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SUMMARY
Five human adenovirus subtypes, Ad5, Ad9, Ad31, Ad36, and Ad37, and a non-human adenovirus, SMAM1, are
linked to increased adiposity in vitro or in vivo. Experimental infection with Ad5, Ad36, and Ad37 produced excess ad-
iposity or weight gain in animals. Ad9 and Ad31 increase fat storage in tissue culture but are not associated with animal
or human obesity. Ad36 is the most extensively studied adipogenic adenovirus and is correlated with some measure of
overweight/obesity in humans from multiple countries. The correlation is strongest and most consistent in children,
but some studies have been negative in both children and adults. About 30% of overweight/obese children and adults
and about 15–20% of lean individuals have Ad36 antibodies in epidemiologic studies. The mechanisms of action of
Ad36 are due to the early gene 4, open reading frame 1 (E4-ORF1). Blocking E4-ORF1 with siRNA prevents the effects
of Ad36, and transfection of lentivirus with E4-ORF1 reproduces the Ad36 effects. Increased adiposity is caused by
stimulation of at least three pathways by Ad36. Cell membrane glucose receptors are increased via the Ras pathway,
leading to increased intracellular glucose. Fatty acid synthase is increased, which converts the glucose to fatty acids.
Finally, peroxisome proliferator-activated receptor-γ is increased, resulting in differentiation of adult stem cells into ad-
ipocytes. Conclusions: several adenoviruses increase adiposity in animals and are associated with obesity in humans.
There are critical gaps in the literature needing further investigation including evaluation of other adenovirus subtypes
and better research designs to improve the strength of causal inferences. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION
Adenoviridae are a large family of viruses with
seven human species (A–G) that include over 60
subtypes, many of which are known to cause hu-
man disease such as conjunctivitis, respiratory
disease, and/or gastrointestinal disease. The meta-
bolic effects of adenoviruses have gained more
interest since the 1990s when SMAM1 was shown
to cause adiposity in chickens and antibody to
SMAM1 was associated with human obesity [1,2].
Since then, the metabolic effects of a total of nine
adenoviruses have been investigated in cells,
animal studies, and/or in human epidemiologic
studies. Because of several recent publications in-
vestigating additional subtypes (Ad8 and Ad9)
and identifying novel associations (Ad5 and
Ad31), there are currently no reviews that provide
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a panoptic view of the relationship between all
investigated adenoviruses and obesity. Thus, we
sought to review and synthesize the current
evidence. We also discuss the E4-ORF1 protein of
Adenovirus 36 (Ad36), sometimes referred to as a
dUTPase. This protein is necessary and sufficient
for the adipogenic effect of Ad36 [3], so we com-
pare overall amino acid homology of this protein
among adenoviruses. Finally, we discuss directions
for future research including candidate serotypes
and the implications for research design.

The nine adenoviruses that have been investi-
gated for metabolic effects thus far include four
species D types (Ad8, Ad9, Ad36, and Ad37), two
species C types (Ad2 and Ad5), one species A type
(Ad31), and two non-human adenoviruses (chick
embryo lethal orphan virus and SMAM1) (Table 1).

ADENOVIRUS SPECIES D
Adenovirus 36 was the first human adenovirus to
be associated with human adiposity and has the



Table 1. A summary of current synthesized evidence

Adenovirus Adipogenic evidence E4-ORF1
homology
(score out
of 253)**

Prevalence
in obesity
studies
(%)††Species Type In vitro In animals OR child OR adult

A Ad31 Yes No (chickens) Untested 1.4 (0.3–7.8)* 127 31–73
C Ad2 No No (chickens) Untested 0.8 (0.3–1.8) 108 78

Ad5 Yes/no† Yes (mice) 5.5 (1.6–23.9) 0.2 (0.0–1.1) 108 18
D Ad8 No† Untested 1.7 (0.5–7.0)* Untested 122 11

Ad9 Yes Untested Untested Untested 239 Untested
Ad36 Yes† Yes (multiple) 2.0 (1.3–2.9) 1.4 (1.0–2.2)* 253 5–74
Ad37 Yes +/� Chickens‡ Untested 0.3 (0.0–3.6)* 122 3–18

