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Significance of this study

What is already known about this subject?
 ► Several pathogens are linked to obesity in 
animals and humans.

 ► Several studies over the past 30 years have 
indicated adenovirus 36 (Ad-36) infection is 
linked with greater adiposity.

 ► Ad-36 infection is associated with better 
metabolic control in animal models.

What are the new findings?
 ► Our study showed that rats infected with 
Ad-36 had better glycemic control and 
enhanced insulin sensitivity.

 ► Serum triglycerides and total cholesterol 
concentrations were significantly lower in 
the Ad-36- infected group.

 ► Inflammatory biomarker levels were similar 
for the infected and control groups.

How might these results change the focus 
of research or clinical practice?

 ► Investigating Ad-36- induced obesity in a 
rat model may lead to finding a therapeutic 
agent or even a vaccine or antiviral drugs 
for Ad-36- induced obesity; it may also 
help treat obesity and metabolic indices 
more effectively at least in a subgroup of 
population.

AbSTrACT
Human adenovirus 36 (Ad-36) causes obesity with 
increased adiposity, in contrast, Ad-36 infection 
reduces glucose and lipid metabolism; the results, 
however, are not consistent. In the current study, 
the effects of Ad-36 infection on glucose and lipid 
profile and inflammatory markers in Wistar rats were 
investigated. Sixty male Wistar rats were randomly 
divided into infected and control groups. Ad-36 
virus suspension was injected in the experimental 
group rats. Blood samples were collected in the 
beginning and after 12 weeks in both groups. After 
12 weeks, a significant improvement was observed 
in fasting blood glucose, fasting serum insulin, 
insulin sensitivity, serum triglycerides and total 
cholesterol in the infected group compared with 
the non- infected groups. There were no significant 
differences in inflammatory biomarkers including 
tumor necrosis factor-α, interleukin 6 and monocyte 
chemoattractant protein-1 levels between infected 
and control groups. This study showed that Ad-
36 had favorable effects on glycemic and lipid 
control in infected rats, but inflammatory biomarker 
levels were similar for 2 groups. Ad-36 infections 
could potentially be a new way to develop novel 
antidiabetic and antihyperlipidemic therapeutic 
agents.

InTrOduCTIOn
Obesity, as excess body fat accumulation, is a 
major public health epidemic in the world. 
Nearly 30% of adults are either obese or 
overweight. Obesity has multiple etiologies 
including a complex interaction among genetics, 
hormones, behavior, and the environment.1 In 
addition, several viruses have been identified 
as possible promoters of obesity in animals and 
human.2

Adenovirus 36 (Ad-36), a human adenovirus, 
is known to be associated with weight gain in 
animals and it is considered as a possible risk 
factor for obesity in humans.3–6 Some cross- 
sectional studies showed that Ad-36 infection 
was linked with greater adiposity and better 
metabolic control.3 7–9 Ad-36 may increase 
adiposity in mice, chickens, and monkeys and 
paradoxically improves glycemic control and 
reduces serum triglycerides and cholesterol.10–12 

The only study to investigate the link between 
Ad-36 infection, obesity and insulin sensitivity 
in rats, reported that the changes in body weight 
did not significantly differ in the infected group 
by the control group after 12 weeks postinoc-
ulation. However, the mean body weight of 
the infected rats was significantly higher than 
that in the control group after 30 weeks post-
inoculation.13 Inconsistent with other animal 
models,11 12 14 Ad-36 did not reduce serum 
glucose concentration in the infected rats in 
this study.13 Fasting serum insulin levels were 
significantly lower and the homeostatic model 
assessment of insulin resistance (HOMA- IR) 
indicated significantly higher insulin sensi-
tivity for the infected.13 Total serum cholesterol 
levels were similar for the 2 Ad-36- infected and 
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control groups but serum triglyceride levels were signifi-
cantly greater in the infected compared with the control 
rats.13

Obesity and proinflammatory cytokine are closely 
correlated.15 Ad-36 infection was associated with inflam-
matory biomarkers and thereby might contribute to 
chronic low- grade inflammation; however, the results are 
not consistent.16–18 Na and Nam17 reported that Ad-36 
infection increased production of tumor necrosis factor-α 
(TNF-α) and monocyte chemoattractant protein-1 (MCP-
1), and consequently increased adiposity in mice.

