control (pcDNA3.1-mock) 48 h following the transfection of the plasmid, pCDNA3.1-Nur77. The 
difference between the 2 groups was statistically significant (*P<0.01). The relative expression level of Nur77 mRNA in the pcDNA3.1-mock group was very 
low compared with that of the pcDNA3.1-Nur77 group; the bar can barely be observed, which implied that the upregulatory effect was marked. This upregula-
tory effect was confirmed by western blot analysis 48 h following the transfection of the recombinant plasmid (*P<0.01).

Figure 4. Oil red O staining results of HepG2 cells following the downregulation and upregulation of Nur77 expression. The quantification of TCHO levels 
was carried out in the same way for the five groups. (A) Blank group, (B) siRNA-NC and (C) siRNA-Nur77 were the downregulated groups. (D) pcDNA3.1-
mock and (E) pcDNA3.1-Nur77 were the upregulated groups. Following the downregulation of Nur77 expression, the lipid in the cells was increased in the 
siRNA-Nur77 group compared with that in the siRNA-NC and blank groups. On the contrary, following the upregulation of Nur77 expression, the lipid in the 
cells decreased in the pcDNA3.1-Nur77 group compared with that in the pcDNA3.1-mock and blank groups. These results are in agreement with the TCHO 
quantification results. TCHO, total cholesterol.
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Figure 5. Changes in mRNA and protein levels of hepatic cholesterol metabolism genes following the downregulation and upregulation of Nur77 expression. 
(A) The relative expression level of LDLR mRNA increased following the downregulation of Nur77 expression and decreased following the upregulation 
of Nur77 expression. The differences between the siRNA-Nur77 group and the siRNA-NC group and those between the pcDNA3.1-Nur77 group and the 
pcDNA3.1-mock group were statistically significant (*P<0.01). Protein levels of LDLR among these groups experienced the same change. (B) As for HMGCR, 
the changes in mRNA and protein expression levels were similar to those of LDLR. (C) Relative expression levels of LXRα mRNA and protein did not change 
along with those of Nur77. There was no significant difference between the siRNA-Nur77 group and the siRNA-NC group, and also no significant difference 
between the pcDNA3.1-Nur77 group and the pcDNA3.1-mock group (NS, no significance; P>0.05). LDLR, low density lipoprotein receptor; HMGCR, 
HMGCoA reductase; LXRα, liver X receptor α.
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tion of plasma LLP. Therefore, the decrease in LDLR levels 
may contribute to the decrease in TCHO levels in the HepG2 
cell in response to the overexpression of Nur77. HMGCR is 
the rate-limiting enzyme of hepatic cholesterol synthesis (22). 
It also experienced a decrease following the upregulation of 
Nur77 expression, and this may also play a role in the decrease 
of hepatic TCHO levels. Conversely, the expression level of 
HMGCR increased following the downregulation of Nur77 
expression, and the hepatic TCHO level increased concomi-
tantly. These results are in agreement with those from the 
animal study of Chao et al (15), which also demonstrated the 
correlation between HMGCR and Nur77 expression. LXRα is 
one of the most well-known regulators of hepatic cholesterol 
metabolism. It is the key factor in cholesterol catabolism and 
plays an important role in the synthesis and excretion of bile 
acid (23). However, to our disappointment, the Nur77-induced 
change in hepatic TCHO levels was not related to LXRα.

To date, it has been confirmed that Nur77 is critical in 
the induction of apoptosis (11,24). Therefore, there has been 
much interest in the possibility of a Nur77 agonist as a new 
potential anticancer drug. However, according to our findings, 
the hepatic cholesterol decreasing effect of Nur77 must be 
considered when evaluating this possibility.

In conclusion, we demonstrate that Nur77 plays a role in 
the regulation of hepatic cholesterol metabolism and reduces 
the cholesterol level in hepatocytes. The reason for this regu-
lation may lie in the fact that Nur77 may reduce the hepatic 
expression of LDLR and HMGCR.
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