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Viruses as an Etiology of Obesity

RicHArD L. ATKiNSON, MD

Obesity is a serious chronic disease that has numerous etiologies. United States but also worldwide, starting at about the
The prevalence of obesity has increased dramatically since about

1980 in the United States and worldwide in both developed and same tlm_é'Th_e World H.ealth Organlgatlon prOCIalmeFj a
developing countries. This rapid spread is compatible with an global epidemic of obesity and appointed an International
infectious origin. This review discusses the 5 animal viruses and 3 Obesity Task Force to deal with this proble.

human viruses that have been shown to cause obesity and exam- . . .
ines the evidence to date for virus-induced obesity. The obeso- Many attempts have been made to explain this epi-

genic animal viruses include canine distemper virus, Rous-associ- demic of obesity, and some creative explanations have

ated virus type 7, Borna disease virus, scrapie agent, and SMAM- been advanced. Clearly, simple behavioral changes in
1. The first 4 viruses attack the central nervous system to pro-

duce obesity. SMAM-1, an avian adenovirus from India, acts dle_t a”q lifestyle are n‘?t entirely syfﬁment to eXF_"a'” .the
directly on adipocytes and is the only animal virus that is associ- epidemict” One potential explanation of the “epidemic”
ated with human obesity. The 3 human adenoviruses, adenovirus is that truly it is an epidemic due to infectious causes,
(Ad) 36, Ad-37, and Ad-5, that are associated with obesity also e . . . . .
affect adipocytes directly. These viruses stimulate enzymes and spgmﬁcal_ly VIrUS-IndUCQd ObeS”Yr at least in _part. This
transcription factors that cause accumulation of triglycerides and review discusses published evidence for viruses that
differentiation of preadipocytes into mature adipocytes. Ad-5 and cause obesity, focusing first on animal viruses in animal

Ad-37 have been shown to cause obesity in animals. Ad-36 has . . . .
been studied the most and is the only human adenovirus to date models, then on human viruses in animal models and in
that has been linked with human obesity. Ad-36 causes obesity in humans.

chickens, mice, rats, and monkeys and was present in 30% of
obese humans and 11% of nonobese humans. In twins discordant

for infection with Ad-36, the infected twins were heavier and fatter ANIMAL VIRUSES AS AN ETIOLOGY OF OBESITY
than their cotwins. The growing body of evidence demonstrating
that viruses produce human obesity supports the concept that at Viral-induced obesity is not a new concept (Table 1). The

least some of the worldwide epidemic of obesity in the past 25
years is due to viral infections.
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first report of obesity due to a virus was published in £982,
and 4 other animal viruses have been reported since
then?®12

Ad = adenovirus; BDV = Borna disease virus; BMI = body mass index;
CNS = central nervous system CANINE DisTEMPER VIRUS

In the first report, Lyons et @atescribed a syndrome of
massive obesity in about one-fourth of Swiss albino mice

besity is a chronic disease of multiple etiologies, [n that were survivors of infection with canine distemper vi-

cluding genetic, metabolic, environmental, social, rus. Canine distemper virus invades the central nervous
and other factors According to the National Health and system (CNS) and replicates in neurons and glial cells of
Nutrition Evaluation Survey, the prevalence of obesity |n the white mattef It causes encephalomyelitis, the most
the United States was about 13% in 1960 and increasef tecommon cause of deathThe article by Lyons et @l
about 15% by 1980, an increase of 1.5% of the popula-showed only hypertrophic, hyperplastic obesity with no
tion.2® However, in the next 20-year period from 1980 to obvious CNS damage. Subsequent articles demonstrated
2000, the prevalence of obesity increased at a 10-fpldthat the hypothalamus in the infected mice had altered
higher rate and by 2000 was about 31% of the US popula-neurochemistry and subtle anatomical dani&gelt is
tion2® The prevalence of obesity doubled in adults and well known that damage to the hypothalamus can cause
tripled in children during that 20-year peri&dThe in- obesity with elevated levels of serum cholesterol and tri-
crease in the prevalence of obesity occurred not only in theglycerides* Canine distemper virus is not thought to be a
human pathogen. However, human measles virus is closely
related to canine distemper virus and belongs to the same
From the Obetech Obesity Research Center, Richmond, VA. family of Paramyxoviridae virusés.