Even though the association of Ad-36 and adiposity has 
been investigated in a series of animal studies, only 1 study 
has examined the relationship between Ad-36 and obesity in 
rats,13 more animal and human research is needed to estab-
lish the contribution of Ad-36 in human obesity. For ethical 
reasons, experimental animal models are used to investigate 
the probable association between Ad-36 and obesity.5 19 
The rat model behaves more like the human disease and 
provides a higher weight and adequate quantities of adipose 
tissue to be used in various mechanistic pathways repre-
senting the obesity process and human metabolism. Rats are 
good research models for investigating the metabolic and 
biochemical modulations induced by Ad-36.13 20 Therefore, 
investigating Ad-36- induced obesity and inflammation- 
related metabolic diseases in rats, as a standardized phys-
iological and toxicological model, may lead to finding a 
therapeutic agent for preventing or treating Ad-36- induced 
obesity and metabolic disorders at least in a subgroup of 
the population. Therefore, the aim of the present study is 
to investigate the effect of Ad-36 infection on glucose, lipid 
metabolism and inflammatory markers in Wistar rats.

MATerIAlS And MeTHOdS
A research project was designed and carried out to investi-
gate ‘the effects of the alcoholic green tea extract and conju-
gated linoleic acid on body weight, metabolic indices and 
inflammatory markers in Ad-36 infected rats’. The present 
study reports preliminary results of the effect of Ad-36 
infection on glucose, lipid metabolism and inflammatory 
markers in Wistar rats. The study design and details have 
been previously described elsewhere.21

Animal care
Sixty male Wistar rats (8 weeks old) from Laboratory 
Animal Unit of Ahvaz Jundishapur University of Medical 
Sciences (Ahvaz, Iran) were used for the experiment 
weighing 170–240 g. After 1 week of acclimatization 
period, rats were randomly divided into 2 groups (infected 
and control). Rats were housed in separate rooms under 
biosafety level 2 containment. Ad-36 virus suspension 
(5×105 50% cell culture infective dose (CCID50)) was 
injected in the left hindpaw of the infected group rats as 
previously mentioned.21 All rats had free access to standard 
rat chow and drinking water and were weighed weekly by 
means of a digital scale (Sartorius 1413 MP 8/8-1, USA).

Virus growth
Human Ad-36 was purchased from the American Type 
Culture Collection (Catalog No VR-1610; Manassas, 
VA, USA). In order to confirm the hexon gene, PCR was 

performed and subsequently, sequencing was carried out 
by chain termination using ABI 3730XL DNA Analyzers 
(Bioneer, Korea). A549 cells, a human lung carcinoma 
cell line, was obtained from the Razi Vaccine and Serum 
Research Institute (Tehran, Iran) to grow Ad-36 was used. 
The virus was cultured as previously described.21 Briefly, 
in preparation of virus seeding, the culture of Ad-36 with 
multiplicity of infection of 0.01 in confluent A549 cells 
was performed and 72 hours after infection the cytopathic 
effect was completed. Infection cells were frozen, thawed, 
and then centrifuged into 5000× g and supernatants were 
collected. Virus titration was performed by CCID50 assay. 
Ad-36 virus suspension (5×105 CCID50) was injected in 
the left hindpaw of the experimental group rats immedi-
ately after the first blood sampling. Blood sera of rats were 
collected on the 14th day after virus injection, and infection 
was confirmed by neutralization assay.

