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OBJECTIVEdAd36, a human adenovirus, increases adiposity but improves glycemic control
in animal models. Similarly, natural Ad36 infection is cross-sectionally associated with greater
adiposity and better glycemic control in humans. This study compared longitudinal observations
in indices of adiposity (BMI and body fat percentage) and glycemic control (fasting glucose and
insulin) in Ad36-infected versus uninfected adults.
RESEARCH DESIGN AND METHODSdBaseline sera from Hispanic men and women
(n = 1,400) were screened post hoc for the presence of Ad36-speciﬁc antibodies. Indices of
adiposity and glycemic control at baseline and at ;10 years past the baseline were compared
between seropositive and seronegative subjects, with adjustment for age and sex. In addition to
age and sex, indices of glycemic control were adjusted for baseline BMI and were analyzed only
for nondiabetic subjects.
RESULTSdSeropositive subjects (14.5%) had greater adiposity at baseline, compared with
seronegative subjects. Longitudinally, seropositive subjects showed greater adiposity indices but
lower fasting insulin levels. Subgroup analyses revealed that Ad36-seropositivity was associated
with better baseline glycemic control and lower fasting insulin levels over time in the normalweight group (BMI #25 kg/m2) and longitudinally, with greater adiposity in the overweight (BMI
25–30 kg/m2) and obese (BMI .30 kg/m2) men. Statistically, the differences between seropositive and seronegative individuals were modest in light of the multiple tests performed.
CONCLUSIONSdThis study strengthens the plausibility that in humans, Ad36 increases
adiposity and attenuates deterioration of glycemic control. Panoptically, the study raises the
possibility that certain infections may modulate obesity or diabetes risk. A comprehensive understanding of these under-recognized factors is needed to effectively combat such metabolic
disorders.
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A

deeper understanding of the factors
that modulate adiposity or glycemic
control may aid in the development
of more effective treatment and prevention strategies for combating obesity or

diabetes. Although the contribution of
various behavioral and physiological risk
factors for obesity or diabetes is extensively investigated, that of several putative
factors remains under-investigated (1).
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Ad36, a human adenovirus, is one such
putative factor originally described for its
adipogenic property (2). Subsequent data
indicated that Ad36 is likely to modulate
both adiposity and glycemic control. In
various animal models, experimental
Ad36 infection signiﬁcantly increases adiposity (3–7) and yet, seemingly paradoxically, improves glycemic control (6,7). In
vitro and ex vivo mechanistic studies indicate that Ad36 expands adipose tissue
by recruiting adipocyte progenitors and
increasing their commitment, differentiation, and lipid accumulation (8–12). In
agreement with these ﬁndings, fat cells
of humans harboring Ad36 DNA in adipose tissue have greater adipogenic ability
compared with fat cells of those without
Ad36 DNA (10). In addition, Ad36 increases cellular glucose uptake in adipose
tissue and skeletal (13,14), reduces hepatic lipid accumulation and glucose release from hepatocytes (7,15), and
upregulates adiponectin, an insulinsensitizing adipocytokine (7,16), which
may collectively contribute to systemic
glycemic control improved by Ad36
(6,7). An improvement in glycemic control via the expansion of adipose tissue
has been recently documented in several
animal models (17–19) and has been suggested in humans receiving some antidiabetic agents (20). Similarly, Ad36 may
mediate its effect on glycemic control by
increasing adiposity.
In humans, Ad36 infection is prevalent globally (21), with a prevalence of
;15% in United States adults (7,22). Because of the substantial prevalence, if
Ad36 inﬂuences adiposity or glycemic
control in humans, then the potential impact could be considerable. However,
ethical considerations preclude experimental infection of humans to determine
a causal role of Ad36 in modulating
adiposity or glycemic control. Several
cross-sectional studies show that natural
Ad36 infection in humans is associated
with greater adiposity but better glycemic
control. Association of Ad36 infection
with greater BMI or greater prevalence
of obesity is reported in adults from the
United States (22), Italy (23), and Korea
DIABETES CARE, VOLUME 36, MARCH 2013
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(24), and in children from the United
States (25) and Korea (26,27). Ad36 infected human twins are signiﬁcantly
heavier compared with their uninfected
counterparts (22). However, two studies
did not ﬁnd an association of Ad36 with
obesity in military recruits or Scandinavian subjects (2). In four cohorts totaling
.1,500 white, black, and Hispanic men,
women, and children from the United
States, Ad36 infection signiﬁcantly predicted better indices of glycemic control
that were independent of race, sex, age,
and adiposity (7). Other smaller studies
also showed signiﬁcantly lower HbA1c
levels and higher adiponectin in Ad36infected adults (13,16). In addition, Ad36
infection is associated with lower hepatic
lipid levels in United States and Italian
adults and children (7,28).
Similar to the phenotype induced by
Ad36 in experimentally infected animals,
overall human cross-sectional studies
show an association of Ad36 infection
with greater adiposity, better glycemic
control, and lower hepatic lipid levels.
This congruence of data from animal and
human studies supports a similar role for
Ad36 in humans. However, causality
cannot be established unequivocally because of the observational nature of these
studies. A prospective approach could
help elucidate the long-term association
of Ad36 infection with adiposity and
glycemic control within a person over
time, and could markedly strengthen
causal inferences by assessing temporality. Such determination may advance our
understanding of multifactorial nature of
obesity or diabetes, and may lead to novel
prevention or treatment strategies.
This study screened baseline serum
samples of Hispanic adults enrolled in
San Antonio Family Heart Study for a
history of natural Ad36 infection, as indicated by neutralizing antibodies. Data
on obesity and glycemic control were
collected for ;10 years past baseline,
which allowed the comparison of changes
in indices of adiposity (BMI and body fat
percentage) and glycemic control (fasting
glucose and insulin) in Ad36-seropositive
vs. Ad36-seronegative individuals.
RESEARCH DESIGN AND
METHODS
Experimental design
Baseline sera samples of 1,400 Mexican
American persons enrolled in the San Antonio Family Heart Study (29) were
screened for the presence of neutralizing
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DIABETES CARE, VOLUME 36, MARCH 2013