Dr Atkinson is the owner of Obetech, LLC. This company provides assays for
adenoviruses that produce obesity.
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1192 Mayo Clin Proc. » October 2007;82(10):1192-1198 « www.mayoclinicproceedings.com



VIRUSES AS AN ETIOLOGY OF OBESITY

growth, hypertriglyceridemia, and hypercholesterolemia. TABLE 1. Animal and Human Viruses That Produce Obesity

Some of the chickens had serum triglycerides levels higher Virus Year reported

than 2000 mg/dL, and 1 chicken had serum triglycerides Animal

higher than 14,000 mg/dL. Infected chickens develop en- Canine distemper virus 1982

larged fatty livers, anemia, and immunosuppression. Obe- Rous-associated virus type 7 1983

sity developed despite similar levels of food intake, and gg:g;ig'zgzﬁf virs o0

lower thyroid hormone levels were detected. The authors SMAM-1 avian adenovirus 1990

attributed the obesity to hypothyroidism, but it is likely that Human

CNS damage was responsible. Adenovirus 36 2000
Adenovirus 5 2005

BornA Disease VIRus
Borna disease virus (BDV) is an enveloped, negative-
stranded RNA virus with a genomic size of approximately of the scrapie agent are that it is a prion, a virus with
9 kilobase with replication and transcription in the nucleus unusual characteristics, or a virino, a very small piece of
of the host celt®*® Narayan et al’ and Gosztonyi et #I*° DNA that acts like a viru&.Currently, no evidence exists
reported that BDV produces obesity in rats. It causes athat scrapie infects humans, but clearly some of the trans-
lymphomonocytic inflammation of the septum, hippo- missible spongiform encephalopathies do, such as Creutz-
campus, amygdala, and ventromedial hypothal&nausl feldt-Jakob disease and kuru. Kim ét a¢ported that the
persists in the neous system; thus, the mechanism of ME-7 strain of scrapie produced obesity in mice, but other
obesity is probably CNS damagfé3Hyperplasia of pan-  scrapie strains did not. Kim et&uggested that the hypo-
creatic islets, elevated serum glucose levels, and hypertrithalamic-pituitary-adrenal axis was necessary for the de-
glyceridemia are evident but are likely manifestations of velopment of obesity by showing that removal of the ad-
obesity, rather than a direct virus effect. Interestingly, the renal gland prevented obesity. However, several models of
age of the animals at the time of inoculation plays a role obesity in nice are prevented by adrenalectomy; thus, an
in the development of obesity Rats infected as new- intact hypothalamic-pituitary-adrenal axis is necessary
borns with BDV show a progressive neurological diseasefor obesity, but it does not seem likely that it plays a
within 12 to 16 months and become obese later. In con-primary role in the etiology of obesity due to scrapie.
trast, weanling or adult rats inoculated with BDV develop Diabetes is associated with scrapie but is due not only to
acute encephalitis and many die within 1 to 4 months. the obesity but also to damage of the pancreas by the
Some of the rats that survive the infection develop scrapie agernft>?
marked obesity?

Borna disease virus has been found in a wide variety ofSMAM-1
animals®>®and there is evidence that it affects humans. deIn the mid-1970s, an increased death rate was noted in
la Torré* found BDV-specific antigen and BDV-RNA commercial chicken farms in India. Ajink§dound that
with hippocampal sclerosis and astrocytosis in 4 humanan avian adenovirus was responsible and named it
brains at autopsy. Borna disease virus has been associat€8MAM-1. SMAM-1 is associated with decreased im-
with schizophrenia and depression in hum&ffgnd these mune function and an increased accumulation of body
cases were responsive to amantadine, an antiviraPtiug. fat in infected chickens. Dhurandhar et studied
Evidence shows that BDV causes behavioral disorders in 8SSMAM-1 and noted that it was highly infectious and
variety of animals, particularly horses, and cycles of el- caused obesity without an increase in food intake in these
evated antibodies to BDV have correlated with cyclic psy- growing chickens. Uninoculated chickens in the same
chiatric disorders in huma#%°As yet, no evidence exists room with chickens inoculated with SMAM-1 developed
for a contribution of BDV to human obesity, but additional the obesity syndrome, presumably due to airborne virus