biochemical assays
Venous blood samples were taken from all rats after 
12–14 hours of overnight fasting just before injection of 
Ad-36 virus suspension in infected group. The rats were 
anesthetized with an intraperitoneal injection of ketamine 
(90 mg/kg) and xylazine (10 mg/kg).22 Two rats in the 
infected group died 2 days after the first phase of blood 
sampling and a rat in the control group died in the second 
phase of blood sampling (12 weeks). The blood samples 
were centrifuged at 3000× g for 10 minutes and stored 
at −70°C for further analysis. Fasting serum glucose was 
measured using glucose- oxidize (Pars Azmoon, Tehran, 
Iran). Autoanalyzer (BT3000) and a commercially available 
kit (Pars Azmoon) were used to determine triglyceride and 
total cholesterol. A commercially available rat ELISA kit 
(Hangzhou Eastbiopharm, Torrance, USA) was used for the 
measurements of insulin, TNF-α, interleukin 6 (IL-6) and 
MCP-1. A homeostasis model assessment index was calcu-
lated by multiplying the glucose level (mM) with the insulin 
level (U/mL) and dividing the product by 2430.23

Statistical analysis
Statistical analyses were performed using SPSS software for 
Windows (V.20, IBM). The normal distribution of variables 
was checked with the Kolmogorov- Smirnov test. Paired 
t- test was used to compare the baseline with endpoint 
values. Data from the infection and control groups were 
compared with independent samples t- test (at the base-
line) and analysis of covariance (at the endpoint values), 
adjusted by baseline covariate. The values are presented as 
means±SD. A p value of 5% or lower was considered statis-
tically significant.

reSulTS
The mean±SD of body weight was not significantly different 
between the infected and control groups at the baseline 
(192.8±16.3 g vs 195.3±9.0 g, p=0.82) and 12 weeks after 
infection (304.0±39.0 g vs 301.0±36.5 g, p=0.82). There 
were no significant differences in glucose, lipid profiles and 
inflammatory markers between groups at baseline. After 12 
weeks, fasting blood glucose (95.3±17.4 vs 107.5±13.6 mg/
dL, p=0.02) and fasting serum insulin (55.2±21.4 vs 
73.6±24.6 μU/mL, p=0.04) were significantly lower in the 
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Table 1 Glucose, lipid profile and inflammatory markers in the 
Ad-36- infected rats versus control*†

Variables Infected Control P value

Fasting blood 
glucose (mg/
dL)

At the time of infection 91.5±17.2 94.4±15.3 0.621‡

12 weeks postinfection 95.3±17.4 107.5±13.6 0.030§

P1¶ 0.135 0.017

Fasting serum 
insulin (μU/
mL)

At the time of infection 68.1±29.3 74.3±23.3 0.642‡

12 weeks postinfection 55.2±21.3 73.6±24.6 0.017§

P1 0.004 0.773

HOMA- IR 
index

At the time of infection 2.6±1.4 2.8±0.69 0.621‡

12 weeks postinfection 2.1±1.3 3.2±0.87 0.003§

P1 0.04 0.06

Triglycerides 
(mg/dL)

At the time of infection 66.4±25.3 59.1±15.3 0.360‡

12 weeks postinfection 51.4±16.1 60.2±10.8 0.012§

P1 0.000 0.803

Cholesterol 
(mg/dL)

At the time of infection 56.7±8.9 51.1±13.6 0.141‡

12 weeks postinfection 46.5±8.9 53.6±14.8 0.001‡

P1 0.000 0.111

TNF-α (ng/L) At the time of infection 18.1±5.8 19.5±4.5 0.442‡

12 weeks postinfection 25.7±6.8 20.7±6.6 0.627†

P1 0.000 0.420

IL-6 (ng/L) At the time of infection 16.6±4.5 16.7±4.6 0.949‡

12 weeks postinfection 20.6±3.6 18.4±5.4 0.085§

P1 0.000§ 0.102

MCP-1 (ng/L) At the time of infection 26.3±7.5 24.1±5.1 0.376‡

12 weeks postinfection 37.8±14.8 26.6±9.5 0.892§

P1 0.000§ 0.517

*Values are means±SD.
†Data at 12 weeks are for 11 rats from the control group and 46 rats from the 
infection group.
‡Independent samples t–test (p<0.05: significant difference).
§Analysis of covariance (ANCOVA) (p<0.05: significant difference), adjusted by 
baseline covariate.
¶Paired samples t- test (p<0.05: significant difference).
HOMA- IR, homeostatic model assessment of insulin resistance; IL-6, interleukin 6; 
MCP-1, monocyte chemoattractant protein-1; TNF-α, tumor necrosis factor-α.

