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by up-regulation of SREBP1c expression in  
UL122 genetically modified mice
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Abstract: Non-alcoholic fatty liver disease (NAFLD), a liver manifestation of metabolic syndrome, is associated 
with considerable health and socioeconomic burdens in many populations worldwide. Recent studies suggest that 
human cytomegalovirus (HCMV) infection might play a role in the pathogenesis of metabolic diseases, including 
NAFLD, but it is still unclear whether HCMV-encoded IE2 plays an important role in this process. Interestingly, 
SREBP1c was recently reported to play critical roles in the development of hepatic steatosis. In this study, we aimed 
to study the IE2 effect on the expression levels of SREBP1c and on lipid metabolism in the liver of UL122 geneti-
cally modified mice. First, UL122 genetically modified mice models that can steadily and continuously express IE2 
protein were established. Then, the mice were divided into the experimental group (positive mice identified) and 
the control group (wild-type mice, n=16 per group). The establishment of UL122 genetically modified mice was 
identified by PCR technology. The triglyceride content in their livers was measured using a colorimetric assay and oil 
red O-stain. Real-time PCR and immunohistochemistry were performed to detect the expression levels of SREBP1c 
mRNA and protein after HCMV infection. We found that SREBP1c expression was significantly elevated in the experi-
mental group, and its overexpression in the liver cells can promote triglyceride accumulation and hepatic steatosis. 
Taken together, our data collectively demonstrate that HCMV infection is highly associated with NAFLD, SREBP1c 
overexpression promotes hepatic steatosis, and this up-regulation is most likely mediated by IE2.

Keywords: IE2, SREBP1c, NAFLD, liver, lipid metabolism

Introduction 

For decades, clinical and epidemiological inves-
tigations have shown a high rate of HCMV infec-
tion in patients with atherosclerosis (AS), which 
indicates that there may be a link between 
HCMV infection and lipid metabolism disorders 
[1-3]. Previous studies have also shown that 
HCMV infection requires the induction of lipo-
genesis [4]. Surprisingly, studies from our labo-
ratory have shown that HCMV infection pro-
motes the development of non-alcoholic fatty 
liver disease (NAFLD). Even though there is 
accumulating evidence suggesting an associa-
tion between HCMV and lipid metabolism disor-
ders, relatively little is known about the patho-
genic mechanism of HCMV in various diseases, 
especially NAFLD.

Human cytomegalovirus (HCMV), a 240-kb 
double-stranded DNA genome, belongs to the 

beta subfamily of herpesviruses and encodes 
over 200 open reading frames (ORFs) [5]. HCMV 
can infect any population, with up to an 80% 
infection rate before the age of 3, and up to a 
100% infection rate in adulthood. Congenital 
HCMV infection occurs in 1 to 2% of infants and 
can result in many diseases, such as microce- 
phalus, epileptic encephalitis, pediatric seve- 
re hepatitis syndrome. Additionally, it is a wide- 
spread opportunistic agent in various immuno-
suppressed populations, and it might contrib-
ute to cardiovascular disease, cancer, immune 
senescence, or atherosclerosis [6]. 

In the process of virus infection, the expression 
of HCMV genes occur in a certain order, divided 
into the immediate early (IE), early (E) and late 
(L) phases. The IE gene transcript can encode 
IE1 and IE2 by different splicing methods [7]. 
IE2, a 579-amino-acid protein, is encoded by 
the gene UL122. The primary role of IE2 is to 
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activate viral E gene expression, which is criti-
cal for the progression of the HCMV replication 
cycle, as it cannot be replaced by the activity of 
other viruses or cellular proteins known so far 
[8]. 

Non-alcoholic fatty liver disease (NAFLD) is a 
liver manifestation of metabolic syndrome, and 
it is estimated to affect 1 billion individuals 
worldwide [9]. On pathological diagnosis: 
Hepatic steatosis is commonly diagnosed when 
>5% of hepatocytes contain large lipid droplets 
or when intrahepatic triglyceride content is 
>5.6% [10]. NAFLD is characterized by over-
weight and/or visceral obesity, high fasting 
blood glucose, dyslipidemia, hypertension and 
other metabolic syndrome related components. 
Sterol regulatory element binding proteins 
(SREBPs) is the general term for three ma- 

cies-specific nature of HCMV, our laboratory 
established a UL122 genetically modified mice 
model. The establishment of the UL122 gene- 
tically modified mice model overcame species 
specificity, an innovation which will contribute 
to understanding the mechanisms of IE2 induc-
ing diseases, as well as providing a theoretical 
basis for the prevention and treatment of some 
diseases.

