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Summary 
Associations between different infectious agents and obesity have 
been reported in humans for over thirty years. In many cases, as 
in nosocomial infections, this relationship reflects the greater 
susceptibility of obese individuals to infection due to impaired 
immunity. In such cases, the infection is not related to obesity as 
a causal factor but represents a complication of obesity. In 
contrast, several infections have been suggested as potential 
causal factors in human obesity. However, evidence of a causal 
linkage to human obesity has only been provided for adenovirus 
36 (Adv36). This virus activates lipogenic and proinflammatory 
pathways in adipose tissue, improves insulin sensitivity, lipid 
profile and hepatic steatosis. The E4orf1 gene of Adv36 exerts 
insulin senzitizing effects, but is devoid of its pro-inflammatory 
modalities. The development of a vaccine to prevent Adv36-
induced obesity or the use of E4orf1 as a ligand for novel 
antidiabetic drugs could open new horizons in the prophylaxis 
and treatment of obesity and diabetes. More experimental and 
clinical studies are needed to elucidate the mutual relations 
between infection and obesity, identify additional infectious 
agents causing human obesity, as well as define the conditions 
that predispose obese individuals to specific infections. 
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Introduction 

The relationship between obesity and infection 
was not seriously considered until the 1980s. Since that 
time, however, several studies have revealed infection as 
an additional important factor in both the pathogenesis 
and health risks of obesity. Increased consumption of 
energy-dense food and a concomitant decrease in energy 
expenditure due to a sedentary lifestyle seem to be major 
players in the current global epidemic of obesity with its 
serious health and socioeconomic consequences (World 
Health Organization Media Centre 2015). Nevertheless, 
comprehensive analyses have demonstrated several 
alternative pathogenic factors leading to obesity 
(McAllister et al. 2009) including infection (Dhurandhar 
2001). If the pathogenesis of obesity is partly mediated 
by infectious agents, we may speculate whether there is 
a relationship between obesity-susceptibility gene loci 
and particular infections. For instance, we have found 
variants of three genes (PCSK1, BDNF, and MC4R) to 
be associated with adenovirus 36 (Adv36) seropositivity 
in Czech adolescents (Dušátková et al. 2015). Infection 
may not be entirely related to obesity as a causal factor, 
but may be thought of as a complication of obesity 
(Karlsson and Beck 2010). It has been shown that 
obese individuals are susceptible to several types of 
infection due to impaired immunity. Moreover, in obese 
subjects, particularly in those severely obese, the course 
of infectious diseases is more severe (Almond et al. 2013, 
Garcia et al. 2015). Infection should therefore be added to 
the list of health risks associated with obesity, which 
traditionally mainly includes cardiovascular and 
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metabolic diseases, arthritis and certain cancers (Mokdad 
et al. 2003). Here, we review and discuss the factors 
involved in the reciprocal causality between infections 
and obesity. Various types of infections that cause obesity 
in animals and humans are briefly presented, with 
particular attention to the metabolic consequences of 
obesity in humans infected by adenovirus 36 (Adv36). It 
is apparent that more knowledge on associations between 
infection and obesity could contribute to novel diagnostic 
and therapeutic approaches in clinical practice. 

 
Infection as a cause of obesity 
  
Infection-induced obesity in animals 

Several infectious agents have been identified 
that cause obesity in animals (Dhurandhar et al. 2001). 
Experimental research on the role of infection in the 
pathogenesis of obesity began in 1982, when Lyons et al. 
(1982) showed that Canine distemper virus (CDV) caused 
obesity in mice. CDV infected mice exhibited 
encephalitis with a subsequent development of obesity. 
Infected animals also presented with leptin resistance as 
a consequence of the downregulation of the leptin 
receptor (Bernard et al. 1999). In addition, lower levels of 
circulating catecholamines were described in animals 
with CDV infection. Subsequent studies conducted in 
CDV-infected mice demonstrated the decreased 
expression of several hypothalamic neuropeptides in the 
acute stage of infection (Griffond et al. 2004), and the 
neuropeptidergic system remained disturbed in animals 
exhibiting the obese phenotype. Though CDV is a virus 
antigenically related to measles, to date there has not 
been any relevant data showing an association of obesity 
with measles in humans. Rous-associated virus-7  
(RAV-7), an avian retrovirus, leads to obesity, 
hyperlipidemia, hyperuricemia, fatty liver and growth 
failure in chickens (Carter et al. 1983). Borna disease 
virus (BDV) causes neuronal degeneration of brain 
structures and obesity in rats that is accompanied 
by lymphocyte infiltration of the hypothalamus, 
pancreatic islet hyperplasia, hyperglycemia and 
hypertriglyceridemia (Gosztonyi and Ludwig 1995).  

