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 Human adenovirus-36 is uncommon in type 2 diabetes and is associated 
with increased insulin sensitivity in adults in Sweden      
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and  4  Obetech Obesity Research Center and Virginia Commonwealth University, Richmond, VA, USA                             

   Introduction 
 Human adenovirus-36 (Adv36), as it was fi rst reported in 1980, 
and 53 other known human adenovirus serotypes, are generally 
associated with infection of the upper respiratory tract, gastro-
intestinal tract, or the conjunctiva (1,2). Dhurandhar et   al. have 
shown that natural and experimental Adv36 infection of several 

animal species resulted in increased adiposity and an increasing 
proliferation and diff erentiation of preadipocytes and lipid accu-
mulation in mature adipocytes (3 – 11). In humans, the presence 
of Adv36 antibodies is evidence of prior Adv36 infection. Th e 
presence of Adv36 antibodies in children and adults has been 
associated with increased BMI or body fat in cohorts from the 
USA, China, South Korea, Italy, and Czechoslovakia (12 – 20). 
Recently we reported that Adv36 antibodies were present in 
15% – 20% of lean healthy adults and children in a cohort of 1946 
clinically well-characterized Swedes, and that Adv36 positivity 
was 1.5 to 2 times more common in obese children and severely 
obese adult females compared to lean individuals (21). In some 
studies, but not all, Adv36-induced/associated obesity has been 
reported to have a favorable metabolic profi le with low blood 
lipids in animals (4) and adult humans (12,21). Also, Adv36 has 
been shown to enhance insulin sensitivity and glucose uptake 
(reviewed in 2)  in vivo  in rats (5) and  in vitro  in human muscle 
and fat cells (22,23). Adv36 was associated with increased insu-
lin sensitivity and reduced hepatic lipid accumulation in human 
subjects without diabetes regardless of adiposity (24). 

 Insulin signaling is characterized by a proximal signaling 
module with binding of insulin to its receptor (IR), followed by 
activation of the IR substrates IRS1 and IRS2 and activation of 
Ras via Shc; and a distal signaling module involving activation 
(by IRS and Ras) of phosphatidylinositol 3-kinase (PI3K) path-
way, and subsequent activation of AKT2 that upregulates glucose 
transporters (e.g. Glut4). 
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   Key messages   

 Presence of Adv36 antibodies was less common in type 2  •
diabetes and in females with impaired glycemic control. 
 Adv36 seropositivity associated with less impaired  •
insulin sensitivity in females with impaired glycemic 
control. 

   Background.  Human adenovirus-36 (Adv36) increases adiposity, 
but also upregulates distal insulin signaling  in vitro  in human 
adipose and muscle tissue and  in vivo  in the rodent independently 
of adiposity. Accordingly, healthy adults and children with 
antibodies against Adv36 had increased insulin sensitivity and 
reduced hepatic lipid accumulation. We hypothesized that 
Adv36 infection would be less frequent in individuals with type 2 
diabetes or impaired glycemic control. 
  Methods.  Presence of antibodies against Adv36 was analyzed 
for association to type 2 diabetes or impaired glycemic control 
in a two-wave population-based sample of well-characterized 
adults ( n     �    1734). Indices of impaired glycemic control in-
cluded oral glucose tolerance, and circulating fasting levels of 
glucose, insulin, and insulin-like growth factor binding 
protein-1 (IGFBP-1). 
  Results.  Adv36 seropositivity was more common in those with 
normal glucose tolerance (NGT) than in those with diabetes 
(females: OR 17.2, 95% CI 4.0 – 74.3; males: OR 3.5, 95% CI 1.8 – 6.7). 
Also, females with NGT had higher frequency of Adv36 seroposi-
tivity than females with prediabetes (impaired glucose tolerance 
and/or impaired fasting glucose; OR 1.8, 95% CI 1.1 – 3.1). Within 
the female prediabetes group Adv36 seropositivity was associ-
ated with higher insulin sensitivity refl ected by reduced HOMA-IR 
and increased IGFBP-1. 
  Conclusion.  Adv36 infection is associated with lower occurrence 
of type 2 diabetes and better insulin sensitivity in adults, particu-
larly among females.   

 Key words :  Ad36  ,   Adv36  ,   glucose tolerance  ,   infection 
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 Adv36, like other adenoviruses (25), reduces activation of IR, 
IRS1, and IRS2 (22 – 24). However, recent studies show that Adv36 
improves glucose uptake in skeletal muscle and adipose tissue 
(through Glut1 and Glut4) and reduces hepatic glucose release 
by activating the distal signaling components PI3K and AKT2 
via upregulation of Ras and adiponectin signaling (22,24,26). We 
hypothesized that Adv36 seropositivity would be less common 
in type 2 diabetes patients and in individuals with prediabetes, 
with impaired glucose tolerance and/or high fasting serum glu-
cose level, compared to healthy controls. We also hypothesized 
that Adv36 seropositivity in these individuals would be associated 
with increased insulin sensitivity measured by the homeostasis 
model assessment of insulin resistance (HOMA-IR) index and 
level of circulating insulin-like growth factor binding protein-1 
(IGFBP-1). IGFBP-1 correlates well to insulin sensitivity (27 – 29). 
To test these hypotheses 1734 clinically well-characterized 
adults from a longitudinal population-based cohort in Stockholm, 
Sweden, were studied (30).   