Materials and methods

Animals

Four UL122 genetically modified mice (two 
males and two females, C57BL/6) that can  
persistently and steadily express IE2 in  
an organismic internal environment were 
obtained from the Laboratory of Pathogenic 

Figure 1. Identification of the UL122 positive and negative mice by PCR. 
(Lanes 1-2, 5-8,10) positive mice, the UL122 gene was extracted from the 
mice tails. (Lanes 3-4, 9) the negative mice, in which UL122 gene was not 
extracted from the tails. (Lanes -, +) the water control and positive. PCR prod-
uct size: 470 bp.

Table 1. Serum biochemical indexes of 36-week-old mice
Experimental group (male) Control group (male) P value

Number of mice 16 16
Age (weeks) 36 36
Weight (g) 35.01 (30.5-38.7) 30.42 (29.4-31.5)** <0.01
FPG (mmol/L) 11.49 (9.6-14.1) 10.01 (8.4-11.9)*** <0.001
TG (mmol/L) 0.49 (0.26-0.62) 0.32 (0.17-0.50)* <0.05
T-CHO (mmol/L) 2.31 (1.89-2.78) 2.04 (1.49-2.57) 0.076
HDL-C (mmol/L) 1.36 (0.78-1.99) 1.57 (0.84-2.21) 0.318
LDL-C (mmol/L) 0.34 (0.27-0.43) 0.39 (0.30-0.52) 0.094
*P<0.05; **P<0.01; ***P<0.001.

jor nuclear transcription fac-
tors that control expression  
of lipogenic genes and adipo-
cyte differentiation. Mamma- 
lian cells have two genes cod-
ing for three SREBPs isofor- 
ms: SREBP1a, SREBP1c, and 
SREBP2 [11]. Recent studies 
indicated that the increased 
lipid biosynthesis is mediated 
by the SREBP1 in the HCMV-
infected cells [4, 12, 13]. 
Although SREBP1a and SRE- 
BP1c cannot be differentiat- 
ed immunologically, studies 
using transgenic and knock-
out mice have shown that 
SREBP1a regulates gene ex- 
pression for both fatty acid 
and cholesterol synthesis, but 
SREBP1c activates only genes 
in fatty acid synthesis. Furth- 
ermore, SREBP1c plays an 
important role in the develop-
ment of hepatic steatosis [14, 
15].

In this study, we aimed to 
observe the changes in the 
signs of UL122 genetically 
modified mice and the effect 
of IE2 on the expression of 
SREBP1c and explore the me- 
chanism of lipid metabolism  
in liver. Due to the highly spe-



SREBP1c overexpression promotes NAFLD progression

4215 Int J Clin Exp Pathol 2018;11(8):4213-4220

Biology of Qingdao University. All animal ex- 
periments were authorized by the Animal 
Experiments Committee of Qingdao University. 
Four C57BL/6 wild-type breeding mice (two 
males and two females) mated with the UL- 
122 genetically modified mice randomly, and 
four pairs were divided respectively into four 
cages kept in an SPF environment. We extra- 
cted the DNA of the mice and used PCR te- 
chnology to identify the UL122 genetically  
modified mice. The genotyping was perfor- 
med after weaning at 4-6 weeks, and the  
male littermates were divided into two groups: 
UL122 positive mice and UL122 negative mi- 
ce. Finally, the test mice studies included  
sixteen, 12 to 16 week-old male UL122 po- 
sitive mice as the experimental group and  
sixteen male wild-type mice of the same age  
as the control group that were in an SPF 
environment.

University Affiliated Hospital. TC (CHOD-PAP 
method), TG (GPO-PAP method), HDL-L (IRC 
method), LDL-L (CAT method) and FPG (glucose 
oxidase method) were measured on an analyz-
er (Hitachi 7600-020, Hitachi, Tokyo, Japan).

Triglyceride quantification in the liver

Triglyceride (TG) content was measured using a 
colorimetric assay (Applygen, Beijing, China). All 
samples were determined in duplicate, and the 
triglyceride values were expressed as mg of 
triglycerides/g of protein.