antibodies to Ad36 by serum neutralization assay as described. Subsequently, seropositivity was evaluated for association
with measures of adiposity available at
baseline and ;10 years later.
San Antonio Family Heart Study
The study was initiated in 1991 with the
goal of investigating the genetic factors
inﬂuencing cardiovascular disease and
related quantitative risk factors in Mexican American individuals from San Antonio,
Texas. Multigenerational families were
ascertained from largely Hispanic neighborhoods of San Antonio via a single adult
Mexican American proband with a sufﬁcient number of ﬁrst-degree relatives to be
eligible. Families were randomly ascertained without enrichment for speciﬁc
diseases or other traits. All study participants gave informed consent. Body
weight, body fat, fasting glucose, and
insulin determined at baseline and at 10year follow-up visit were used for analyses.
Baseline body composition was determined by the bioimpedance method
using a Valhalla Bio-impedance Analyzer
(Valhalla Scientiﬁc, San Diego, CA). The
10-year follow-up body composition also
was determined by a bioimpedance analyzer from Xitron Technologies (San
Diego, CA). Plasma glucose was measured
using an Abbott V/P Analyzer, and serum
concentrations of insulin were measured
using commercial radioimmunoassay kits
(Diagnostic Products).
Serum neutralization assay
Presence of neutralizing antibodies in
serum was determined by the “constant
virus-decreasing serum” method as described (22). This is a labor-intensive assay but a highly speciﬁc and sensitive gold
standard to determine neutralizing antibodies. Ad36 required for the assay was
originally obtained from American Type
Culture collection (Cat # VR913) and was
plaque-puriﬁed and propagated in A549
cells (human lung cancer cell line) (3,4).
Statistical analyses
The statistical analyses for baseline measures were performed with the R package
BLR (Bayesian linear regression) (30,31)
to account for the degrees of genetic similarity between subjects within a pedigree
and can adjust for covariates in the regression models (see Supplementary Materials for details). The data set comprises 153
pedigrees (with most participants belonging to large multigenerational pedigrees
and a few participants being members of