Prions induce obesity in mice and hamsters (Kim 
et al. 1987, Carp et al. 1990). Interestingly, however, 
adrenalectomy can prevent the development of obesity 
after inoculation of these infectious agents (Kim et al. 
1988), leading to the suggestion that this prion-induced 
obesity is due to dysregulation of the hypothalamic-
pituitary-adrenal axis (Kim et al. 1988). The prion-related 

Creutzfeldt-Jacob disease in humans leads to bovine 
spongiform encephalopathy in cattle and macaques. Oral 
infection of macaques with prions was also shown to 
cause subsequent rapid weight gain within 1.5 years post 
infection (Strom et al. 2014). In that study, prion 
accumulation was confined to the gastrointestinal tract 
and was associated with a change in the density of 
intestinal glucagon-like peptide-1 (GLP-1) cells. As  
GLP-1 is an intestinal hormone that possesses the ability 
to suppress appetite and influence blood glucose 
homeostasis (Field et al. 2010), derangement of its 
secretory capacity after prion ingestion may contribute to 
the development of obesity. Inoculation of avian 
adenovirus SMAM-1 in chickens also induces obesity, 
with increased visceral fat and fatty liver but 
a paradoxical decrease in serum lipids (Dhurandhar et al. 
1990, 1992). 

 
Human adenovirus 36 induces obesity and decreases 
serum lipids in animals 

Human Adv36 was first isolated in 1980 from 
the stool of a diabetic girl who suffered from enteritis 
(Wigand et al. 1980). Human Adv36 can induce obesity 
in chickens, mice and monkeys (Dhurandhar et al. 2000, 
2002), with infected mice showing a prevalence of 
obesity 2.7 times higher than in control animals. 
Transmission of Adv36 was demonstrated from infected 
individuals to non-infected animals housed in the same 
cage, as well as after intranasal inoculation of the blood 
of infected chickens (Dhurandhar et al. 2001), and viral 
deoxyribonucleic acid (DNA) persisted in the blood of 
infected chickens for up to 25 days. Similarly to infection 
with the SMAM-1 virus, animals infected with Adv36 
paradoxically exhibited lower serum levels of cholesterol 
and triglycerides. Adv36 DNA was detected in adipose 
tissue but not in the skeletal muscles, brain or 
hypothalamus of infected animals (Dhurandhar et al. 
2000). From these studies it became apparent that the 
primary target for Adv36 activity is adipose tissue. 
Several studies have been conducted in primates such as 
the rhesus macaque and marmoset monkeys (Dhurandhar 
et al. 2002). An experiment with macaques that received 
a precisely-defined diet showed that the spontaneous 
prevalence of antibodies to Adv36 was associated with 
a significant weight increase and a significant decrease 
in total serum cholesterol concentration. Intranasal 
administration of Adv36 in marmosets induced positive 
titers of neutralizing antibodies in two thirds of infected 
subjects 10 weeks after virus inoculation. During the 
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28 weeks of follow-up, individuals with positive Adv36 
antibodies exhibited a significant increase in body weight 
and fat mass together with a significant reduction in 
serum cholesterol levels compared to the control group. 
Dhurandhar et al. (2014) recently demonstrated that 
natural infection of human Adv36 in rhesus monkeys is 
associated with a reduction in fasting blood glucose.  

 
Infection and obesity in humans  

Several studies have shown that individuals 
seropositive for Helicobacter pylori and Chlamydia 
pneumoniae are characterized not only by higher age and 
lower socioeconomic status, but also by higher BMI and 
higher fasting insulin concentrations (Ekesbo et al. 2000). 
An association of human chlamydial infections with body 
mass index (BMI), particle size of low-density 
lipoprotein (LDL), insulinemia (Dart et al. 2002) and 
body fat was described by Jaworowska and Bazylak 
(2011). International epidemiological studies have shown 
that the risk of being overweight (BMI >25 kg/m2) is 
significantly elevated in the presence of IgG antibodies to 
Chlamydia pneumoniae (OR: 1.39) and Helicobacter 
pylori (OR: 1.86). The simultaneous presence of 
antibodies against both of these bacteria synergistically 
further increases the risk of being overweight (OR: 2.54) 
(Thjodleifsson et al. 2008). A recently published large 
cross-sectional study from northern Finland covering 
5,044 individuals also confirmed the association of IgG 
antibodies against Chlamydia pneumoniae with BMI. 
Moreover, in women these antibodies were related to 
waist circumference and hip circumference (Lajunen et 
al. 2011). However, no experimental studies have yet 
demonstrated a direct effect of Chlamydia pneumoniae 
and H. pylori on body fat accumulation. The role of these 
infections thus remains speculative. Associations of 
bacterial infections with increased BMI may rather reflect 
a greater susceptibility of obese individuals to these 
infections. 