Real-time PCR assay

After 36 weeks, we sacrificed all the mice and 
removed the livers, and we processed the rele-
vant experiments. Total RNA was extracted 
from the hepatocyte using an RNA isolation kit 
(TIANGEN) and reverse transcribed using a 

DNA extraction and RT-PCR

DNA extraction was prepared 
from each rat tail by using  
a CWBIO Universal Genomic 
DNA Kit (lot: 50223) and the 
RT-PCR amplification of HC- 
MV IE2 gene [5’-GCAATTCTT- 
TGAGGCTCCAC-3’ and 5’-CC- 
GCAAGAACAAGAGCAAAC-3’, 
470 bp]. The mixture was incu-
bated at 94°C for 5 min and 
then 35 cycles of 94°C, 30 
sec; 60°C, 35 sec; 72°C, 1 
min, and a further 72°C for 10 
min. The PCR products were 
identified by restriction enzy- 
me and sequence analysis.

Clinical and metabolic char-
acteristics 

General data including age, 
physical examination (body 
weight [g] measured weekly 
up to 36 weeks), and bioche- 
mical indicators, including TC, 
TG, HDL-C, LDL-C, and FPG, 
were recorded. All the mice 
were put on an overnight fast 
for over 12 h, and a 1 ml blood 
sample was analyzed in the 
clinical laboratory of Qingdao 

Figure 2. Weight increase, and total triglyceride levels were detected from 
liver tissue and mRNA expression of SREBP1c in different groups. A. Weight 
increases of the experimental group and the control group were monitored 
once every two weeks from 20 to 36 weeks; there was a difference (P<0.05) 
in body weight from 30 weeks. B. Total triglyceride levels were detected from 
the liver tissue. The figure shows that TG levels were markedly increased in 
the experimental group compared to the control group. C. Human cytomega-
lovirus (HCMV) up-regulated the mRNA expression of SREBP1c. Expression 
levels of SREBP1c assayed by real time-PCR. The experimental group is the 
UL122 positive group; the control group is wild-type mice group. Means ± 
SEM, n=16 mice per group, *P<0.05; **P<0.01; ***P<0.001 vs. control 
group.
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reverse transcription kit (Roche). 5 ul of  
the reverse transcripts was added to a 15  
ul PCR mixture (FastStart Essential DNA  
Green Master) for 40 cycles with a BIO-Rad 
iQ™5 Instrument. The primers were as foll- 
ows: 5’-GCGCTACCGGTCTTCTATCA-3’ and 5’- 
GGATGTAGTCGATGGCCTTG-3’ (SREBP1c, 113 
bp); 5’-GTGCTATGTTGCTCTCTAGACTTGG-3’ and 
5’-ATGCCACAGGATTCCATACC-3’ (β-actin, 174 
bp).

ary antibodies for 40 min. Then the tissue sec-
tions were exposed to DAB for 1 min; and 
hematoxylin for 50 seconds; a differentiate 
solution for 1 second, and then they were 
observed after the neutral gum seal.

Statistical analyses

Statistical analyses were conducted using 
SPSS 24.0 (SPSS Inc., Chicago, IL, USA). Data 

HE staining and oil red o-
stained of mice liver

Approximately 3 μm paraffin 
sections from the liver tissues 
were stained with H&E and 
examined by a lighted micro-
scope (from Olympus, Japan). 
5 μm frozen sections of the 
liver tissue were stained with 
saturated Oil Red O staining 
solution (G1260, Solarbio).

Immunohistochemistry

The livers of all the mice were 
isolated, fixed with 4% Citro- 
mint and embedded in paraf-
fin, cut into 3 μm sections, 
and immunostained. 3 μm 
liver sections were put on  
the charged slides, baked at 
60°C for 40 min, then depar-
affinized, rehydrated, and 
placed in boiling water for 2 
min, then we performed anti-
gen retrieval with a sodium 
citrate buffer (pH 6.0) for 40 
min. After they cooled to ro- 
om temperature, the sections 
were washed by distilled water 
and PBS for 15 min. En- 
dogenous catalase was inacti-
vated with 3% hydrogen perox-
ide. The sections were then 
incubated with the primary 
antibody in the incubator at 
37°C for 1 hour. (the SREBP1 
antibodies were diluted at 
1:50, Cloud-Clone Corp.; the 
anti-IE2 antibody was diluted 
at 1:25, Millipore, USA). After 
being washed with distilled 
water and PBS, the sections 
were incubated with second-

Figure 3. Increased lipid droplets in fatty liver in UL122 positive mice. Sec-
tions of the liver from the experimental group and the control mice were sub-
jected to H&E staining and analysis using an OLYMPUS FSX100 microscope 
with a 200× objective lens (A, B). Oil red O-stained liver sections (X200) (C, 
D). As the picture shows, there was hepatic steatosis in the experimental 
group (A, C) vs. the control group (B, D). The experimental group is the UL122 
positive group; the control group is wild-type mice group.