 Materials and methods  

 Study subjects 
 A selection of individuals within the large longitudinal popula-
tion-based Stockholm Diabetes Prevention Program (SDPP) of 
females and males, living in Stockholm County, and aged 35 – 55 
years at baseline, were studied. Th e baseline sampling, of 7949 
adults, was performed in 1992 – 1998 and a follow-up was made in 
2002 – 2006 (30). Oral glucose tolerance tests (OGTT) (31) were 
performed in all participants at both examinations. Of the 7949 
adults, all those who developed type 2 diabetes between baseline 
and follow-up, and all those with prediabetes at follow-up, and 
matched lean and overweight/obese controls who had normal 
glucose tolerance (NGT) at both baseline and follow-up, were 
included in this study (Figure 1; Table I). Prediabetes was defi ned 
as impaired fasting serum glucose (IFG; fasting glucose  �    6.1 to 
 �    7.0 mM), impaired oral glucose tolerance (IGT; 2-h glucose 
 �    7.8 mM to  �    11.1 mM), or the combination (IFG �    IGT). 
NGT was defi ned as fasting glucose  �    6.1 mM and 2-h glucose 
 �    7.8 mM. A total of 183 males and 106 females developed type 
2 diabetes aft er baseline and were included in this study. Of the 
males, 99 were diagnosed with type 2 diabetes by oral glucose 
tolerance test (OGTT) at the follow-up examination, whereas 
84 males were diagnosed with type 2 diabetes by a physician 
during the time period between baseline and follow-up. Corre-
sponding numbers among females were 58 and 48, respectively. 

Also all individuals with prediabetes at follow-up including 290 
males and 211 females were studied. Of the individuals with 
prediabetes, 254 males and 181 females had NGT at baseline; of 
the type 2 diabetes cases, 111 males and 60 females had NGT 
at baseline, and all the others had prediabetes at baseline. Th e 
control group consisted of males and females with NGT at both 
baseline and follow-up. Control individuals with body mass 
index (BMI)  �    28.0 kg/m 2  and those with BMI 20.0 – 24.9 kg/m 2  
were selected by age- and sex-matching between the overweight/
obesity group and the lean group. Th ere were 218 males (age; 
mean  �  SEM: 56.2    �    0.33, range 46 – 66 years) and 252 females 
(age; mean  �  SEM: 55.5    �    0.32, range 44 – 63 years) in the over-
weight/obese group. In the lean group there were 219 males (age; 
mean  �  SEM: 56.8    �    0.34, range 46 – 65 years) and 255 females 
(age; mean  �  SEM: 55.6    �    0.32, range 44 – 63 years). Serum, col-
lected aft er an overnight fast, and clinical data used in this study 
were from the follow-up collected in 2002 – 2006; however, fast-
ing glucose level and OGTT data were used also from baseline 
to determine IFG and IGT status at baseline. Serum and clinical 
data on BMI, glucose, insulin, homeostatic model assessment of 
insulin resistance (HOMA-IR    �    glucose �    insulin/22.5, higher 
level refl ecting higher insulin resistance), HOMA- β  (    �    (20    �    
insulin)/(glucose – 3.5), higher level refl ecting higher  β -cell 
insulin secretion) were available from each individual studied. 
Serum triglyceride levels and insulin-like growth factor binding 
protein-1 (IGFBP-1) levels were available from all those with 
type 2 diabetes, and those with IGT or IFG �    IGT at follow-up, 
that had NGT at baseline, and from 297 controls with NGT at 
both baseline and follow-up (Supplementary Table 1 to be found 
online at http://informahealthcare.com/doi/abs/10.3109/07853890.
2014.935469). Serum and clinical data were collected at the 
same date for each individual. Concentrations of serum glucose 
were analyzed in duplicate by a glucose oxidase method using a 
Yellow Springs Glucose Analyzer (Yellow Springs, OH, USA). 
Serum insulin was assayed by radioimmunoassay, using in-house 
antibodies, human insulin as a standard, and charcoal addition 
to separate antibody-bound and free serum insulin (32). Serum 
triglyceride levels (reference interval for age  �    18 years: 0.45 –
 2.6 mmol/L) were measured on a Beckman Coulter DXC800 
(Beckman Coulter In., Brea, CA, USA) by the Karolinska Universi-
ty Hospital ’ s accredited chemistry laboratory. Serum IGFBP-1 was 
measured using an in-house RIA with intra- and inter-assay (CV) 
values of 3% and 10%, respectively (33). Th e ethical committee of 
Karolinska Institutet approved the study, and informed consent 
was obtained from all participants.   