study is needed. particles®* In addition, serum lipids of the infected chick-
ens had a paradoxical decrease with SMAM-1 infection
SCRAPIE AGENT compared to controls, and livers of infected chickens
Scrapie is a fatal neurodegenerative disease classified aswere large and filled with triglyceridé® Body fat in-
transmissible spongiform encephalopathMatural infec- creased but body weight did not always increase com-

tion occurs in sheep and goats, but in the laboratory, hampared to controls, suggesting that fat was preferential-
sters, mice, rats, voles, gerbils, mink, cattle, and somely stored, even at the expense of lean body ri#ass.
species of monkeys have been infected with scrapie bySMAM-1 was the first virus, animal or human, associated
inoculation of the agerit.The 3 main theories on the nature with human obesity?
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TAB'—'lf 2. 'nC][%a;e in Percent Vlisceffal Fé(ljt a”dh To determine the degree of infectivity and potential
Prevalence o esity in Animals Infected Wit .
Human Adenovirus 36 vs Controls hazards of blood transfusion, Dhurandhar ¥t@nsfused

200 pL of blood from infected chickens into uninfected

Obesity prevalence, - piyeans The transfused chickens developed full-blown

Visceral fat, infected vs control . . ) .
% increase (%) Ad-36 infection and obesity, illustrating that the virus
Chickens could be transmitted from blood. In addition, the study
Experiment 1 100 69 fulfilled Koch’s postulate that obesity could be transmitted
Experiment 2 129 64 from infected animals to uninfected animals.
MiCEXpe”mem?’ g 28 Two experiments have been performed in nonhuman
Marmosets 66 100 primates®® Serum samples from the University of Wiscon-

sin Primate Center serum bank of the Non-Human Primate
Aging Study were tested every 6 months for 7 years for the
HUMAN VIRUSES ASSOCIATED WITH OBESITY presence c;f antibodies to Ad-36 using a serum neutrali_za—
IN ANIMALS tlon.assay. There was no cross-reactivity of Ad—36 e}ntl—
bodies with other adenoviruses; thus, the test is specific for
Because SMAM-1 is an animal adenovirus associated withAd-36 577 Of the 15 rhesus monkeys at baseline, 7 already
obesity in human¥,the possibility was raised that human had been infected, and the remaining 8 became infected
adenoviruses might also be associated with obesity. Of theduring the course of the study. The extended period during
51 different human adenoviruses, 3 to date have beenwhich the monkeys became infected suggested they were
shown to cause obesity in animal models, whereas 2exposed on several occasions to Ad-36 from human han-
have not®% Adenovirus (Ad) 36 and Ad-37 were shown dlers, but it is possible that the infection was present in the
to cause obesity in chickens, but Ad-2 and Ad-31 were monkey colony and gradually infected all the monkeys in
not>-° So et &° showed that Ad-5 produces obesity in this experiment. The change in weight in the 18 months
mice. Ad-36 has been shown to cause obesity in infectedbefore the first positive serum neutralization assay was
chickens, mice, hamsters, rats, and monR&e¥$3¢4Ad-36 compared to the increase in body weight after the animals
is the only virus that has been shown to be associated witlbecame positive. Body weight increased by about 15%, and
human obesit§**°In the initial experiments with Ad-36 in  serum cholesterol decreased about 25% in the 18 months
chickens, Ad-2 and avian adenovirus chick embryo lethal after the first positive Ad-36 assé&y.