Non-human SMAM1 Untested Yes (chickens) Untested BMI +4.8 Unknown 24
CELO Untested No (chickens) Untested Untested Unknown Untested

OR, odds ratio; BMI, body mass index; CELO, chick embryo lethal orphan virus.
*These findings are not statistically significant. Additionally, there was significant heterogeneity among the studies
reporting the results for the association between Ad31, Ad36, and Ad37 and obesity among adults. Heterogeneity is
not known for Ad8, as there has only been one study in children.
†Most in vitro studies have used 3T3-L1 cells, but Ad5, Ad8, and Ad36 have been tested in Colo-320 cells. Ad36 is
adipogenic in both. Ad8 was only tested in Colo-320 cells and was not adipogenic. Ad5 was adipogenic in Colo-320
cells but not in 3T3-L1 cells. Additionally, Ad5 has also been shown to have metabolic (glycolytic enzyme upregulation)
effects of its E4-ORF1 protein in epithelial cells.
‡Ad37-infected chickens had more adiposity than other chickens. Ad37-infected chickens also weighed more than
Ad2-infected chickens, but body weight was not different than uninfected chickens.
**Score per http://blast.ncbi.nlm.nih.gov/Blast.cgi.
††Prevalence as noted in references cited in text [60–62].
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largest evidence base including the most animal
models (chickens, rats, mice, and monkeys) [4–7],
numerous human cross-sectional studies [8,9], three
longitudinal studies [10–12], and even an association
among sero-discordant twins [13]. Furthermore, the
adipogenic mechanisms for Ad36 have been exten-
sively investigated and are derived from the early
gene 4, open reading frame 1 (E4-ORF1) [3], a gene
that is entirely conserved after approximately 12 se-
rial in vitro passages [14]. The viral mRNA is neces-
sary for the effect regardless of DNA replication
[15]. Blocking E4-ORF1 with siRNA prevents the
effects of Ad36, and transfection of lentivirus with
E4-ORF1 reproduces the Ad36 effects [3,16]. The E4-
ORF1 gene creates a 125-amino acid protein by the
same name, E4-ORF1 [3,16], which is known to have
conserved sites important for functional binding
[17]. The adipogenesis occurs via at least three
molecular pathways. First, the protein increases cell
membrane glucose receptors (Glut4 and Glut1) via
the Ras pathway, upregulating Phosphatidal inostitol
3-kinase and leading to increased intracellular
Copyright © 2015 John Wiley & Sons, Ltd.
glucose [16,18,19]. For this pathway, mutation of a
specific protein binding domain (i.e., PDZ binding
domain) prevents the activation of Ras [16]. PDZ
was named based on the three proteins a 95kda
protein involved in post-synaptic density named
PSD-95, a Drosophila discs large protein named
Dlg and the zonula occludens 1 protein (ZO1).
Secondly, enzymatic activity of acetyl Co-A
caroboxylase-1 and fatty acid synthase is increased,
which converts the glucose to fatty acids [20].
Thirdly, peroxisome proliferator-activated receptor-γ
is increased, resulting in differentiation of adult stem
cells into adipocytes [21,22].
Aside from the acute adipogenesis, the virus

could also affect the maintenance of obesity with
lowered fat oxidation [23] and altered hormone ex-
pression [20,24]. Leptin is an appetite hormone that
normally increases after lipid accumulation, but ad-
ipocyte secretion of leptin (normalized to lipid con-
tent) is lower in adenovirus 36-infected adipocytes
[20]. Additionally, Ad-36 (unlike E4-ORF1) stimu-
lates an inflammatory response [25], and monocyte
Rev. Med. Virol. 2015; 25: 379–387.
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chemoattractant protein 1 (MCP-1) shows an im-
portant role in maintaining obesity in mice [24],
while an anti-inflammatory supplement (Mulberry
extract containing resveratrol) reduces MCP-1 and
reduces body fat in infected mice [26]. An inflam-
matory pathway for obesity maintenance is co-
herent with other basic science demonstrating the
causal role of low-grade inflammation mediated
via MCP-1 and proliferator-activated receptor-γ in
the development of obesity in mice [27].
Despite this mounting evidence, there has also