small pedigrees or singletons). BMI, body
fat percentage, fasting glucose, and insulin were adjusted for age and sex. In addition, fasting glucose and insulin were
also adjusted for BMI. Table 2 lists means
and SDs of the differences in baseline indices of adiposity and glycemic control
between Ad36 seropositive and seronegative subjects. In the table we also list the
probability that the alternative hypothesis
(H1: Ad36 infection increases adiposity or
H1: Ad36 infection improves glycemic
control) is true.
The statistical analyses for longitudinal data were performed with the R
package Pedigreemm (pedigree-based
mixed-effect models) (32) (see Supplementary Materials for details). The measurements on adiposity and glycemic
control at three time points (baseline,
;5 years, and ;10 years past the baseline) were jointly modeled in the mixedeffect model. The genetic similarity between
subjects within a pedigree was considered by the Pedigreemm. Consistent
with the previous analyses for baseline
measures, BMI, body fat percentage, fasting glucose, and insulin were adjusted for
age and sex. In addition, fasting glucose
and insulin also were adjusted for BMI.
P values were based on one-tailed tests
according to our hypotheses about the
association of Ad36 with obesity and glycemic control. Signiﬁcance was considered at P , 0.05.
Furthermore, to gain better insight,
we also examined the associations of
Ad36 infection with BMI, body fat percentage, fasting glucose, and insulin for
different subgroups of sex and BMI.
Despite a continuous measure, BMI is
commonly categorized as “normal
weight,” “overweight,” or “obese” (BMI
kg/m2: ,25, 25–30, and .30, respectively). Glycemic control as indicated by
the levels of fasting glucose or insulin is
expected to deteriorate with age in the
elderly or even the middle-aged (33,34).
A lower increase in fasting glucose or insulin values based on the longitudinal observations over the 10-year period was
used to indicate less deterioration of glycemic control.
RESULTS
Baseline
At baseline, men and women were almost
40 years of age on average and had a mean
BMI in the overweight category (29.15 6
6.38 kg/m2) (Table 1). Their mean fasting
glucose and insulin levels were toward the
care.diabetesjournals.org
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Table 1dBaseline characteristics (mean 6 SD)

n
Age (years)
BMI (kg/m2)
Body fat (%)
Fasting glucose (mg/dL)
Fasting insulin

women, but not men, had lower baseline
fasting glucose and insulin levels (Table
2).

Men and women

Men

Women

1,400
39.24 6 16.78
29.15 6 6.38
32.33 6 9.79
96.61 6 33.30
14.53 6 11.90

566
38.85 6 17.51
28.07 6 5.59
24.97 6 8.17
97.76 6 31.46
14.04 6 11.86

834
39.51 6 16.27
29.88 6 6.77
36.01 6 8.36
95.81 6 34.50
14.86 6 11.92

upper limit of the normal range. Of the
834 women, and of the 566 men, 132
(15.8%) and 72 (12.7%), respectively,
were seropositive for Ad36. To avoid
any potential confounding effect of antidiabetic drugs on the variation in glucose
and insulin levels, diabetic individuals
(174 seronegative [14.5%] and 31 seropositive [15.2%]) were not included in
the analyses of glycemic indices. A separate analysis for glycemic indices of diabetic and nondiabetic individuals was
conducted (the diabetes status was

regarded as a covariate adjusted in the
model), which was presented in the Supplementary Materials.
Compared with their seronegative
counterparts, seropositive men and
women were more likely to have greater
body fat percentage (Table 2). BMI subgroup analyses indicated that Ad36 seropositivity was associated with better
baseline glycemic control in the normal-weight group (BMI #25 kg/m 2 ).
When the BMI subgroups were separated by sex, seropositive normal-weight