 ELISA for antibodies against Adv36 
 Th is Adv36 ELISA was fi rst described in Almgren et   al. (21) and 
was used in Aldhoon-Hainerov á  et   al. (19). Th e analyses were 
performed by a researcher blinded to any phenotypic data. Th e 
96-well ELISA microplates were coated overnight at 4 ° C with 
recombinant Adv36 fi ber protein fragment fused with maltose 
binding protein (10  μ g/mL; Obetech, Richmond, VA, USA). Aft er 
a washing step, blocking with 20 mg/mL of bovine serum albumin 
for 1 h, and another washing step, a mixture of horse-radish per-
oxidase (HRP)-conjugated coating protein (Obetech, Richmond, 
VA) and the competitor protein recombinant maltose binding 
protein (MBP) (62.5  μ g/mL; Obetech, Richmond, VA) as well as 
serum (study sample or adequate control) were added. Aft er 1 h 
of incubation and subsequent washing, the HRP substrate TMB 
(3,3 ’ ,5,5 ’ -tetramethylbenzidine; Th ermo Scientifi c 34028, Rock-
ford, IL, USA) was added, and reaction stopped aft er  ∼ 25 min 
with 1M HCl. Th e plate was read at a wavelength of 450 nm. All 
samples were run in duplicate. ELISA cut-off  for positive score 

  Figure 1.     Study groups. Th e study groups were selected from the population-
based Stockholm Diabetes Prevention Program (SDPP). BMI    �    body mass 
index kg/m 2 .  
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was based on analysis of human serum samples with known 
Adv36-SNA status. Th ereaft er, the OD 450  reading from the 1:1280 
dilution of the positive rabbit serum was used as cut-off  marker 
for positive ELISA score since it gave a signal corresponding to the 
defi ned ELISA cut-off  (21). An OD 450  equal or greater than this 
value in both duplicates was scored as a positive assay for Adv36 
antibodies. A reading of less than this value in both duplicates was 
scored negative. Disparate readings with one reading above and 
one below the cut-off  value were considered equivocal, and the 
sample was reanalyzed in duplicate. A sample with repeat analy-
ses was considered to be positive if  �    50% of the replicates were 
positive with an OD 450  higher than the cut-off  value. Hence, data 
from a reanalyzed serum sample were used only if the reanalysis 
provided consistency between the duplicates.   

 Statistical analysis 
 Adv36 positivity in the ELISA was analyzed for statistically sig-
nifi cant association to type 2 diabetes and prediabetes using the 
Pearson ’ s chi-square test, along with estimation of odds ratio (OR), 
95% confi dence interval (CI) of OR, and using logistic regression 
with age and natural logarithm of BMI as non-categorical covari-
ates. A prior study showed that the prevalence of Adv36 seroposi-
tivity in Sweden (Stockholm) was 7% in serum collected in the 
mid-1990s, and it approximately doubled during the following 
10 – 15 years (21). Th ere is no information available on Adv36 ex-
istence in Stockholm before the mid-1990s. Th us, in the current 
study, for cases with prediabetes or type 2 diabetes at follow-up 
that had NGT at baseline (mid-1990s in Stockholm), there is a 
documented possibility for Adv36 infection to have occurred 
before the onset of the development of prediabetes. Th e follow-
ing quantitative clinical outcome variables were analyzed with 
regard to Adv36 status among those with NGT at baseline (study 
group is presented in Supplementary Table 1 (to be found online 
at http://informahealthcare.com/doi/abs/10.3109/07853890.2014
.935469)): levels of fasting serum triglycerides, glucose, insulin, 

HOMA-IR, IGFBP-1, and HOMA- β . Non-normally distributed 
quantitative variables were transformed by the natural logarithm 
(ln) to normalize their distributions. Diff erence in quantitative 
clinical data between Adv36 positivity and Adv36 negativity was 
tested for using unpaired  t  test and univariate analysis of covari-
ance (ANCOVA). In the ANCOVA, age and the natural logarithm 
of BMI was used as covariates. Th ese tests were performed for 
females and males separately because of a statistically signifi cant 
sex    �    Adv36 term ( P   �  0.0005) in ANCOVA for the outcomes 
 ‘ type 2 diabetes versus NGT ’ ,  ‘ prediabetes versus NGT ’ ,  ‘ IGFBP-1 ’ , 
and  ‘ HOMA-IR ’ . Th e insulin resistance variable HOMA-IR was 
not analyzed in the combined type 2 diabetes and the prediabetes 
female group because of a statistically signifi cant Adv36    �    
glucose tolerance status interaction on HOMA-IR ( P   �  0.0005). 
Th e distribution of the residuals from ANCOVA was checked for 
normality. All analyses were performed using IBM SPSS Statis-
tics version 20.0 (IBM, Armonk, NY, USA). Reported  P  values 
are two-tailed. A two-tailed  P     	    0.05 was regarded as signifi cant 
in the tests of association between Adv36 and type 2 diabetes or 
prediabetes. In the analysis of relationship between Adv36 and 
insulin sensitivity a two-tailed  P     	    0.025 (    �    0.05/2 sex-groups) 
was regarded as signifi cant. HOMA-IR and levels of IGFBP-1, 
triglycerides, and insulin correlated well with each other in each 
of the four subgroups in each sex ( P  	   0.0005) and were thereby 
regarded as one  ‘ outcome ’  in the attempt to correct for multiple 
testing according to Bonferroni.    