been some seemingly conflicting data including a
study in monkeys showing no association with
body weight [28] and some cross-sectional studies
that have not shown an adipogenic association in
humans [9,29]. Two meta-analyses both supported
a persistent association between human obesity
and Ad36 (most recent, odds ratio [OR]=1.6, 95%
confidence interval [CI] 1.1–2.3), but both also
showed significant heterogeneity that was not at-
tributable to chance alone (most recent, I2 = 77%,
p< 0.001) [8,9]. The most recent meta-analysis
(February 2014) also performed meta-regression
and found a significant association and 0%
heterogeneity among the four studies that only in-
cluded children (OR=2.0, 95% CI 1.3–2.9). Three
more recent studies among children not included
in this meta-analysis also found an association
between obesity and Ad36 (OR=3.3, 95% CI
1.1–11.0; OR=1.5, 95% CI 1.1–2.0; OR=2.6,
p=0.01) [30–32]. Two additional studies among
children were not included because they reported
a mean body mass index (BMI) among children (as
compared with obesity as a dichotomous outcome),
but these two also showed an association between
Ad36 and higher mean BMI [33,34]. Preliminary
data indicate children with Ad36 infection are less
successful in losing weight, which is also suggestive
of an age interaction because adults with Ad36 in-
fection appear more successful in losing weight af-
ter being placed on a diet [34–36]. The relationship
is likely more complex than simply based on age
alone because a longitudinal study found a stronger
association with adiposity in older subjects with
infection [10]. Instead, age could be a surrogate of
coinfection with other adenoviruses, time since
seroconversion, or other factors related to age.
Another complexity with adenovirus 36 is the as-

sociated metabolic outcomes beyond body fat that
are sometimes paradoxical when compared with
obesity from other causes. For instance, some
Copyright © 2015 John Wiley & Sons, Ltd.
human or non-human primate studies have shown
lower serum insulin [10], lower serum glucose [28],
and less diabetes [37], which is plausible based on
the higher expression of the glucose receptors [16].
Similarly, human studies have shown less fatty liver
disease among infected individuals [35,38,39]. Addi-
tionally, a favorable serum lipid profile has some-
times been observed in studies of both infected
animals and humans [5,13], but this is not consistent
[8,40–42]. Such heterogeneity between studies could
be attributable to differences in the populations
studied (e.g. age, race, or geography) [13,34,41].

Most other D species have ≥84% homology with
Ad36 at E4-ORF1 [17]. Adenovirus 37, on the other
hand, is an exception, as it has a frame shift inE4-
ORF1 leading to only 47% homology [17]. There is
evidence of an adipogenic effect of Ad37 in cells
[43], but the evidence in other models appears to
point more toward visceral fat than obesity. For in-
stance, Ad37-infected chickens developed more
visceral and total body fat than Ad31, Ad2, or con-
trol chickens [43]. The Ad37-infected chickens also
weighed more than Ad2-infected chickens, but the
Ad37 chickens were not heavier than the
uninfected control chickens [43]. A human cross-
sectional study also showed an association
between Ad37 and non-alcoholic fatty liver disease,
but not obesity (OR=0.9, 95% CI 0.3–2.3), in a pop-
ulation with 18% prevalence of Ad37 [44]. Another
study assessed Ad37 and obesity but did not report
full results because there were only five subjects
out of 198 testing positive for Ad37 (prevalence
<3%) [13]. Based on reporting of other results in
this paper, assuming 148 subjects with obesity
and 50 without, there was an inverse association
(OR=0.1, 95% CI 0.0–0.8) with obesity. Combining
these studies shows significant heterogeneity not
explained by chance alone (OR=0.3, 95% CI
0.0–3.6, I2 = 76%, p=0.04).