On the other hand, it has clearly been 
documented that some adenoviruses may play a causal 
role in the pathogenesis of obesity not only in animals but 
also in humans. Polymerase chain reaction (PCR) 
detected 54 types of human adenoviruses (Bil-Lula et al. 
2012). In most cases, human adenoviruses cause very 
mild infections of the respiratory and gastrointestinal 
tracts. Only three human adenoviruses, Adv36, Adv37, 
and Adv5 have been found to have a causal relationship 
to obesity while acting directly on adipocytes (Atkinson 
2007). As mentioned above, a subject infected with 

Adv36 was described in 1980 (Wigand et al. 1980), and 
subjects infected with Adv37 were described in 1981 
exhibiting keratoconjunctivitis, urinary and genital tract 
infections (de Jong et al. 1981). 

The first description of obesity due to Adv 
infection in humans is from 1997, when infection with 
the avian adenovirus SMAM-1 was associated with the 
development of obesity (Dhurandhar et al. 1997). 
Individuals with positive SMAM-1 antibodies showed 
a significantly higher average body weight (95.1 kg vs. 
80.1 kg, p<0.02) and BMI (35.3 kg/m2 vs. 30.7 kg/m2, 
p<0.001) compared to SMAM-1 antibody-negative 
individuals. Similarly to chickens, infected humans with 
SMAM-1 demonstrated significantly lower serum 
concentrations of cholesterol and triglycerides. 
Inoculation of serum samples from subjects positive for 
SMAM-1 antibodies into chicken embryos led to 
macroscopic lesions characteristic for SMAM-1 
infection, whereas inoculation of serum from SMAM-1 
negative subjects did not produce such lesions 
(Dhurandhar et al. 1997). Additional evidence supporting 
the association of virus infections with human obesity is 
discussed below. No associations with BMI have yet 
been demonstrated in persons who are positive for 
antibodies against Adv2, Adv31 and Adv37 (Atkinson et 
al. 2005). The potential role of Adv5 in childhood obesity 
has recently been raised, as seropositivity for Adv5 
antibodies has been shown to be significantly more 
prevalent in obese than in non-obese children – 28.3 % 
vs. 6.6 % (Cakmakliogullari et al. 2014). This study was 
conducted in a small cohort of 120 subjects and its results 
should be confirmed in further studies performed in 
larger cohorts of both children and adults. The adipogenic 
potential of Adv5 has previously been shown in Adv5-
inoculated mice (So et al. 2005). 

  
Adenovirus 36 seropositivity and its relation to obesity  

Several studies have shown an increased 
prevalence of Adv36 seropositivity in obese compared to 
non-obese subjects (Na et al. 2010, 2012, Trovato et al. 
2009, 2010, Atkinson et al. 2005, 2010, Gabbert et al. 
2010). A recent meta-analysis involving 5,739 subjects 
clearly confirmed the association of Adv36 infection with 
obesity (Shang et al. 2014).  

Adv36 infection is usually determined by titers 
of antibodies against the virus. The serum neutralization 
assay is the gold standard to specifically detect 
neutralizing antibodies to Adv36, and shows no cross-
reactivity with other human adenoviruses such as Adv2, 
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Adv31 and Adv37; however, this assay is time 
demanding and requires considerable training to interpret 
the results (Dubuisson et al. 2015). An alternative 
enzyme-immunoassay, which provides a quicker 
measurement, is not specific in detecting antibodies to 
Adv36 (Dubuisson et al. 2015). Since Adv36 DNA can 
be isolated from human fat cells (Pasarica et al. 2008), 
another approach for demonstrating an infection with 
Adv36 is to determine the presence of Adv36 DNA in 
adipose tissue. In humans, however, viral DNA can be 
analyzed only in adipose tissue samples of appropriate 
size obtained during surgery procedures. 

Up to 30 % of adult obese Americans have been 
found to be positive for antibodies to Adv36, compared to 
11 % in normal weight counterparts (p<0.001), and 
infected subjects had a BMI of about 9 units higher than 
uninfected individuals (Atkinson et al. 2005). Similarly 
to in animals, total cholesterol and triglyceride levels 
were significantly lower in Adv36 antibody-positive 
subjects. A later meta-analysis that included 10 cross-
sectional studies with 2,870 subjects confirmed the 
association of Adv36 infection with obesity and the 
accumulation of subcutaneous fat, but not with waist 
circumference, lipid profile, blood glucose or systolic 
blood pressure (Yamada et al. 2012). Karamese et al. 
(2015) reported a striking difference in Adv36 positivity 
in obese vs. non-obese Turkish adults (17.5 % vs. 4.0 %), 
while an Italian population showed a positive association 
of Adv36 antibodies not only with obesity but also  
with essential hypertension (Trovato et al. 2009). 
A longitudinal follow-up of Adv36 seropositivity in 
young Finns revealed that individuals who became obese 
in adulthood exhibited Adv36 seropositivity significantly 
more frequently than those who maintained normal 
weight – 21.3 % vs. 11.6 % (Sabin et al. 2015). However, 
these authors were unable to find any significant 
difference in BMI between Adv36 positive and negative 
subjects across the life-course.  