 Results  

 Less Adv36 seropositivity in type 2 diabetes or prediabetes 
 Infection with Adv36 (presence of antibodies against Adv36) 
was successfully scored in serum samples from 280 type 2 
diabetes patients, 485 prediabetes cases, and 468 lean and 456 
overweight/obese individuals with normal glucose tolerance 

  Table I. Clinical characteristics of the SDPP study groups. Data are from the follow-up if nothing else is specifi ed.  

Type 2 diabetes
(T2DM)

Normal glucose tolerance (NGT)
Prediabetes BMI    �    25 kg/m 2 BMI    �    28 kg/m 2 

 n  females ,  n  males 106, 183 211, 290 255, 219 252, 218
ELISA ( n  females ,  n  males ) a 104, 176 199, 286 251, 217 244, 212
Females
Age (years) 59 (55, 61) 58 (55, 61) 57 (52, 60) 57 (52, 60)

BMI (kg/m 2 ) 31.2 (26.7, 35.2) 29.1 (25.9, 32.9) 22.4 (21.2, 23.8) 30.0 (28.8, 31.9)
FHD ( n ) 14 FHD – , 91 FHD � 53 FHD – , 155 FHD � 225 FHD – , 30 FHD � 210 FHD – , 41 FHD � 
IFG, IGT, both, at baseline ( n ) 12, 28, 6 7, 21, 2 All NGT All NGT
IFG, IGT, both, at follow-up ( n ) 46, 142, 23 All NGT All NGT
Glucose (mM) 6.8 (5.9, 7.6) 5.7 (5.1, 6.2) 4.6 (4.3, 4.8) 4.9 (4.6, 5.2)
Insulin (pM) 141 (102, 204) 114 (84, 150) 72 (60, 90) 96 (78, 119)
HOMA-IR 7.2 (4.7, 10.2) 4.7 (3.3, 6.3) 2.4 (2.0, 3.1) 3.6 (2.8, 4.4)
HOMA- β 147 (108, 212) 182 (138, 256) 222 (175, 320) 233 (187, 306)
Treatment for T2DM ( n ) 47

Males
Age (years) 59 (55, 62) 58 (55, 61) 57 (53, 61) 57 (53, 59)
BMI (kg/m 2 ) 29.2 (26.8, 32.0) 28.4 (26.1, 31.4) 23.3 (22.4, 24.1) 29.9 (28.7, 31.8)
FHD ( n ) 41 FHD – , 137 FHD � 98 FHD – , 184 FHD � 203 FHD – , 15 FHD � 202 FHD – , 12 FHD � 
IFG, IGT, both, at baseline ( n ) 16, 40, 16 9, 26, 1 All NGT All NGT
IFG, IGT, both, at follow-up ( n ) 88, 147, 55 All NGT All NGT
Glucose (mM) 7.3 (6.2, 8.6) 6.0 (5.3, 6.3) 4.8 (4.6, 5.1) 5.1 (4.8, 5.3)
Insulin (pM) 144(108, 198) 114 (96, 150) 69 (54, 96) 108 (84, 132)
HOMA-IR 8.4 (5.4, 12.1) 5.0 (4.1, 6.5) 2.6 (1.9, 3.4) 4.0 (3.0, 5.1)
HOMA- β 125 (82, 196) 177 (131, 253) 224 (180, 300) 225 (174, 307)
Treatment for T2DM ( n ) 77

    BMI    �    body mass index; FHD    �    family history of diabetes (fi rst-degree relative or second-degree relatives with diabetes); IFG, IGT, both    �    impaired fasting 
glucose, impaired glucose tolerance, IFG �    IGT.   
 Values are median (25th, 75th percentile), Fasting serum levels.   
  a Number of those with successful ELISA.   
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(Table II; Figure 2). However, the Adv36 – prediabetes associa-
tion in females did not reach statistical signifi cance in a logistic 
regression model with BMI and age as covariates (OR adj  1.7, 
95% CI 0.96 – 3.0,  P  adj      �     0.070). Male NGT controls had a similar 
frequency of Adv36 positivity as males with prediabetes had (OR 
1.1, 95% CI 0.62 – 1.4,  P    �     1.0). In the NGT control group there 
was no signifi cant diff erence in Adv36 seropositivity between the 
sexes ( P    �     0.22). Together, females and males with NGT had a 
higher prevalence of Adv36 positivity compared to the females 
and males with type 2 diabetes and females with prediabetes at 
follow-up in an analysis adjusted for BMI, age, and sex    �    Adv36 
interaction (OR adj  2.8, 95% CI 1.8 – 4.3,  P  adj    	   0.0005). A subgroup 
defi ned by NGT at baseline (Supplementary Table 1 to be found 
online at http://informahealthcare.com/doi/abs/10.3109/078538
90.2014.935469) was analyzed in the same way. Th e results from 
this subgroup were similar to the results from the whole study 
group; in the NGT at baseline subgroup the prevalence of Adv36 
positivity was higher in the female and male NGT controls than 
among females and males with type 2 diabetes and females with 
prediabetes at follow-up adjusted for BMI and age (OR adj  2.4, 
95% CI 1.5 – 4.0,  P  adj    	   0.0005).   