Ad8 and Ad9 have had only minimal testing for
an adipogenic effect. The E4-ORF1 protein of Ad9
has 94% homology with Ad36 as compared with
84% for Ad8, but each has 100% similarity at the
functional sites [17]. Ad9 is adipogenic in 3T3-L1
cells [45]. By contrast, Ad8 appears to not be
adipogenic in Colo-320 cells [46]. Further, Ad8
was evaluated for an association with childhood
obesity in Turkey, and it was not statistically signif-
icant (OR=1.7, 95% CI 0.5–7.0) [30]. Definitive in-
terpretation, however, remains tentative because
the sample size was small (n=120), the prevalence
Rev. Med. Virol. 2015; 25: 379–387.
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was low (6%), and the point estimate for the associ-
ation is comparable to the estimate of association
for Ad36 and childhood obesity (OR=2.0) from
the most recent meta-analysis [9].
ADENOVIRUS SPECIES C
Adenovirus 2 has the strongest evidence against an
adipogenic effect. Ad2 and Ad5 are the only adeno-
viruses known to have no adipogenic effect in 3T3-
L1 cells [43,47]. As noted in the previous text, the
study in Ad2-infected chickens showed lower body
weight (as compared with Ad37-infected chickens
[43]). Additionally, epidemiologic investigation
has shown no relationship between Ad2 and adult
obesity in the United States [13].

Adenovirus 5 appears to have 100% homology at
E4-ORF1 with Ad2 (http://blast.ncbi.nlm.nih.
gov/Blast.cgi), but the current evidence for an
adipogenic effect of Ad5 is more complex than
Ad2. Although a study from Poland reported Ad5
is not adipogenic in the 3T3-L1 cells (data were
not shown) [47], it was adipogenic in a study
reporting data in Colo-320 cells [46]. Further, mo-
lecular testing shows the Ad5 E4-ORF1 protein
has a metabolic effect in cultured epithelial cells
through activation of Myc, which enhances host
cell glycolysis [48]. This type of cellular signaling
resembles the molecular studies of Ad36’s activity,
which activates the Ras pathway [18] (upstream
from Myc). Further, although Ad5 has not been
studied in chickens, the virus is adipogenic in mice
[49], and one epidemiologic study in children
showed it was associated with obesity (OR=5.5,
95% CI 1.6–23.9) [30]. By contrast, a study among
adults showed an inverse association (OR=0.2,
p=0.04 [13]). Combining these studies in a random
effects model leaves no association (OR=1.2, 95%
CI 0.1–27.5; I=91%, p=0.01). The heterogeneity be-
tween these studies is not due to chance alone. The
differences in the populations might be related to
testing method or geography, but the results were
much different, and the seroprevalence was reason-
ably similar (11% and 18%). An alternative expla-
nation is that the difference in association between
children and adults mirrors the meta-regression of
Ad36 data, which shows a stronger association
with obesity in studies among children [9]. As
noted in the previous text, age could be a surrogate
of coinfection with other adenoviruses, time since
seroconversion, or other factors related to age.
Copyright © 2015 John Wiley & Sons, Ltd.
ADENOVIRUS SPECIES A
Adenovirus A species have about 49% homology
with Ad36 at E4-ORF1. The only A species that has
been tested for an adipogenic effect is Ad31. Two
studies have shown it is adipogenic in cells [43,47].
Among chickens, however, the virus is not
adipogenic [43]. The evidence from human epidemi-
ologic studies is also mixed, with one study [47]
showing an association (OR=3.5, 95% CI 1.2–10.3)
and one showing no association (OR=0.6, 95% CI
0.2–1.4) with obesity [13]. Combining these two stud-
ies in a random effects model shows no association
between Ad31 and obesity but also demonstrates
statistically significant heterogeneity (OR=1.4, 95%
CI 0.3–7.8; I2=87%, p=0.006). The heterogeneity is
not due to chance alone and may be related to differ-
ences in testing or geography (USA versus Poland),
as the difference in seroprevalence between the
studies was large (73% vs. 31%, respectively).