Figure 4. IE2 immunohistochemistry in the livers of experimental group and 
the control group mice. Immunohistochemistry for IE2 in the liver of mice (A, 
B). In the experimental group, nuclear staining was strongly positive (A). The 
experimental group is the UL122 positive mice group; the control group is 
the wild-type mice group.



SREBP1c overexpression promotes NAFLD progression

4217 Int J Clin Exp Pathol 2018;11(8):4213-4220

were given as the mean ± SEM or median (inter-
quartile range). The differences between the 
two groups were compared by independent 
two-tailed Student’s t test for normally distrib-
uted data, otherwise by Mann-Whitney U tests. 
The statistics of space exploration trials, immu-
nohistochemistry and real-time PCR were ana-
lyzed using Student’s-t test. All P values were 
2-tailed, with a significance level of 0.05. 

Results

Results of the identification of UL122 geneti-
cally modified mice  

The product of the PCR was electrophoresed 
with 1.2% agarose gel (GenGreen from Super 
GelRed, 1000× in water). PCR product size: 
470 bp. The results are shown in Figure 1. 
According to the expression of the UL122 gene 
in the picture, the mice were divided into groups 
of UL122 positive mice and UL122 negative 
mice. Meanwhile, the UL122 positive mice 
were treated as the experimental group and the 
wild-type mice as the control group.

the mRNA of SREBP1c in liver

Real-time-PCR was used to evaluate the mRNA 
of SREBP1 after HCMV infection. As shown in 
Figure 2C, compared to control group, the 
mRNA of SREBP1 was significantly up-regulat-
ed in the experimental group, while there was 
no change in the control group.

HE staining and oil red o-staining

H&E staining and Oil Red O staining showed 
that hepatic lipid droplets increased in the 
36-week-old UL122 positive mice (Figure 
3A-D). Under the microscope, vacuoles of vari-
ous sizes appeared in the denatured hepato-
cyte cytoplasm and were more densely distrib-
uted throughout the cytoplasm in the experi-
mental group.

Immunohistochemistry

The expression of the IE2 level in the experi-
mental group was positive (Figure 4A). Figure 
4B, shows the control group, and the nuclear 
staining was all negative. In addition, a rela- 

Subject characteristics

Clinical characteristics of the 
subjects are shown in Table 1. 
All mice involved in the experi-
ment were weighed once a 
week for up to 36 weeks, and 
there was a statistical differ-
ence (P<0.05) in body weight 
from 30 weeks (Figure 2A). 
Meanwhile, all mice were bled 
from an orbit once a week 
from 30 to 36 weeks. The me- 
asured data were statistically 
analyzed using SPSS. The FPG 
and TG concentrations and 
the weight in the experimental 
group were significantly higher 
than in the control group. Th- 
ere was no significant differ-
ence in age, TC, LDL, or HDL 
between the experimental 
group and the control group. 
In addition, hepatic triglycer-
ide levels were significantly 
increased in the experimental 
group (Figure 2B).

HCMV infection up-regulated 

Figure 5. SREBP1c immunohistochemistry in the livers of the experimental 
and control groups (A, B). Compared with control group (B), the expression of 
SREBP1c in the experimental group (A) was obviously increased. The stain-
ing localization was in the nuclei and/or the cytoplasm. Relative expression 
of SREBP1c in the livers (C). The experimental group is the UL122 positive 
mice group, the control group is wild-type mice group. (n=16 per group; 
**P<0.01: significantly different from the control group; the bars indicate the 
means ± SEM). Bar: 400 μm.
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tive increase in SREBP1c expression in the 
experimental group livers was also evident in 
the immunohistochemistry liver sections (Fi- 
gure 5A, 5B). The results indicated that the 
SREBP1c expression level was dramatically 
higher in the experimental group than in the 
control group (Figure 5C).