 Adv36 seropositivity in relation to insulin sensitivity 
 Th e subgroup of study participants with NGT at baseline, i.e. at the 
time when Adv36 was fi rst measured in the Swedish population 
(21), was studied further (Supplementary Table 1 to be found on-
line at http://informahealthcare.com/doi/abs/10.3109/07853890.
2014.935469). In the present study, Adv36 was measured only at 
follow-up. Because of the low number of Adv36-positive type 2 
diabetes patients, they were analyzed statistically in-group with 
those who had prediabetes at follow-up. In the female patients 
with type 2 diabetes or prediabetes at follow-up, Adv36 seroposi-
tivity was borderline statistically signifi cantly related to triglyc-
eride level ( t    �     2.1,  P    �     0.054, df    �    187), but was related to higher 
IGFBP-1 levels ( t    �     2.1,  P    �     0.034, df    �    187) (Table III; Figure 3 
A,B). In these Adv36-positive female patients, levels of IGFBP-1 
were similar to those observed in individuals with NGT at 
follow-up (Figure 3B). However, the association between higher 
IGFBP-1 level and Adv36 seropositivity did not reach statistical 
signifi cance when adjusting for age and BMI ( P     �    0.099). To 
study specifi cally the prediabetic group the type 2 diabetes cases 
were excluded. Th us, in female patients with NGT at baseline 
who had developed prediabetes at follow-up, there were statisti-
cally signifi cant associations for Adv36 positivity both to higher 
IGFBP-1 and to lower HOMA-IR (IGFBP-1:  t    �     2.4,  P    �     0.018, 
df    �    129; and HOMA-IR:  t    �     3.0,  P    �     0.003, df    �    129) (Table III; 
Figure 3 B,C), which were supported by ANCOVA adjusting for 
age and BMI (IGFBP-1:  F (1)    �    3.9,  P  adj     �    0.049; and HOMA-IR: 
 F (1)    �    4.9,  P  adj     �    0.028) (Table III). Th is was also in accordance 

(NGT). For each of these four groups in each sex, less than 4% 
of the samples failed to provide an Adv36 ELISA score (Table I). 
In the NGT control group there was no signifi cant diff erence in 
Adv36 seropositivity between lean and overweight/obese indi-
viduals ( P  �   0.25); therefore the NGT group was hereaft er not 
subdivided by BMI. 

 Positive Adv36 serology was more common among the NGT 
controls than among those with type 2 diabetes both in females 
and males (females: OR 17.2, 95% CI 4.0 – 74.3,  P    �     0.0003; 
males: OR 3.5, 95% CI 1.8 – 6.7,  P    �     0.0003) (Table II; Figure 2). 
Th is Adv36 – type 2 diabetes association was not due to the in-
creased BMI in the type 2 diabetes groups; prevalence of Adv36 
positivity in NGT controls was signifi cantly higher compared to 
the type 2 diabetes patients also when applying a logistic regres-
sion model with BMI and age as covariates (females: OR adj  15.7, 
95% CI 2.1 – 112.7,  P  adj      �     0.007; males: OR adj  3.1, 95% CI 1.5 – 6.2, 
 P  adj      �     0.002). Th e prevalence of Adv36 positivity in female 
NGT controls was higher also than that among females with 
prediabetes at follow-up (OR 1.8, 95% CI 1.1 – 3.1,  P    �     0.043) 

  Table II. Unadjusted and adjusted relationships odds ratios for Adv36 seronegativity in females and males with prediabetes and type 2 diabetes compared to 
those with normal glucose tolerance (NGT).  
Study group Adv36pos   % ( n ) Adv36neg   % ( n ) OR (95% CI), chi-square ,  P  vs NGT OR adj  (95% CI),  P  adj  vs NGT
Normal glucose tolerance (NGT):

Females 14.3 (71) 85.7 (424) Reference
Males 17.5 (75) 82.5 (354) Reference

Prediabetes:
Females 8.5 (17) 91.5 (182) 1.8 (1.1 – 3.1), 4.0, 0.043 1.7 (0.96 – 3.0), 0.070
Males 16.8 (48) 83.2 (238) 1.1 (0.62 – 1.4), 0.06, 1.0 0.93 (0.63 – 1.45), 0.73

Diabetes:
Females 1.0 (1) 99.0 (103) 17.2 (4.0 – 74.3), 13.3, 0.0003 15.7 (2.1 – 112.7), 0.007
Males 5.7 (10) 94.3 (166) 3.5 (1.8 – 6.7), 13.4, 0.0003 3.1 (1.5 – 6.2), 0.002

    Signifi cance tests were made in each sex separately, comparing patients with normal-glucose-tolerant controls.  
  OR,  P : Pearson ’ s chi-square test was used. OR adj ,  P  adj : logistic regression with BMI and age as covariates was used.  
  CI    �    confi dence interval; OR    �    odds ratio.   