Several other studies in adults have failed to 
confirm the association of antibodies to Adv36 with 
obesity. Broderick et al. (2010) demonstrated an 
association of Adv36 seropositivity with age, race and 
sex in US military personnel, but not with obesity and 
lipid profile. Similarly, a study conducted with US Air 
Force male enlistees failed to show a relationship of 
Adv36 seropositivity to BMI (Voss et al. 2014). Adv36 
infected individuals who were lean at baseline, however, 
exhibited a 3.9 times greater risk of being clinically 
diagnosed as overweight/obese over time in comparison 

with uninfected lean subjects. No significant difference in 
Adv36 seropositivity between obese and normal weight 
persons was found in Belgium or the Netherlands 
(Goossens et al. 2011). The prevalence of seropositivity 
in this study increased with age and was not related to 
gender. This finding of an increasing prevalence of 
Adv36 seropositivity with age was later confirmed by 
Trovato et al. (2014). Goossens et al. (2011) failed to 
find Adv36 DNA in visceral fat obtained from 
31 severely obese patients who underwent bariatric 
surgery. However, a subsequent comment on this article 
raised several weak points of the methodology, such as 
the repeated thawing and freezing of analyzed samples as 
well as the use of an inappropriate rabbit antibody that is 
not suitable as a control for human serum (Atkinson 
2011b). The failure to prove the presence of Adv36 in 
adipose tissue by PCR might also have been due to the 
small size of adipose tissue used (10 mg) in comparison 
to previous studies, where the weight of analyzed samples 
was much higher (1000 mg) (Atkinson 2011b). For likely 
the same reason, a recent study also did not detect Adv36 
DNA in samples of human adipose tissue obtained by 
lipoaspiration, despite the fact that Adv36 seropositivity 
was confirmed (Ergin et al. 2015). 

Salehian et al. (2010) described a diabetic 
patient with multiple medical problems who developed 
obesity characterized by the enlargement of visceral 
adipose tissue together with the accumulation of 
subcutaneous body fat in the neck and chest areas. Only 
a minor amount of subcutaneous fat was located in the 
upper extremities and abdomen. This patient further 
exhibited extremely low levels of serum lipids. 
Quantitative PCR analysis revealed Adv DNA in 
a sample of subcutanous adipose tissue obtained by 
biopsy, leading the authors to suggest that the 
development of this atypical visceral obesity might be 
caused by Adv36 infection (Salehian et al. 2010).  

 
Adenovirus 36 seropositivity and its relation to 
overweight/obesity in children and adolescents 

Associations of Adv36 antibody positivity with 
obesity and/or overweight have much been stronger in 
children and adolescents than in adults. In American 
children, positivity for Adv36 antibodies has been 
demonstrated in 22 % of obese children compared to 7 % 
of non-obese children (Gabbert et al. 2010). Similarly, 
a significant difference in the prevalence of Adv36 
antibodies was found in Korean school children – 29 % in 
obese vs. 14 % in non-obese (Na et al. 2010). Another 
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study also confirmed a high prevalence of positivity for 
Adv36 antibodies in obese Korean children (30 %) 
(Atkinson et al. 2010). In that study, significantly higher 
BMI z-scores and waist circumference were found in 
infected compared to uninfected subjects. In 2011, 
Atkinson et al. (2011a) summarized the results of four 
studies on the prevalence of Adv36 antibody positivity in 
children. This meta-analysis included 559 children, in 
whom a higher prevalence of Adv36 infection was 
demonstrated in obese children (28 %) compared to non-
obese children (10 %). Additionally, in a cohort of 424 
Swedish children, the prevalence of Adv36 positivity in 
overweight/obese children reached 29 % versus 20 % in 
lean individuals (Almgren et al. 2012). We examined 
1,179 Czech adolescents and found positivity for Adv36 
antibodies in 21.5 % of normal weight, 40.0 % of 
overweight and 28.0 % of obese individuals (Aldhoon-
Hainerová et al. 2014). Adv36 positivity was particularly 
marked in overweight girls, of whom 55.0 % were Adv36 
antibody positive. More frequent Adv36 positivity in 
overweight than in obese individuals (40.0 % vs. 30.0 %) 
was also observed in Korean adults (Na et al. 2012). 
There have been several explanations for this 
phenomenon (Aldhoon-Hainerová et al. 2014). The 
higher prevalence of Adv36 infection among overweight 
adolescent girls in our study may be due to their attempts 
to control body weight in response to social pressure to 
be slim. Lifestyle changes in these girls may have 
prevented weight gain and further progression from 
overweight to obesity. On the other hand, it could be 
hypothesized that overweight subjects represent 
a recently infected cohort while some obese subjects are 
those who were infected long ago and subsequently had 
antibody titers that dropped below the detection limits of 
currently available assays. Recently, two studies from 
Turkey (Cakmakliogullari et al. 2014, Karamese et al. 
2015) and a study from Mexico (Parra-Rojas et al. 2013) 
have confirmed the association of Adv36 seropositivity 
with obesity in childhood. Surprisingly, in the last study 
Adv36 seropositivity was also associated with low high-
density lipoprotein (HDL) cholesterol levels (Parra-Rojas 
et al. 2013) but not with a better lipid profile. Only the 
study of Berger et al. (2014) failed to demonstrate an 
association of Adv36 seropositivity with adiposity in 
children. The same study, however, showed an 
association of Adv36 with inflammatory markers such as 
tumor necrosis factor-alpha (TNF-alpha), interleukin-6 
and vascular endothelial growth factor. The generally 
observed more robust correlation of Adv36 infection with 