Discussion

For decades, the study of the mechanism of 
abnormal lipid metabolism was mostly per-
formed at the level of extracellular HCMV infec-
tion cells and was rarely studied in vivo. Due to 
the highly species-specific nature of HCMV, the 
study of IE2 is limited to in vitro models of infec-
tion and to the study of animal CMVs that 
coevolved with the species. The establishment 
of UL122 genetically modified mice overcame 
the species specificity hurdle and provides an 
effective way to study the influence of IE2 on 
NAFLD.

Many earlier studies have provided compelling 
evidence that HCMV infection is a major effec-
tor of lipid metabolism disorders, such as ath-
erosclerosis and coronary heart disease [6, 
16]. HCMV can be activated and induce a dis-
seminated infection damaging to a wide range 
of tissues and organs. Interestingly, our find-
ings showed that HCMV infection can increase 
serum triglyceride levels and triglyceride con-
tent in hepatocyte and promote hepatic steato-
sis as well. These results indicate that HCMV 
infection may be one of the initiating factors of 
NAFLD. Additionally, our study concludes that 
IE2 up-regulated the expression of SREBP1c. 
SREBP1c expression was highly increased in 
our UL122 positive mice. High SREBP1c expres-
sion resulted in significantly increased hepatic 
lipid accumulation [17, 18]. In conclusion, our 
data show that HCMV-mediated infection can 
induce NAFLD by increasing the expression of 
SREBP1c.

In normal cells, lipid synthesis is diminished, 
since lipid requirements are low. In contrast, 
HCMV-infected cells, like tumor cells, require a 
high rate of de novo lipid synthesis for cell 
membrane production and lipid-based post-
translational protein modification [4]. The acti-
vation of fatty acid synthesis results in the 
accumulation of enlarged lipid droplets in the 
cytoplasm of cells in the infected cultures.

Clinical data showed that obesity and liver inju-
ry patients with HCMV infection usually had  
an abnormal lipid metabolism. However, the 
molecular mechanism of HCMV infection on 
the body’s lipid metabolism disorders remains 
unknown. As an enveloped virus, HCMV 
requires fatty acids to form a membrane [4, 
19]. Meanwhile, HCMV infection can induce 
dramatic changes in glucose and glutamine 
metabolism [20, 21]. The increased glucose 
flux is not used for energy production; instead, 
a large amount of glucose-derived carbon sup-
ports lipid biosynthesis [12]. A series of studies 
showed that HCMV induces the expression of 
glucose transporter 4 and its translocation to 
the cell surface, resulting in the accumulation 
of cytoplasmic glucose and increased fatty acid 
biosynthesis [22].

Hepatic lipid accumulation in the context of 
NAFLD is often associated with hepatic insulin 
resistance [23], and NAFLD is considered an 
important risk factor for type 2 diabetes [24]. In 
addition, the clinical data suggest that HCMV 
infection is associated with type 2 diabetes 
[25]. However, no conclusions as to the role of 
this virus in the pathogenesis of type 2 diabe-
tes can be drawn at present [26, 27]. Horton et 
al. have shown that SREBP1c is the dominant 
insulin-stimulated isoform in the liver responsi-
ble for inducing lipogenic gene expression and 
promoting fatty acid synthesis [18]. Insulin acti-
vates the SREBP1c transcription factor to pro-
mote hepatic lipogenesis [15]. Simultaneously, 
we observed weight gain, hyperglycemia, and 
dyslipidemia in our UL122 positive mice (Table 
1). The FBG concentrations in UL122 positive 
mice were significantly higher than in the 
UL122 negative mice (P<0.001). Viewing all of 
the data available, we note that HCMV infection 
can promote the development of NAFLD, and 
this relationship may be related to insulin 
resistance.

Based on the evidence obtained from previous 
studies, we hypothesized that HCMV infection 
can induce hepatic insulin resistance in the 
body. Due to the body’s insulin resistance, the 
body will show a series of glycolipid metabolism 
disorder symptoms, such as obesity, diabetes, 
and hepatic steatosis. 

Therefore, in our next study, we will examine 
the molecular mechanisms of HCMV infection 
on the body’s glycolipid disorders from the path 
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of insulin resistance. In summary, this study 
revealed the role of HCMV infection in the 
development and progression of NAFLD, eluci-
dated the biological functional relationship 
between HCMV and NAFLD, and provided a 
new perspective for exploring the pathogenesis 
of NAFLD.
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