orphan virus did not cause obesitythus, production of Two groups of marmosets were used for the second
obesity is a not a characteristic of all adenoviruses orexperiment on nonhuman primafésThree marmosets
human adenoviruses. were inoculated intranasally with Ad-36 and followed up
for 7 months along with 3 uninfected control marmosets.
Human Ap-36 At baseline, body weight, body fat by stable isotope dilu-

Ad-36 was the first human adenovirus to be tested. Ad-36tion, and serum cholesterol level were measured. As noted
was first isolated in 1978 and reported in 1980 to the in Table 2, all the infected marmosets gained adiposity.
American Type Culture Collectidfi.Although the virus Body weight increased by about 4-fold more in the infected
could have been present for a long time previously, thevs uninfected monkeys (41 vs 11 g), and visceral fat in-
timing of this isolation is interesting because it occurred creased by 66% in the infected monkeys. In contrast, serum
just before the worldwide epidemic of obesity. Dhurandhar cholesterol decreased by 34 mg/dL in the infected monkeys
et aP"*reported that in both chickens and mice after Ad-36 vs controls despite the gain in weight and fat in the infected
inoculation, body fat increased, visceral fat increased monkeys. Virus could be isolated from the feces of infected
disproportionally to body fat, and serum lipids were para- monkeys for 2 months but not thereafter. However, at 7
doxically lower despite the obesity. Table 2 summarizes months, viral DNA was identified in brain, lung, liver,
the experiments in chickens and mice and demonstratesnuscle, and adipose tissue of infected monkeys by poly-
that about 60% to 70% of chickens and mice that weremerase chain reaction assay. These data illustrate that Ad-
infected with Ad-36 became obese, either by body fat or by 36 spread throughout the cells of the body at the time of
visceral fat criterid’*° The brains of the infected animals initial viremia, but the infectious virus had disappeared by
were evaluated, and no anatomic lesions were S&&A. about 2 months.

Pasarica et &l infected rats, monitored them for 30 Of perhaps great importance, the serum neutralization
weeks, and noted that body weight and body fat wereassay for Ad-36 antibodies was positive in only 2 of the 3
increased significantly in the infected rats compared with infected monkeys. However, the third monkey had Ad-36
controls. DNA in all the tissues tested after 7 months. This finding
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suggests that not every infected individual will have a TABLE 3. Adenovirus 36 Antibody Status and
positive serum antibody assay; thus, this test may underes- Body Mass Index (BMI) n Study Participants
timate the prevalence of infection.

BMI (kg/m?)
HumaN Ab-37 Study participants Antibody positive Antibody negative
Whigham et &F evaluated Ad-37, Ad-31, and Ad-2 in Obese#%30 kg/n) 47.7415.6 41.8¢10.61
; _ _ ; ; Nonobese (<30 kg/fh 26.3+4.2 23.9+3.8%
chickens. Ad-2 and Ad-31 did not cause an mcreasedCombined 44916.3 .8 12.31

fat deposition, but Ad-37 increased body fat by 111%
and visceral fat by 262% compared to the controls during;\éi"é%%?re meam SD.
a period of 3.5 weeks. Food intake was not different in 1+ p<g2.
any of the virus groups; thus, obesity developed in the
Ad-37 chickens apparently because of changes in energy
expenditure. pants who had antibodies to SMAM-1: cholesterol was

In contrast to Ad-36, which caused a decrease in serum33 mg/dL (16%; R.02) lower, and triglycerides were 88
cholesterol levels in chickens and other animal models, mg/dL (41%;P<.001) lower. No other information is avail-
Ad-37 caused an increase by 25% compared to bastline. able regarding the mechanisms of SMAM-1 obesity in
Levels of serum triglycerides decreased by 51% with Ad- humans or the prevalence of SMAM-1 antibodies in the
37; thus, Ad-36 and Ad-37 both act to cause a paradoxicalgeneral population, but the authors concluded that this
decrease in triglycerides despite increased obesity. Serumavian adenovirus may infect humans.
lipids were not changed with Ad-2 and Ad-31.