  Figure 2.     Prevalence of seropositivity for human adenovirus-36 (Adv36) in 
serum samples from adults with normal glucose tolerance, prediabetes, and 
type 2 diabetes. Seropositivity was lower in females and males with type 
2 diabetes (T2DM; black bars) and females with prediabetes (PreT2DM; 
impaired fasting glucose and/or impaired glucose tolerance; grey bars) 
compared to those with normal glucose tolerance (NGT; white bars). 
Error bars indicate standard error of proportion. Statistical signifi cance of 
diff erences was tested using Pearson ’ s chi-square test.  
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with lower fasting serum insulin levels in the Adv36-positive 
prediabetes females before and aft er adjustment for age and BMI 
( P    �     0.003 and  P  adj     �    0.020) (Table III). In these Adv36-positive 
female prediabetes patients, levels of both IGFBP-1 and HOMA-
IR were similar to those observed in individuals with NGT at 
follow-up (Figure 3 B,C). 

 In female NGT controls there was no association between 
Adv36 and HOMA-IR, IGFBP-1, or triglyceride levels ( P  �   0.4). 
For males, neither the type 2 diabetes – prediabetes nor the NGT 
group had signifi cant association between Adv36 and HOMA-IR, 
IGFBP-1, or triglyceride levels ( P  �   0.20). HOMA- β  did not as-
sociate to Adv36 in any group ( P  �   0.20).    

 Discussion 
 Th is is the fi rst report showing that antibodies against Adv36 are 
less common in adults with type 2 diabetes compared to healthy 
individuals with normal glucose tolerance (NGT). In fact, Adv36 
seropositivity was on average more than 10-fold less common 
in females and three times less common in males with type 2 
diabetes compared to NGT controls. Further, the data suggested 
that females with prediabetes, defi ned as impaired glucose toler-
ance and/or elevated fasting glucose level, had a  ∼ 2-fold lower 
prevalence of Adv36 seropositivity compared to NGT controls. 
Prediabetic females with Adv36 seropositivity had higher insulin 
sensitivity measured by both HOMA-IR and IGFBP-1 than those 
being Adv36-seronegative. 

 Th ese fi ndings are in agreement with the previously reported 
association between Adv36 seropositivity and better glycemic 
control and lowered hepatic lipid content among 1507 white and 
African American adults and children apparently without dia-
betes, independent of adiposity (24). Further, in a longitudinal 
study of 1400 Mexican American Hispanics without diabetes, 
Adv36 positivity was associated with lower fasting glucose levels 
at baseline in overweight adult females, and with lower fasting 
insulin level 10 years later in non-obese adults (34). Among 
1179 Czech adolescents, Adv36 positivity was associated with 
increased body fat and reduced blood glucose levels (19). Also, as 

we recently reported, there was a tendency for lower HOMA-IR 
in 472 Swedish obese female and male adults without diabetes to 
be Adv36-positive (21). Krishnapuram et   al. (26) reported an in-
creased glucose disposal rate for those who were Adv36-positive 
among 181 obese and overweight postmenopausal American 
females without diabetes. Moreover, Adv36 caused increased 
adiposity, greater insulin sensitivity, and increased glucose up-
take in rats (5), increased insulin sensitivity in both chow-fed 
and high-fat-fed mice (5,24), reduced hepatic lipid content in 
high-fat-fed mice (24), and increased glucose uptake in fat bi-
opsy cells and skeletal muscle biopsy cells (22,23). Trovato et   al. 
reported that Adv36 positivity was associated with an enhanced 
recovery of insulin sensitivity aft er nutritional intervention treat-
ment in non-alcoholic fatty liver disease patients (35). Th us, our 
current fi nding is supported by several lines of evidence that 
Adv36 infection induces an improvement of systemic glycemic 
control without requiring a reduction in adiposity. An intrigu-
ing speculation, based on the  in vivo  rodent studies (24), is that 
Adv36 infection may reverse a pathological process towards type 
2 diabetes. Th e fact that in this study we could not detect Adv36-
associated better insulin sensitivity among those with NGT, while 
other studies have reported such an association among persons 
without diabetes (24,26,34), might be due to our separation of 
subjects with prediabetes from the NGT group, but other stud-
ies did not, by defi nition, exclude such subjects from the groups 
without diabetes. 