OTHER ADENOVIRUS TESTING
Human adenoviruses overall may be associated
with obesity. One study tested for antibody against
the common human adenovirus protein and showed
an associationwith adiposity indices among subjects
within bodyweight categories [50]. Two non-human
adenoviruses have also been tested. In one experi-
ment, chickens were infected with an avian adenovi-
rus (chick embryo lethal orphan virus) but did not
develop increased adipose tissue [4]. Another non-
human adenovirus, SMAM1, as noted in the
previous text, was the first adenovirus identified to
have an adipogenic effect in experimentally infected
chickens [1]. Additionally, although it is consid-
ered a non-human adenovirus, it had a robust
association with BMI among 52 adults evaluated
in India (BMI +4.6, p< 0.001) [2].

DIRECTIONS FOR FUTURE STUDIES
Establishing causation has been a longstanding
goal of scientific inquiry. Historically, leaders of
causal models such as Koch and Bradford-Hill
were evaluating single agent–single disease con-
nections. Today, there are many causal questions
relating to multifactorial diseases that are complex
and more challenging to study. Specifically, as it re-
lates to the connection between viruses and chronic
diseases, there are often cofactors involved as has
been observed in the relationship between viruses
and cancer [51]. Two potential cofactors for adeno-
virus and obesity could be herpes simplex virus
Rev. Med. Virol. 2015; 25: 379–387.
DOI: 10.1002/rmv
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(HSV) and adeno-associated virus (AAV). Herpes
simplex virus 1 (HSV-1) infection is known to be
associated with obesity by itself in three studies
[52–54], including one that showed the total burden
of infection is also associated with adiposity [53].
Like HSV-1 antibody, herpes virus entry mediator
genetic polymorphisms were also associated with
higher BMI [54], suggesting infection comes before
excess weight. Likewise, synthetic herpes simplex
DNA (HSV60) has been shown to enhance pro-
liferation of adipocytes [55]. Interestingly, AAV
provides another link between herpes viruses and
adenoviruses. While coinfection with either adeno-
viruses or herpes viruses enables/promotes AAV
replication, AAV coinfection dampens adenovirus
replication [56] and modulates host DNA damage
response in setting of HSV1 infection [57]. Further
molecular studies of HSV60, E4-ORF1-related
contents, or other important gene products could
provide further insight [16,55].
New methods of inquiry, such as those that are

intermediary between observational and experi-
mental studies (e.g. quasi-experiment, packet ran-
domization, and instrumental variables), could
investigate these questions and allow stronger
causal inferences [58]. Ultimately, well-controlled
randomized trials of vaccines will be required to
determine the effectiveness of this intervention for
addressing viral adiposity. In fact, one study in
mice has already shown that a vaccine against
Ad36 was capable of preventing virus-induced
obesity in experimentally infected animals [59].
Even purely observational studies could add

substantial information by looking at new
Table 2. Adenoviruses with known prevalence b

Adenovirus
Observed prevalence

range (%)†

Species Type Children Adults

B Ad35 14 3–22
C Ad5 66 37–91

Ad6 Unknown 46–79
D Ad26 26 9–88

Ad36 Unknown 12–88
Ad48 7 3–51

*Score per http://blast.ncbi.nlm.nih.gov/Blast.cgi.
†Prevalence as noted in references cited in text [60–62].

Copyright © 2015 John Wiley & Sons, Ltd.
adenoviruses and temporality of seroconversion
and outcomes. The importance of clearly defining
the onset of a new infection was demonstrated in
two contrasting studies in monkeys. In one study,
rhesus monkey infection status had no relationship
with body weight 1year later, but it was unknown
when the monkeys became infected [28]. In another
study that tracked serostatus and weight every
6months, there was a temporal relationship be-
tween timing of infection and timing of weight gain
[5]. The same type of serial assessment of serostatus
is necessary in humans and has not yet been
performed. Additionally, most studies have only
evaluated a single type of adenovirus. One study
adjusted for infection with Ad8, Ad36, and Ad5,
along with other serum markers, and found Ad5
was the only adenovirus to have a persistent asso-
ciation with adiposity [30].