obesity in children compared to adults has led to 
speculation about the causal role of Adv36 infection in 
the current worldwide increase in prevalence of 
childhood obesity (Atkinson et al. 2011a).  

  
The mechanism of action of adenovirus 36 

Adv36 accelerates the differentiation of 
preadipocytes into adipocytes (Vangipuram et al. 2004, 
Pasarica et al. 2008) and stimulates fat accumulation in 
adipocytes, independently of insulin, dexamethasone and 
methyl-isobutyl-xanthine, substances acting as 
preadipocyte differentiation inducers (Rathod et al. 
2009). Adv36, but not Adv2, upregulates the expression 
of early, intermediate and late genes of the adipogenic 
cascade.  

Pasarica et al. (2008) demonstrated that Adv36 
enhances the expression of genes involved in 
adipogenesis (CCAAT/enhancer binding protein beta, 
peroxisome proliferator-activated receptor-gamma, and 
fatty acid-binding protein) in human adipose-derived 
stem/stromal cells in vitro. Human adipose-derived 
stem/stromal cells harboring Adv36 DNA in their adipose 
tissue due to natural infection had a significantly greater 
ability to differentiate compared to their Adv36 DNA-
negative counterparts. It has further been shown that the 
accumulation of fat stores in response to Adv36 infection 
is mediated by the Adv36 gene, known as E4orf1 that 
activates lipogenic enzymes within adipocytes (Rogers et 
al. 2008a). Lipogenic enzymes stimulated by E4orf1 
include lipoprotein lipase and fatty acid synthase. 
Infection with Adv36, but not with Adv2, leads to the 
increased production of interleukin-6 and the reduced 
production of plasminogen activator inhibitor-1(PAI-1) 
(Bouwman et al. 2008). In that study, Adv36 infection 
induced a state of chronic inflammation that led to the 
infiltration of adipose tissue with macrophages. Signs of 
chronic low-grade inflammation through the specific 
protein referred to as monocyte chemoattractant protein-1 
(MCP-1) were also observed (Bouwman et al. 2008). The 
MCP-1 concentrations in Adv36 antibody-positive 
humans have been found to be higher than in those who 
were antibody negative, and mice lacking MCP-1 were 
protected from Adv36-induced inflammation and obesity 
(Na and Nam 2012).  

An essential role in the regulation of energy 
balance is played by leptin, a hormone secreted by fat 
cells that affects the hypothalamic anorexigenic and 
orexigenic pathways (Jéquier 2002). The rate of leptin 
production is related to the degree of adiposity and 
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gender. Obese humans have markedly higher plasma 
leptin levels relevant to the size of adipose tissue. 
Hyperleptinemia in obese subjects reflects a resistance to 
the effects of endogenous leptin (Rogers et al. 2008b). 
Adv36 in the presence of insulin was found to reduce 
leptin release from rat adipocytes by about 40 % and  
at the same time increase glucose uptake by 93 % 
(Vangipuram et al. 2007). The adipose tissue of rats 
infected with Adv36 showed twofold to fivefold lower 
leptin mRNA expression compared to the adipose tissue 
of controls matched by weight and body composition 
(Vangipuram et al. 2007). In a study in rats it was 
demonstrated that infection with Adv36 is accompanied 
by a decrease in the concentration of norepinephrine in 
the paraventricular nucleus as well as in serum 
corticosterone (Pasarica et al. 2006). There have as yet 
been no studies on the relation of Adv36 infection with 
serum cortisol secretion in humans. 