 Experimental mechanistic studies have shown that Adv36, 
in adipose and skeletal muscle tissue, increases cellular glucose 
uptake by the glucose transporters Glut1 and Glut4, independent 
of insulin but through recruitment of the distal insulin signaling 
pathway (PI3K/AKT) via Ras activation (22 – 24,26). Th e upregu-
lation of distal insulin signaling was not aff ected by knocking 
down proximal insulin signaling (IR knock-down) (26). Further, 
adiponectin, important for insulin sensitization, is strongly up-
regulated by Adv36 infection in adipose tissue (36). Experimental 
molecular data support an eff ect of Adv36 on the metabolism 
also in the liver. Hepatic glucose output was reduced in parallel 
with lowered level of Glut2 and an increased level of adiponectin 

  Table III. Unadjusted and adjusted relationships for Adv36 positivity to triglycerides, IGFBP-1, and measures of insulin 
resistance in persons with normal glucose tolerance (NGT) at baseline who had NGT at follow-up, or had developed 
prediabetes or type 2 diabetes at follow-up.  

Status at follow-up
Adv36neg 

  mean (95% CI) a  n 
Adv36pos 

  mean (95% CI) a   n 
% diff  b    

pos vs neg
 P  value   

pos vs neg
 P  adj    

pos vs neg
Normal glucose tolerance ( n     �    134):

Triglycerides (mM) 1.2 (1.1, 1.3) 112 1.2 (1.0, 1.5) 22 0.3 ↑ NS NS
IGFBP-1 ( μ g/L) 41 (38, 45) 112 37 (30, 44) 22 11.8 ↓ NS NS
HOMA-IR 2.7 (2.5, 2.9) 112 2.9 (2.4, 3.4) 22 7.0 ↑ NS NS

Diabetes ( n     �    58) and IGT-prediabetes patients ( n     �    131):
Triglycerides (mM) 1.8 (1.7, 1.9) 178 1.5 (1.3, 1.8) 11 16.2 ↓ 0.054 0.52
IGFBP-1 ( μ g/l) 28 (25, 30) 178 40 (30, 52) 11 44.3 ↑    0.034 0.099

IGT-prediabetes ( n     �    131):
Triglycerides (mM) 1.8 (1.6, 1.9) 120 1.5 (1.3, 1.8) 11 14.7 ↓ 0.084 0.52
IGFBP-1 ( μ g/l) 27 (24, 29) 120 40 (30, 52) 11 49.9 ↑ 0.018 0.049
HOMA-IR 4.4 (4.0, 4.9) 120 2.7 (2.2, 3.4) 11 38.0 ↓ 0.003 0.028
Insulin (pM) 111 (102, 121) 120 72 (57, 90) 11 35.5 ↓ 0.003 0.020

    Signifi cance tests between Adv36-positive and Adv36-negative groups were made applying unpaired  t  test on natural 
logarithm-transformed HOMA-IR, IGFBP-1, and insulin ( P  value), and confi rmed applying ANCOVA, on natural 
logarithm-transformed HOMA-IR and IGFBP-1 adjusting for age and natural logarithm of BMI ( P  adj ).   
 Data are fasting serum levels at follow-up; NS:  P  �   0.2   
  a Mean and 95% confi dence interval of the mean (CI) are back-transformed values of corresponding mean and 95% CI 
of natural logarithm (ln)-transformed clinical parameter values.   
  b % diff  is (HOMA-IR Adv36pos  – HOMA-IR Adv36neg )/HOMA-IR Adv36neg  where the values were back-transformed means of 
ln-transformed HOMA-IR, and corresponding for IGFBP-1 and insulin. Calculations are based on more value digits 
than those two or three given in the Table.   
 HOMA-IR    �    homeostatic model assessment of insulin resistance; IGFBP-1    �    insulin-like growth factor binding 
protein-1; IGT    �    impaired glucose tolerance.   
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upregulates distal insulin signaling resulting in improved disposal 
of circulating glucose despite elevated adiposity and systemic in-
fl ammation may suggest Adv36 as a model for development of 
alternative anti-diabetic drugs. Th e E4 open reading frame-1 gene 

receptors in Adv36-infected mice (24). Adiponectin signaling 
activates 5 ’ AMP-activated protein kinase (AMPK) which is a key 
target for the anti-diabetic drug metformin. Proximal insulin sig-
naling is oft en impaired in type 2 diabetes. Th e fact that Adv36 