Longitudinal data analyses for
indices of adiposity and
glycemic control
Seropositive men and women of all BMI,
when analyzed together, showed a greater
body fat percentage compared with seronegative counterparts (Table 3). From the
BMI subgroup analyses, the overweight
and obese seropositive men had a significant greater BMI compared with the
overweight and obese seronegative men.
Men and women of all BMI, when
analyzed together, showed lower fasting
insulin levels for the seropositive group
compared with the seronegative counterpart (Table 4). The BMI/sex subgroup
analyses indicated that mainly the seropositive normal-weight men and women
and the overweight men contributed to
this association. Obese seropositive subjects did not show signiﬁcantly different

Table 2dDifferences in baseline indices of adiposity and glycemic control between Ad36 seropositive and seronegative subjects
Category*

BMI #25

BMI all

25 , BMI #30

BMI .30

Mean 6 SD

P (H1)

Mean 6 SD

P (H1)

Mean 6 SD

P (H1)

0.758
0.117
0.921

0.23 6 0.28
0.17 6 0.39
0.17 6 0.39

0.788
0.676
0.685

0.27 6 0.20
0.17 6 0.33
0.28 6 0.25

0.913
0.700
0.871

0.64 6 0.59
2.12 6 1.07
0.22 6 0.72

0.869
0.980
0.624

0.976
0.674
0.843

20.96 6 1.04x
21.70 6 1.63
20.66 6 1.21

0.168
0.141
0.295

20.13 6 0.74
20.36 6 1.36
20.24 6 0.89

0.426
0.398
0.408

0.90 6 0.95
3.03 6 2.65
0.28 6 0.97

0.829
0.865
0.608

20.004 6 0.010

0.661

20.033 6 0.018

0.969

0.012 6 0.017

0.229

0.002 6 0.017

0.462

20.009 6 0.017

0.694

20.021 6 0.031

0.752

20.036 6 0.027

0.915

0.024 6 0.039

0.256

20.0004 6 0.011

0.518

20.036 6 0.020

0.965

0.043 6 0.023

0.020

20.012 6 0.019

0.723

20.018 6 0.047

0.649

0.990

0.022 6 0.083

0.408

0.0008 6 0.078

0.476

20.117 6 0.087

0.909

0.904

20.163 6 0.131

0.900

20.175 6 0.171

0.848

0.057 6 0.056

0.164

0.981

0.148 6 0.117

0.098

0.035 6 0.085

0.347

Response variable

Mean 6 SD

BMI (men and women)‡
BMI (men)
BMI (women)
Body fat % (men
and women)
Body fat % (men)
Body fat % (women)
Natural log of fasting
glucose (men
and women)|
Natural log of fasting
glucose (men)
Natural log of fasting
glucose (women)
Natural log of fasting
insulin (men
and women)|
Natural log of fasting
insulin (men)
Natural log of fasting
insulin (women)

0.32 6 0.47
20.77 6 0.67
0.84 6 0.60
(0.08 6 0.04)
3 (age229){
0.61 6 1.38
0.78 6 0.77

P (H1)†

(20.016 6 0.007)
3 (age230)
(20.015 6 0.012)
3 (age230)
(20.020 6 0.010)
3 (age230)

Data are presented as 6 SD. *Subjects were categorized with their baseline BMI. †P (H1) is the probability that the alternative hypothesis (H1: Ad36 infection increases
adiposity or H1: Ad36 infection improves glycemic control) is true. A larger P (H1) implies that Ad36 infection is more likely to increase adiposity or more likely to
improve glycemic control. In this Table, we make the results with P (H1). 0.95. ‡Analyses for the pooled sample of men and women, with sex as a covariate adjusted in
the regression model. In the Bayesian linear regression model, the ﬁxed-effect predictor variables were Ad36 infection, age, and sex. {(0.08 6 0.04) 3 (age229)
means that the association of Ad36 is modulated by age. The mean difference in body fat percentage between 50-year-old Ad36 seropositive subjects and 50-year-old
Ad36 seronegative subjects is (0.08 6 0.04) 3 (50229) = 1.68 6 0.84. In the Bayesian linear regression model, the ﬁxed-effect predictor variables were Ad36 infection, age,
sex, and Ad36 infection 3 age. xA cell with no “age” means that the association of Ad36 is not signiﬁcantly modulated by age. Therefore, we chose the simpler model
based on the principle of simplicity (42). In the Bayesian linear regression model, the ﬁxed-effect predictor variables were Ad36 infection, age, and sex. |Only
nondiabetic individuals were included in the analyses of fasting glucose and insulin. In the Bayesian linear regression model, the ﬁxed-effect predictor variables were
Ad36 infection, age, sex, and baseline BMI.