 
Adenovirus 36, insulin sensitivity and hepatic steatosis 

Several studies have been published on the 
relationship of adenoviral infection with insulin 
sensitivity and nonalcoholic fatty liver disease (Almgren 
et al. 2014, Trovato et al. 2010, 2012a, Vangipuram et al. 
2007, Pasarica et al. 2006, Krishnapuram et al. 2011, 
Dhurandhar et al. 2011, Dhurandhar et al. 2014, 
Krishnapuram et al. 2013, Trovato et al. 2014). In one, 
Adv36 infection led to an increased uptake of glucose by 
adipose cells (Vangipuram et al. 2007). Intraperitoneal 
inoculation of Adv36 in rats induced not only 
accumulation of body fat, but also improved insulin 
sensitivity evaluated by the homeostasis model 
assessment of insulin resistance (HOMA-IR) (Pasarica et 
al. 2006). These favorable metabolic changes were 
reflected in an increase in the expression of several 
enzymes including peroxisome proliferator-activated 
receptor gamma in the visceral adipose tissue of infected 
animals. A recent Swedish study carried out in 1,734 
adults found that human Adv36 is uncommon in type 2 
diabetes and is associated with increased insulin 
sensitivity, particularly in women (Almgren et al. 2014). 
Adv36 seropositivity was associated with a lower 
prevalence of non-alcoholic fatty liver disease (NAFLD) 
and bright liver score determined by ultrasound (Trovato 
et al. 2010). In a multiple linear regression model, Adv36 
seropositivity together with HDL cholesterol and 
HOMA-IR were able to explain the degree of hepatic 
steatosis (Trovato et al. 2010). Adv36 seropositive 
patients with NAFLD demonstrated lower insulin 

resistance and fatty liver severity compared to individuals 
with NAFLD who were seronegative (Trovato et al. 
2014). In contrast to Adv36, which appears to be 
a hepatoprotective factor in terms of fatty liver, Adv37 
seropositivity was significantly associated with NAFLD. 
Trovato et al. (2012b) suggested Adv37 positivity as 
a causative factor of NAFLD. 

Both experimental and clinical studies have 
confirmed the antidiabetogenic effect of infection with 
Adv36 (Krishnapuram et al. 2011). Adv36 improved 
glycemic control in mice fed either a standard or high-fat 
diet. Moreover, in mice fed with the high-fat diet, Adv36 
infection prevented the development of hepatic steatosis. 
Adv36-infected mice exhibited not only a lower hepatic 
lipid content, but also a significant increase in glycogen 
content compared to uninfected controls. Adv36 infection 
favorably affects glucose homeostasis by increasing 
glucose uptake in adipose tissue and muscle. Adv36 
infection simultaneously reduces its release from the 
liver. As shown in human muscle cells obtained from 
both non-diabetic normal weight subjects and patients 
with type 2 diabetes, Adv36 upregulates distal insulin 
signaling without recruiting proximal insulin signaling 
(Krishnapuram et al. 2011). In a cohort of 1,507 adults 
and children recruited from four clinical studies, Adv36 
infection predicted better glycemic control and reduced 
hepatic fat content independently of age, sex, and 
adiposity (Krishnapuram et al. 2011). The mechanism by 
which Adv36 infection affects glucose uptake is 
independent of insulin and is mediated via Ras-activated 
phosphatidylinositol 3-kinase (PI 3-kinase). Adv36 
increases gene expression and the abundance of glucose 
transporters such as GLUT1 and GLUT4 (Wang et al. 
2008). The observed significant increase in 
concentrations of all free forms of adiponectin in adipose 
tissue in response to Adv36 infection in mice fed a high 
fat diet may contribute to a favorable metabolic profile in 
infected subjects (Krishnapuram et al. 2011).  

The adipose tissue hormone adiponectin is 
known to improve insulin sensitivity and prevent the 
development of metabolic syndrome (Nedvídková et al. 
2005). Metabolically favorable remodeling of human 
adipose tissue by Adv36 has been suggested. Adv36 in 
explants of human adipose tissue increase glucose uptake, 
the expression of several adipogenic genes, adiponectin, 
and fatty acid synthase, while the expression of 
proinflammatory MCP-1 is suppressed (Rogers et al. 
2008b). A recent Chinese study carried out in overweight 
Uygur subjects revealed that preadipocytes infected with 
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Adv36 have increased gene expressions of both 
adiponectin and visfatin (Jiao et al. 2014). The authors 
suggested that adiponectin and visfatin genes may be 
involved in the mechanism underlying the effects of 
Adv36 infection in obese individuals. Nevertheless, from 
a clinical point of view the inoculation of adipogenic 
adenovirus to "remodel" human adipose tissue in order to 
prevent or treat diabetes does not seem reasonable. It has 
therefore been investigated whether E4orf1 protein 
produced by the virus could be responsible for its 
antidiabetogenic properties while devoid of the virus´s 
proinflammatory effects (Dhurandhar et al. 2011, 2012, 
Krishnapuram et al. 2013, Na et al. 2014). A series of 
experiments demonstrated that the E4orf1 protein is 
a factor that activates Ras and PI3K and thus leads to 
increased glucose uptake in Adv36 infected subjects. In 
vitro experiments showed that E4orf1 affects glucose 
homeostasis not only by increasing glucose uptake in 
preadipocytes, adipocytes and myoblasts, but also by 
reducing the output of glucose from liver cells 
(Dhurandhar et al. 2011). Both Adv36 and its E4orf1 
gene enhance cellular glucose uptake (Na et al. 2014). 
Adv36 but not E4orf1 stimulates an inflammatory 
response as demonstrated by increased mRNA of MCP-1 
and TNF-alpha. 