Human Ap-36

Human Ap-5 Atkinson et &' measured antibodies to Ad-36 in 502 indi-
So et &P inoculated mice intraperitoneally with Ad-5 and viduals of varying body weights, both obese and nonobese,
found that body fat increased by almost 300% without from 3 cities in the United States: New York City, Madi-
increased food lake. Body fat was measured with proton son, WI, and Naples, FL. Ad-36 antibodies were found in
magnetic resonance spectroscopy rather than with chemi-30% of obese individuals and 11% of lean individuals.
cal analysis. Evaluation of the liver showed no fatty depo- There were no significant differences in age or sex between
sition by this method. Unfortunately, serum lipids were antibody-positive and antibody-negative individuals. A
not measured. The authors speculated that inflammationhighly significant difference in body mass index (BMI)
due to the virus might stimulate production of peroxisome was noéd between antibody-positive and antibody-nega-
proliferator-activated receptgr-which would increase  tive individuals in the population as a whole and between
differentiation of new fat cells and lead to obesity. individuals whether they were obese or nonobese (Table
3). In the whole population, antibody-positive individuals
were 9 BMI units heavier than antibody-negative indi-
viduals. Smaller but still significant differences were
present in the obese and nonobese subgrfélyesels of
Information on virus-induced obesity in humans is limited. serum cholesterol and triglycerides were paradoxically
Dhurandhar et & showed that SMAM-1 was associated significantly lower in Ad-36 antibody-positive individu-
with obesity in obese humans in Bombay, India. In clinical als than in the antibody-negative individuals. Serum cho-

VIRUSES ASSOCIATED WITH OBESITY
IN HUMANS

studies in humans with Ad-36, Atkinson et*alemon- lesterol levels were 34 mg/dL lower in infected individu-
strated a correlation of increased body weight in a generalals, similar to the findings in the marmosets that were
population and in twins. prospectively infected (as previously mentioned); levels

of triglycerides were 39 mg/dL lower in antibody-positive
SMAM-1 individuals®*

Dhurandhar et &lassayed 52 obese humans in Bombay for  Atkinson et &talso measured antibodies to Ad-2, Ad-
antibodies to SMAM-1 using an agar-gel-precipitation test. 31, and Ad-37 and found no difference in BMI or serum
About 20% (10/52) of the study participants had antibodies lipids between antibody-positive and antibody-negative
to SMAM-1. These participants were heavier (32.1 kg persons. However, only 5 persons were positive for Ad-37.
vs 80.10.6 kg;P<.02) and had a higher body mass index Greenwa$f concluded that Ad-36 was the only human
(35.3+1.5 kg/ntvs 30.70.6 kg/n¥; P<.001) compared  adenovirus that has been correlated with human obesity
with the antibody-negative group. Levels of serum choles- since Ad-37 infection is so infrequent and Ad-5 has not
terol and triglycerides were significantly lower in partici- been tested.
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A study of 89 twin pairs from New York City was cytesin the same manner as it did animal cells, giving
conducted! Because twins tend to be similar in many support to the hypothesis that Ad-36 causes obesity in
characteristics, including body weight, twin pairs discor- humans.
dant for Ad-36 antibodies were studied. Antibody-positive ~ Vangipuram et & also evaluated leptin expression
twins were slightly, but significantly, heavier and fat- and insulin sensitivity in 3T3-L1 cells and found that Ad-
ter than their antibody-negative cotwins; the BMI was 9, Ad-36, and Ad-37 suppressed the expression of leptin
24.5+5.2 vs 23.124.5 kg/n? (P<.03) and percent body fat messenger RNA by about half. Insulin sensitivity, as mea-
was 29.69.5% vs 27.59.9% P<.04), respectively, in the  sured by glucose uptake, was enhanced by these 3 viruses
antibody-positive vs antibody-negative twins. The twin in rat primary adipocyte®. Adipose tissue of Ad-36—
pairs were significantly younger than the individuals in the infected rats was excised and cultufeédeptin messen-
aforementioned general population study. There were noger RNA expression was lower by 2- to 5-fold, and ex-
differences in BMI or percent body fat in cotwins discor- pression of acetyl-coenzyme A carboxylase 1 and fatty
dant for antibodies to Ad-2, Ad-31, or Ad-37n contrast acid synthase, key enzymes for de novo lipogenesis, were
to the other experiments mentioned previously, no differ- significantly increased in the infected rats compared to
ences were noted in serum lipids in the discordant twin weight- and adiposity-matched controls. The authors
pairs. found that Ad-9 enhanced fat accumulation in cells in
tissue culture, but Ad-9 has not been studied in in vivo
experiments.