care.diabetesjournals.org
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Table 3dLongitudinal data analyses for BMI and body fat percentage
BMI #25

BMI All
Category*

Mean 6 SD†

BMI (men and women)
BMI (men)
BMI (women)
Body fat % (men
and women)
Body fat % (men)
Body fat % (women)

3.9 6 4.3‡
26.9 6 6.8
8.0 6 5.8

P

Mean 6 SD

0.184
2.8 6 3.6
0.846 20.1 6 4.4
0.085
4.6 6 5.7

25 , BMI #30
P
0.218
0.512
0.209

(0.6 6 0.3) 3 (age231){ 0.031 27.1 6 8.7
0.791
0.7 6 10.7
0.474 28.4 6 12.1 0.757
8.5 6 6.5
0.095 24.9 6 11.7 0.663

Mean 6 SD

BMI .30
Mean 6 SD

P

P

1.2 6 3.3
0.359
5.4 6 5.9
0.179
(0.7 6 0.3) 3 (age245) 0.009 19.8 6 11.5 0.043
2.5 6 4.3
0.281 21.6 6 7.1
0.591
20.3 6 7.8
0.516
(1.9 6 0.8) 3 (age248) 0.011
2.2 6 9.5
0.409

6.7 6 7.4
0.184
26.2 6 20.6 0.101
0.5 6 7.4
0.472

Data are presented as 6 SD. *Subjects were categorized with their baseline BMI. †Mean and SD of the differences in BMI and body fat percentage between Ad36
seropositive and seronegative subjects. ‡All means and SDs in this table were multiplied by 10. A cell with no function of age means that the association of Ad36 is not
signiﬁcantly modulated by age. Therefore, we chose the simpler model based on the principle of simplicity (42). In the model, the ﬁxed-effect predictor variables were
Ad36 infection, age, and sex. {A cell with a function of age means that the association of Ad36 is modulated by age. In the model, the ﬁxed-effect predictor variables
were Ad36 infection, age, sex, and Ad36 infection 3 age.

fasting glucose or insulin levels compared
with their seronegative counterparts.
Supplementary Table 1 summarizes the
key ﬁndings presented in Tables 2–4.
Note that only nondiabetic individuals were included in the analyses of fasting
glucose and insulin. However, when the
analyses were conducted by including
diabetic and nondiabetic individuals,
but adjusting for the diabetes status, the
ﬁndings were similar (Supplementary Table 2). Ad36 seropositivity was associated
with lower fasting glucose and insulin levels in only normal-weight men and
women (Supplementary Table 2). Thus,
despite diabetes status, Ad36 is associated
with better glycemic proﬁle, as we previously reported (13).
CONCLUSIONSdThe results conﬁrm
a cross-sectional association of Ad36 infection with greater adiposity, as reported
by several earlier studies (22–27). More
importantly, this is the ﬁrst report to
show the longitudinal association of
Ad36 infection with adiposity and glycemic control. The key ﬁnding of this study
is that, as hypothesized, natural Ad36 infection is associated with greater adiposity
and less deterioration in glycemic control
in Hispanic men and women over time.
Clearly, even a longitudinal association
does not establish causality, and interpretation of these ﬁndings within the context
of this study and in relation to other studies with Ad36 is required.
Overall, Ad36 seropositivity was associated with greater adiposity and attenuated deterioration in better glycemic
control, both cross-sectionally and longitudinally (Supplementary Table 1). Interestingly, further analyses revealed that the
association of Ad36 seropositivity with
704
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glycemic control and adiposity may be
mainly contributed by two different subgroups, women with BMI #25 (for glycemic control) and men with BMI .25 (for
adiposity), respectively.
In animal models, the dual effect of
Ad36 on adiposity and glycemic control
(6,7) appears similar to that of the thiazolidinedione class of antidiabetic drugs
(20), which increase adiposity but improve diabetes. However, very recent vitro data indicate that unlike the action of
the thiazolidinediones, the two effects of
Ad36 may be separable (7,16). The dichotomy of association of Ad36 seropositivity with adiposity and glycemic
control with two separate subgroups
also suggests that the adipogenic and glycemic associations of Ad36 infection may
not be interdependent.
When men and women were analyzed together, Ad36 seropositivity was
associated with lower fasting insulin levels and greater body fat percentage over
time. However, when analyzed separately, women appear to mainly contribute to the association with lower fasting
insulin, whereas men appear to mainly
contribute to the association with greater
adiposity. Although the explanation for
this observation is unknown, a hypothesis can be offered. Animal data indicate
that adiponectin, an important insulinsensitizing adipokine, may be a key player
in mediating the insulin-sensitizing effect
of Ad36 (7). Also, Ad36 infection is associated with greater adiponectin levels in
humans (16). Adiponectin levels are
higher in women compared with men
(35), which may facilitate a greater effect
of Ad36 on glycemic control in that sex.
Conversely, adiponectin levels decrease
in obesity or with a high-fat diet (36),