  
Adenovirus 36 and weight loss  

Only three studies so far have focused on the 
role of Adv36 infection in weight loss. All were carried 
out in children and demonstrated that fat stores are 
preserved in response to a short-term weight management 
program. Weight loss during a 4-week summer weight-
loss camp in 73 young subjects aged 10-17 years was 
studied by Vander Wal et al. (2013). At baseline, Adv36 
seropositive and negative children did not differ in 
anthropometric and fitness measures, but Adv36 positive 
individuals showed lower levels of cholesterol and 
triglycerides. In response to a 4-week weight 
management program, Adv36 seropositive youth 
exhibited a smaller reduction in BMI percentile than 
those who were Adv36 seronegative (Vander Wal et al. 
2013). Na et al. (2014) compared exercise-induced 
weight loss in Adv36 seropositive and seronegative 
subjects, using both humans (children aged 12-14 years 
who underwent a 2-month exercise program) and 
experimental animals (mice exposed to treadmill exercise 
for 12 weeks). Children with Adv36 seropositivity had 
higher initial BMI z-scores compared to their 
seronegative counterparts. In addition, seropositive 

children failed to lose weight in response to negative 
energy balance induced by exercise, in contrast to 
seronegative subjects. Similar results, i.e. resistance to 
weight loss, were demonstrated in exercising Adv36 
infected mice. Exercise, even in the absence of weight 
loss, resulted in improved glycemic and lipid profile and 
increased mitochondrial activity in the liver. Despite 
regular physical activity Adv36 infected mice maintained 
chronic inflammation of adipose tissue (Na et al. 2014).  

In our recent study, the response to a 4-week  
in-patient weight management program was evaluated in 
184 obese adolescent girls with respect to the antibody 
status of Adv36 (Zamrazilová et al. 2015). Significantly 
greater decreases in z-scores of waist circumference, 
waist-to-hip ratio and waist-to-height ratio were observed 
in Adv36 positive compared to Adv36 negative girls. On 
the other hand, the sum of four skinfolds decreased 
significantly more in Adv36 negative than in Adv36 
positive subjects. We concluded that energy restriction in 
infected girls was associated with a greater reduction in 
abdominal obesity and the preservation of subcutaneous 
adipose stores than in those uninfected.  

 
Infection as a complication of obesity 
 
Alterations of immune function in obesity 

Obesity has been associated with altered 
immune function since the nineties (Nieman et al. 1996, 
1999, Tanaka et al. 1993). Nieman et al. reported 
suppressed mitogen-induced lymphocyte proliferation in 
obese women (Nieman et al. 1996, 1999). This marker of 
deteriorated T- and B-cell function may contribute to 
a greater susceptibility of obese subjects to infection. 
Impaired T-lymphocytes may be associated with the 
increased secretion of proinflammatory adipokines, such 
as TNF-alpha (Tanaka et al. 1993, 2001). A decreased 
function of both macrophage and dendritic cells was also 
demonstrated in obese human subjects (Nieman et al. 
1999). Moreover, metabolically-risky obesity has been 
shown to be associated with the impaired function of 
natural killer cells (Lynch et al. 2008).  

 
Obesity and respiratory infections  

Severe obesity is associated with impaired 
bronchopulmonary function. In addition, obese 
individuals are more susceptible to respiratory infections 
(Jubber 2004). Overweight preadolescent children have 
twice as high a risk for acute respiratory infections than 
children with low BMI (Jedrychowski et al. 1998). Phung 
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et al. (2013) performed a meta-analysis of the 
relationship between BMI and pneumonia, which found 
a J-shaped relationship between BMI and the risk of 
community-acquired pneumonia but a U-shaped 
relationship between BMI and the risk of influenza-
related pneumonia. Obesity was identified as a novel risk 
factor for the H1N1 influenza infection that reached 
pandemic proportions in 2009 (Louie et al. 2011). Half of 
adult Californians hospitalized with H1N1 infection in 
2009 were obese. It has recently been demonstrated that 
obesity was associated with severe outcomes following 
the 2009 H1/N1 influenza pandemic (Almond et al. 
2013). The risk of death due to H1N1 infection 
significantly increases in obese patients with BMI ≥30 
kg/m2 (risk ratio: 3.1) and even more in those with  
BMI ≥40 kg/m2 (risk ratio: 7.6) (Louie et al. 2011). 
Obesity also increased the risk of disease severity (risk 
ratio: 3.28) in children during the 2009-2010 influenza 
virus pandemic (Garcia et al. 2015). Besides the 
impairment of dendritic and memory T-cells (Nieman et 
al. 1999, Karlsson et al. 2010), further factors contribute 
to a greater susceptibility of obese individuals to 
influenza virus infection, e.g. reduced interferons (alpha, 
beta and gamma) mRNA expression, and increased viral 
titers and virus infiltration of the target tissues (Hu et al. 
2013). Polymorphisms of the fat mass and obesity 
associated (FTO) gene have been associated with obesity 
(Hinney et al. 2007). Feng et al. (2014) recently reported 
that the FTO variant rs9939609 is associated with a risk 
of pulmonary tuberculosis in Chinese population. 