Pasarica et &linfected rats and noted that fasting insu-
Most of the animal viruses noted previously cause obesitylin was lower and insulin sensitivity higher in the infected
by damaging the CNS. In the initial experiments of Ad-36 rats. Norepinephrine levels in the paraventricular nucleus
infection by Dhurandhar et &no anatomical lesions were and serum corticosterone were both significantly lower in
found in the CNS. However, Ad-36 DNA measured by infected vs control rats. The authors suggested that, in
polymerase chain reaction was consistently found in adi-addition to peripheral effects of Ad-36 in adipose tissue,
pose tissue of multiple animal models, as mentioned previ-changes in the CNS may be involved in the etiology of Ad-
ously®®° Fat pads from infected animals were larger than 36-induced obesity.
similar pads from uninfected animals, and they contained Rathod et & showed that Ad-36 gene expression in
both an increase in fat cell size and an increase in fat cell3T3-L1 cells was attenuated by cidofovir, an antiadeno-
numbery”®° suggesting a peripheral action of Ad-36 di- viral agent. Specifically, expression of the early gene 4
rectly on fat cells. open reading frame 1 could be decreased with use of

Dhurandhar et & and Vangipuram et &I evaluated cidofovir. Rogers et @ have shown that this gene is criti-
the effects of Ad-36 in murine preadipocytes (3T3-L1 cal for differentiation of preadipocytes and accumulation
cells) in vitro. Ad-36 stimulated a rapid differentiation of triglycerides.
response in preadipocytes with significantly faster appear-
ance of enzymes of fat storage and differentiation factors,
accumulation of triglycerides, and differentiation to mature
adipocytegs’ 646870 Ad-2 did not have this effect on Numerous published articles validate the concept of obe-
preadipocytes in vitr® Whigham et &P analyzed the ef-  sity due to virus infections. Five animal viruses and 3
fects of Ad-2, Ad-31, Ad-36, and Ad-37 and confirmed that human viruses have been shown to cause obesity in ani-
Ad-2 has no effect on preadipocyte differentiation but that mals, and 1 human adenovirus, Ad-36, has been corre-
the other 3 viruses enhance differentiation. They concludediated with obesity in humans. The data from twins in
that in vitro testing cannot be used to define which humanwhich one member of the twin pair is infected and the
adenoviruses will cause obesity because Ad-31 infectionother is not infected provide perhaps the best evidence
did not produce obesity in experimental animals but wasthat Ad-36 causes obesity in humans. The infected twins
positive in vitro. were heavier and fatter than the uninfected cotwins. The

Vangipuram et & found that glycerol-3-phosphate mechanisms of Ad-36—-induced obesity have been uncov-
dehydrogenase, a marker for adipocyte differentiation, ered, and it appears that Ad-36 has a direct effect on
increased much faster in infected than in uninfected adipocytes to turn on the enzymes of fat accumulation and
preadipocytes using both 3T3-L1 cells and human recruitment of new adipocytes. In total, these data
preadipocytes. Oil red-O staining showed that triglyc- strongly support the concept that at least part of the epi-
erides accumulated much faster in both cell types. Thisdemic of obesity that has occurred since about 1980 is due
study confirmed that Ad-36 affected human preadipo- to viral infections.

MECHANISMS OF VIRUS-INDUCED OBESITY

CONCLUSION
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