infected group compared with the non- infected group. The 
HOMA- IR index indicated significantly improved insulin 
sensitivity in the infected group. Serum triglycerides and 
total cholesterol concentrations were significantly lower 
in the infected group than the non- infected group after 
12 weeks of infection. There was no significant change in 
TNF-α, IL-6 and MCP-1 levels in both groups (table 1).

dISCuSSIOn
In this experimental study, no statistically significant asso-
ciation was found between weight gain and Ad-36 infec-
tion in male Wistar rats at 12 weeks after Ad-36 infection. 
After 12 weeks, a significant improvement was observed 
in fasting blood glucose, fasting serum insulin, insulin 
sensitivity, serum triglycerides, and total cholesterol in the 
infected group compared with the control group. There 
were no significant differences in inflammatory biomarkers 
including TNF-α, IL-6 and MCP-1 levels between infected 
and non- infected groups.

Obesity is a complex condition with many causal contrib-
utors leading to adverse metabolic effect on blood glucose, 
lipid profile, and so on, and increasing incidence of many 
chronic diseases. Genetic inheritance, overeating and 
underactivity are considered as the main etiological factors 
of obesity. Moreover, a subset of obesity may be caused 

by specific infection. In the past 30 years, infectobesity, 
obesity of infectious origin, has identified 10 pathogens 
that associate with obesity in animal models. Adenoviruses 
are the first infective agents that have been reported to 
cause obesity in both animal models and naturally infected 
humans. Adenoviruses infection is common in the general 
population and causes respiratory diseases, gastroenteritis, 
conjunctivitis and cystitis. Ad-36, a human adenovirus, 
was the first human adipogenic virus reported. Previously, 
studies on Ad-36 have shown a significant increase in 
body weight in mice (7%), marmosets (12%), but not in 
chickens.10–12