  
Neisseria meningitidis and Helicobacter pylori in obesity 

Obese children have a three times greater risk of 
being carriers of Neisseria meningitidis than non-obese 
subject, and this risk increases with the severity of BMI 
(Uberos et al. 2010). A higher prevalence of Helicobacter 
pylori infection was observed in Turkish obese subjects 
compared to normal weight controls, with the authors 
suggesting that obesity could be considered a risk factor 
for Helicobacter pylori infection (Arslan et al. 2009). On 
the contrary, a recent review article summarized the data 
concerning an association of Helicobacter pylori 
infection with obesity and found conflicting results 
(Carabotti et al. 2014).  
 
Obesity and nosocomial infections 

Obesity is a serious risk factor for nosocomial 
infections, particularly infections located at surgical sites 
(Anaya and Dellinger 2006). An increased incidence of 

nosocomial infections has been repeatedly described in 
surgical patients (Choban et al. 1995, Canturk et al. 
2003). Obesity defined by percent body fat is associated 
with a 5-fold increase in surgical site infections 
(Weisbren et al. 2010). Obesity was also shown to be an 
independent risk factor for intensive care unit-acquired 
catheter and blood stream infections (Dossett et al. 2009). 

  
Obesity and response to vaccinations 

Several studies have found that obese 
individuals have decreased antibody formation in 
response to vaccinations. A poor response to hepatitis B 
vaccination in obese subjects has been reported in studies 
conducted in both adults and adolescents (Weber et al. 
1985, 1986). Reduced tetanus antibody titers were 
described in overweight children (Eliakim et al. 2006). In 
another study, obesity probably contributed to an 
impaired immune response to influenza vaccination at 
12 months following vaccination, although a higher BMI 
was associated with higher antibodies titers one month 
after vaccination (Sheridan et al. 2012). At 12 months 
after influenza vaccination, a higher BMI was associated 
with a greater decline in IgG antibodies.  

  
Future challenges and expectations 

 
Many challenges remain to be addressed in 

future research on the association between infection and 
obesity. Scientists should search for other infections in 
addition to Adv36 that could be considered pathogenic 
agents in human obesity. New specific and simple tests 
for the diagnosis of infected subjects should be 
developed, which could be widely used in clinical 
practice. More information about the dynamics of Adv36 
seropositivity is expected as well as data about the 
distribution of Adv36 in human tissues besides adipose 
stores. It would be helpful to know how long the 
infection persists in tissues and exerts its adipogenic, 
proinflamamtory, hypolipidemic and insulin-sensitizing 
effects. The relationship between Adv36 seropositivity 
and the presence of Adv DNA in tissues should also be 
clarified. The prevalence of Adv36 infection needs to be 
studied in larger cohorts in different populations, and the 
role of ethnicity, genetic and immune susceptibility, age 
and gender in variations in prevalence should be 
evaluated. Such comprehensive studies could provide 
sophisticated data on the role of Adv36 infection in the 
development of metabolically-healthy obesity, a disease 
with a highly variable prevalence in the obese from 18 % 
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to 44 % (Primeau et al. 2011).  
Our knowledge on Adv36 will open new 

horizons in the prophylaxis and treatment of obesity and 
its metabolic complications. This has been elegantly 
demonstrated by recent experimental studies in mice 
using ultraviolet-irradiated virus as a vaccine candidate 
and comparing the response to inoculation of live Adv36 
between vaccinated and unvaccinated mice (Na and Nam 
2014). Vaccinated mice had lower body weight, 
decreased levels of pro-inflammatory cytokines and 
a decreased number of macrophages in adipose tissue 
compared to unvaccinated mice. Nevertheless, before the 
potential introduction of prophylactic vaccination against 
virus-induced obesity to clinical practice, multiple studies 
in both experimental animals and humans will be 
required. Adv36 E4orf1 protein, with its insulin 
sensitizing properties devoid of pro-inflammatory effects, 
offers another therapeutic potential. For the future, it 
seems reasonable to test this agent in the treatment of 
type 2 diabetes, nonalcoholic fatty liver disease and 
lipodystrophy. At the same time, it will be necessary to 
test the efficacy, tolerability and adverse effects, 
particularly with respect to its oncogenic potential 
(Kumar et al. 2014).  

Further research will also be required to extend 
our knowledge on the role of obesity in infectious 
diseases (Karlsson and Beck 2010). Reasons for the poor 
response of obese individuals to vaccination need to be 
elucidated, and appropriate interventions to prevent this 
should be initiated. Various factors, including different 

weight management strategies that are able to improve 
impaired immune function in obesity, should be 
identified and employed in clinical practice in order to 
prevent the unfavorable outcomes of infectious diseases, 
particularly in severely obese patients.  
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