To adjust for infection with other adenovi-
ruses, a more comprehensive list of the most
prevalent adipogenic adenoviruses will be
necessary. We identified three population-based
seroepidemiologic studies investigating the
prevalence of antibody to various adenoviruses
(Table 2) [60–62]. It appears as though a species
C adenovirus (Ad6) and two species D adenovi-
ruses (Ad26 and Ad48) are known to have high
prevalence of infection in some populations and
have not yet been studied for their relationship
with obesity. In Table 2, we show the homology
of these viruses with the E4-ORF1 protein in
Ad36 and Ad5, as this protein appears to be
metabolically active in both Ad5 and Ad36
[18,48].
ased on nationwide population-based studies

E4-ORF1
homology
with Ad36*

(score out of 253)

E4-ORF1
homology
with Ad5*

(score out of 257)

118 110
108 257
108 257

Unknown Unknown
253 108
122 52.8
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The picture is likely more complex than simply
the relationship between different adenoviruses,
however. For instance, the human gut microbiome
has also shown the capacity to transmit obesity to
germ-free mice, but the associations between human
obesity and specific bacterial components of the
microbiome differ between studies [63]. In other
words, it is not known what component of the gut
microbiome is responsible for these obesogenic
effects that are transmissible from humans to mice.

CONCLUSIONS
The overall importance of understanding the rela-
tionship between infectious disease and human
metabolism is a compelling reason for further
investigation. Despite advancements, the vast ma-
jority (>70%) of those with obesity are unable to
maintain substantial long-term weight loss
(>10%) even with an intensive lifestyle interven-
tion [64]. Although the multifactorial etiology of
obesity has been recognized [65,66], its current
treatment strategies are seldom cause-specific
(unlike other multifactorial diseases) [67]. If
certain microbes contribute to obesity, this sub-
group of obesity may benefit from prevention or
treatment strategies directed to these microbes,
particularly because differential response to diet
[35] and exercise [36] among those with Ad36 infec-
tion has already been shown. Among all the puta-
tive adipogenic pathogens, Ad36 has been studied
most extensively and offers a pattern for how to in-
vestigate microbial contribution to obesity [68].
Human adenoviruses include many serotypes,
which may have shared as well as unique
adipogenic properties. Of the serotypes screened
for their adipogenic effect, using either in vitro or
animal studies, a majority of adenoviruses show
some evidence indicating an adipogenic effect.
Comprehensively identifying adipogenic adenovi-
rus serotypes may help in determining their
(individual or combined) role in human obesity.
The importance of developing a stronger evidence
base in this area is clear when considering the high
prevalence of human adenoviral infections and the
35% prevalence of obesity in the US population
[62,69]. Moreover, studies that examine adiposity-
related outcome variables in both human and ani-
mal populations should include an inquiry about
the infection status with adipogenic adenoviruses
to minimize the potentially confounding influence
of these infections. The number of adipogenic
Copyright © 2015 John Wiley & Sons, Ltd.
adenovirus serotypes identified by research groups
worldwide in a relatively short period underscores
the overall importance of understanding the rela-
tionship between infectious disease and human
obesity and provides a compelling reason for fur-
ther investigation.

METHODS
We performed an updated literature summary on
the relationship between adenoviruses and obesity.
The association between adenovirus 36 and obesity
has already been systematically reviewed twice in
recent years [8,9]. Additionally, most of the other
adenoviruses have minimal literature (“Adenovi-
rus X” AND “obesity” searched in May 2015 in
PubMed returns no additional relevant studies for
Ad2, Ad5, Ad8, Ad9, Ad31, or Ad37). Where neces-
sary, for consistent data reporting, chi-square anal-
ysis was performed using raw numbers reported
in prior studies using Stata v. 12.0 (StataCorp LP,
College Station, TX, USA) and p< 0.05 was consid-
ered statistically significant. Two reports of an in-
vestigation of the association between obesity and
an adenovirus were found for Ad5, Ad31, and
Ad37, which have not been previously synthesized.
For these studies, the results were combined with
random effects meta-analysis and heterogeneity
was assessed using I2.
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