In a rat model,13 after 12 weeks postinfection, the body 
weight was not different between the infected and non- 
infected groups; however, after 30 weeks postinoculation, 
the body weight of the infected group was significantly 
greater than the control group. In agreement with Pasarica 
et al,13 the body weight of rats in our study did not differ 
significantly after 12 weeks of infection.21 Based on animal 
experiments, development of a significant weight gain in 
rodent and marmoset experimental models seems to require 
a longer follow- up duration, approximately 6 months.13 21 
In spite of no alteration in body weight in the current study, 
we observed a significant increase in insulin sensitivity in 
the infected rats compared with uninfected counterparts. 
The previous rat study showed that Ad-36- infected rats 
had an increase in insulin sensitivity and glucose uptake.13 
Furthermore, they have reported similar findings in an in 
vitro study with Ad-36- infected primary adipocytes of rats 
demonstrating an increased glucose use.13 Recent studies 
suggest that Ad-36 gene mediated glucose disposal through 
the Ras/phosphoinositide 3- kinase (PI3K) pathway to 
improve glucose uptake, independently from insulin activa-
tion.24 25 It has been reported that Ad-36 increases cellular 
glucose uptake via a Ras/PI3K pathway in mice fed a high- fat 
diet.26 Ad-36 predicts better glycemic control by stimu-
lating glucose uptake in skeletal muscle, adipose tissue and 
suppressing hepatic glucose production in the mice model.26 
Wang et al25 confirmed an increase in glucose transporter 
type 1 (GLUT1) and type 4 (GLUT4) gene expression 
mediated by Ras- activated PI3K pathway in Ad-36- infected 
diabetic and non- diabetic human skeletal muscle cells. 
Several studies have focused on the virus E4 open reading 
frame 1 (E4orf1) protein as the mediator of Ad-36- induced 
glucose uptake.25 27 28 E4orf1, a viral gene expressed early 
during Ad-36 infection, is a 125- amino acid peptide. E4orf1 
protein of Ad-36 is necessary for Ad-36 to induce adipogen-
esis and improve glycemic control. The E4orf1 protein is 
responsible for increasing glucose uptake due to the translo-
cation of GLUT4 via the Ras- PI3K pathway. E4orf1- induced 
PI3K activation is also responsible for the increased expres-
sion of GLUT1 and GLUT4.29 30 In vitro, Ad-36 significantly 
increases glucose uptake into 3T3- L1 preadipocyte via 
E4orf1 protein.28 Moreover, E4orf1 is expressed in adipose 
tissue or liver in Ad-36- infected animals and enhanced viral 
replication.24 Yoon et al31 showed that in the experimental 
infected high- fat, diet- fed and streptozotocin- injected mice 
adipocyte targeting sequence, E4orf1 improved the ability 
to eliminate excess glucose from the blood and amelio-
rated liver function in disease models of type 2 and type 1 
diabetes, respectively. These findings suggest a strong effect 
of E4orf1 on glucose disposal. Several gaps in knowledge 
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still exist about the development of vaccines to prevent 
Ad-36- induced obesity and antidiabetic agents based on 
the insulin sparing effect of the E4orf1 protein.28–31 Similar 
to the results in previous animal models, we found that 
Ad-36 infection significantly reduces serum cholesterol 
and triglyceride concentrations in Wistar rats. A reduc-
tion of total cholesterol was found in hamsters, monkeys 
and non- human primates after infection with Ad-36.10 12 29 
In the study performed on Ad-36- infected Wistar rats for 
a long time (12 and 30 weeks), serum triglyceride levels 
were significantly greater for the infected group and serum 
cholesterol levels were similar for the 2 infected and control 
groups.13 The infection with Ad-36 increases adiposity in 
rats without concomitant hypolipidemia. Our study showed 
that serum lipids were decreased, without any significant 
change in body weight in the Ad-36- infected rats. This may 
suggest that the adipogenic and hypolipidemic effects of 
Ad-36 are mediated through separate pathways. The mech-
anisms of changes in lipid metabolism related to Ad-36 have 
not yet been fully elucidated.

In addition, Ad-36 could cause low- grade inflamma-
tion by increasing the infiltration of macrophages and the 
number of macrophages in adipose tissue via production of 
MCP-1, TNF-α and IL-6.5 32 MCP-1 plays a key role in stim-
ulating macrophage migration into adipose tissue.17 The 
correlation between Ad-36- induced obesity and inflamma-
tory cytokines have been reported from a few epidemiolog-
ical and cellular studies.16–18 Na et al33 showed that in the 
experimental infected mice model, Ad-36 infection stimu-
lated an inflammatory state through activation of nuclear 
factor kappa- light- chain- enhancer of activated B cells, and 
consequently increasing MCP-1 levels, which in turn induces 
the infiltration of macrophages into adipocytes. MCP-1 
signaling has a direct role in the development of Ad-36- 
induced obesity. The mechanism of change in inflammation 
markers and attributable to Ad-36 is still not fully under-
stood. There are some limitations in this study. First, only 
male rats were included in the current study. It is because 
the menstrual cycle was found to be a confounding factor in 
female rats. Therefore, these results should be generalized 
cautiously to males. Lack of food intake measurements was 
an additional limitation. A major limitation of our study 
is that the number of infected and control groups was not 
equal and it was affected by the power of statistical anal-
ysis. Finally, we only focused on the blood sampling and 
we did not assess the fat pad and adipose tissue. Further 
investigations on viruses contributing to obesity, inflamma-
tion markers and favorable effects of Ad-36 on metabolic 
consequences of obesity are required.
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