which may explain a subdued association
of Ad36 with better glycemic control in
obese subjects.
Although it is unclear why some sex
and BMI subgroups did not show significant associations with Ad36 infection, it
could potentially indicate the contribution of unknown factors speciﬁc to these
subgroups. Importantly, there is no information about other potential factors
such as diet or exercise, which may inﬂuence adiposity or glycemic control in
this population. How genetic and environmental factors can modulate the phenotypic effect of a virus is aptly illustrated
by norovirus infection. This virus increases the susceptibility of an individual to
Crohn disease only in the presence of a
mutation in host gene Atg16L1 and in the
presence of commensal bacteria (37).
Similarly, factors related to Ad36 infection, such as the virulence, the time
lapsed after exposure to infection, and
host factors, including race-/ethnicityspeciﬁc response to infection, severity of
infection, and other lifestyle factors pertinent to this population may vary in
subgroups and may collectively shape
the phenotypic association to Ad36 infection. The ﬁrst step toward understanding such genetic and nongenetic
contributors of the metabolic associations
of Ad36 is to identify the subgroup differences.
Study limitations
Although the results are consistent with
our expectations based on previous reports by us and others (2,7,13,38,39), the
seropositivity-based differences in adiposity and glycemic control are modest
in magnitude. Moreover, we investigated
the association of Ad36 seropositivity
care.diabetesjournals.org
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Table 4dLongitudinal data analyses for fasting glucose and insulin in nondiabetic subjects
BMI #25

BMI all
Category*
Natural log of fasting
glucose (men
and women)
Natural log of fasting
glucose (men)
Natural log of fasting
glucose (women)
Natural log of fasting
insulin (men
and women)
Natural log of fasting
insulin (men)
Natural log of fasting
insulin (women)

Mean 6 SD†

25, BMI #30

P

Mean 6 SD

P

0.371

214.1 6 14.1

0.159

6.7 6 17.6

0.648

5.8 6 23.3

0.599

216.9 6 19.5

0.192

216.1 6 24.7

0.258

233.5 6 29.8

0.131

3.4 6 52.8

0.524

7.6 6 13.0

0.719

214.6 6 16.1

0.184

31.5 6 21.7

0.926

6.3 6 25.4

0.599

(24.5 6 2.4)
3 (age228){

0.032

(215.6 6 5.5)
3 (age232)

0.002

248.0 6 71.3

0.250

256.5 6 62.7

0.184

0.332

2205.1 6 114.8

0.037

2181.5 6 141.0

0.099

0.628

244.7 6 70.8

0.264

23.5 6 10.8‡

2123.8 6 68.3

0.035

22.2 6 48.0

0.482

249.9 6 114.6
(219.2 6 7.5)
3 (age232)

0.005

Mean 6 SD

BMI .30

30.8 6 94.4

P

Mean 6 SD

P

Data are presented as 6 SD. *Subjects were categorized with their baseline BMI. †Mean and SD of the differences in fasting glucose and insulin, between Ad36
seropositive and seronegative subjects. ‡All means and SDs in this table were multiplied by 1,000. A cell with no function of age means that the association of Ad36 is
not signiﬁcantly modulated by age. Therefore, we chose the simpler model based on the principle of simplicity (42). In the model, the ﬁxed-effect predictor variables
were Ad36 infection, age, sex, and BMI. {A cell with a function of age means that the association of Ad36 is modulated by age. In the model, the ﬁxed-effect predictor
variables were Ad36 infection, age, sex, BMI, and Ad36 infection 3 age.

with adiposity and glycemic control in
three BMI subgroups and both sexes.
This required the adjustment for multiple
comparisons. Following the commonly
used guidelines on statistical reporting
(40), we reported the exact P values.
However, if a conservative Bonferroni
correction is applied to the multiple testing (2 sexes 3 3 BMI categories 3 4 traits
3 2 types of analysis [baseline and longitudinal] = 48 tests), the P value for significance should be considered to be
approximately #0.001. None of our results reach this level of statistical signiﬁcance, but such an adjustment is likely
overly conservative given the correlated
nature of the phenotypic variables. In
any case, caution when interpreting these
results is warranted.
BMI is a continuous variable and an
argument could be made against stratifying by obesity level for analyses. However,
to reﬂect clinical relevance of our ﬁndings, we selected the three categories of
BMI that are used extensively. Also, a
recent study suggested that weight gain
over time may depend on baseline adiposity (41). Therefore, we used BMI subgroup analyses, which revealed some
interesting insight about the contribution
of individual BMI categories to the results.
Neutralizing antibodies to viruses
generally persist for a long time. So,
identifying the seropositive group in
these longitudinal analyses is straightforward. However, time elapsed since Ad36
care.diabetesjournals.org

infection is unknown in this study. Also,
it is unknown if the phenotypic association with seropositivity fades with time.
Ad36 antibody status was determined
only at baseline. Therefore, it is possible
that subjects deemed seronegative at
baseline may have experienced seroconversion later during the 10-year follow-up
period. This would presumably bias the
comparison against the current ﬁndings
(by including such seroconverted subjects in the seronegative category). The
signiﬁcance was noted in the Ad36 seropositive groups, despite this possibility
and despite the long follow-up duration.
Although screening for neutralizing antibodies is highly resource-intensive, determining antibody status at the end of
the follow-up period may strengthen the
association further.
Despite these limitations, this study is
an important initial step in unraveling our
understanding of how some pathogens
may chronically interact with metabolic
pathways. Although this study indicates
an association, and not causation, taken
together with previous in vitro and in vivo
data, and with human cross-sectional
data, these associations render more plausible the idea that in humans Ad36 increases adiposity and improves glycemic
control. Importantly, in speciﬁc subgroups, Ad36 seropositivity may be a protective factor for hyperglycemia or insulin
resistance. If so, then this is potentially
a property that could be harnessed to

improve diabetes, as demonstrated by the
experimental Ad36 infection of mice with
diet-induced hyperglycemia (7). Clearly,
it is impractical to infect humans with
Ad36 to improve diabetes. However,
E4orf1, a viral protein that is necessary
and sufﬁcient for the antihyeprglyemic
effect of Ad36 (15), may be used to develop an antidiabetic agent. Improvement in glycemic control predicted by
natural Ad36 infection in humans conceptually supports the potential of the
Ad36 E4orf1 protein to improve glycemic control in humans. A recent study
reported another potential implication
of determining Ad36 infection status. In
response to a reduced energy diet, Ad36
seropositive adults lose more weight and
have improved insulin sensitivity and reduced hepatic steatosis compared with
seronegative individuals (39). Ad36 infection appears to be a predictor of response to weight loss treatment.
Importantly, the results advance the
possibility that in addition to genetic,
physiological, and behavioral factors, certain asymptomatic infections may lastingly inﬂuence human metabolism.
A deeper understanding of these underrecognized factors may help in designing
treatment or prevention strategies for
such metabolic disorders.
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