  Figure 3.     Relationship of Adv36 seropositivity to: (A) fasting serum triglyceride levels; (B) IGFBP-1; and (C) HOMA-IR levels in females with normal 
glucose tolerance (NGT) at baseline who had NGT at follow-up, or had developed prediabetes or type 2 diabetes at follow-up. Bars indicate the back-
transformed mean of ln-transformed clinical parameter. Error bars indicate the back-transformed 95% confi dence interval of ln-transformed clinical 
parameter. Statistical signifi cance of diff erences was tested using the  t  test. White bars    �    Adv36-negative; black bars    �    Adv36-positive.  
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type 2 diabetes and almost all with prediabetes that had NGT 
at baseline, and controls with the same age. Th e age and BMI 
distributions of those with triglyceride and IGFBP-1 level data 
were similar to the age and BMI distributions in the full sample 
stratifi ed for glucose tolerance and sex. 3) Our study population 
was limited to the age group 44 – 66 years. However, previous 
studies have demonstrated that Adv36 is associated with im-
proved insulin sensitivity also in adolescents and young adults 
(24,34). 4) Th e NGT controls consisted of one lean group and 
one overweight – obese group that were sex- and age-matched 
to allow for comparison of Adv36 serology between those 
two BMI groups. Th ere was no signifi cant diff erence in Adv36 
seropositivity between lean and overweight/obese individuals 
( P   �   0.25); therefore the NGT controls were treated as one group 
in the analysis of Adv36 in relation to type 2 diabetes and predia-
betes. Ideally, NGT controls should have been BMI-matched to 
the type 2 diabetes and the prediabetes groups. However, the lat-
ter was considered by adjusting the analyses for BMI and age. 5) 
Th e NGT controls had normal glucose tolerance at both baseline 
and follow-up examinations and may therefore be considered  ‘ su-
per-normal ’  and tend to accentuate diff erences between patients 
with diabetes or prediabetes and those with NGT. 6) Because the 
disorder-defi ned groups overlapped considerably the correction 
for multiple testing did not account for tests in more than one 
such group. 7) Time elapsed since Adv36 infection in this study 
is unknown, and it is unknown for how long a seropositive signal 
remains aft er infection. It was previously reported that obese 
individuals had a greater decline in antibody titer aft er antiviral 
vaccination than lean individuals had (43), which may suggest 
an underestimation of the occurrence of past Adv36 infection 
in obese. However, no such fi nding — in any direction — has been 
reported for type 2 diabetes, and our results were adjusted for 
BMI. 8) Adv36 was measured only at follow-up, and the study is 
associative and does not demonstrate causation. 

 In conclusion, presence of antibodies against Adv36 in serum 
was dramatically reduced in Swedish adults with type 2 diabetes 
and adult females with prediabetes. Th e Adv36-positive females 
with prediabetes had a more normal glucose sensitivity than the fe-
male prediabetes cases that were negative for Adv36. Th ese fi ndings 
are supported by previous studies in healthy persons, and in experi-
mental models, suggesting that Adv36 promotes glycemic control 
by upregulation of the distal insulin-signaling components. 
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product (E4orf1) of Adv36 is necessary and suffi  cient for enhancing 
glucose disposal (reviewed in 2). 

 Circulating IGFBP-1 levels correlate well with insulin sen-
sitivity, and low circulating IGFBP-1 levels have been reported 
to predict the development of glucose intolerance and diabetes 
(27,28,37). Th e increased insulin sensitivity, indicated by lowered 
HOMA-IR and elevated IGFBP-1, in Adv36-positive females with 
prediabetes, compared to those who were Adv36-negative, was 
supported by tendencies for reduced fasting serum glucose and 
insulin levels. Th e reduced level of circulating triglycerides among 
those who were Adv36-positive is also suggesting improved insu-
lin sensitivity, since increased serum triglyceride levels are associ-
ated with higher insulin resistance (38,39). 

 In this study, the association between type 2 diabetes and Adv36 
was evident for both females and males, whereas the association 
between prediabetes and Adv36 was found among females only. 
An improved insulin sensitivity by Adv36 among persons with-
out diabetes has previously been reported for both sexes (24,34), 
although the fi ndings have been stronger for females (26,34). Th e 
protective eff ect of Adv36 might be hidden sex-specifi cally by 
other risk factors for insulin resistance, such as increased visceral 
fat deposition among males but subcutaneously and more favor-
able among females (38,40). During the recent decades there has 
been a change in middle-age type 2 diabetes from a female to a 
male preponderance (41), and the risk for type 2 diabetes given 
a family history of type 2 diabetes was stronger in Swedish males 
than females (42). Th is may in part be explained by a protective 
eff ect of Adv36 being penetrant particularly in females. In this 
context, it is noteworthy that the prevalence of Adv36 seems to 
have increased in the Stockholm area of Sweden during the last 
decades (21). 

 Th ere was no diff erence in Adv36 seropositivity between 
lean and overweight/obese NGT individuals, which could be 
explained by relatively low BMI values for the overweight/obese 
group (BMI 25th – 75th percentiles: 28.7 – 31.9 kg/m 2 ), compared 
to the BMI values for obesity groups associated to Adv36 in whites 
(BMI mean    �    35 kg/m 2 ) (12,14,21). 

 Th ere is some generalizability of our fi ndings, at least to the 
Stockholm population. Th e fi ndings derive from a sample rep-
resenting those without diabetes aged 35 – 55 years at baseline in 
the Stockholm population, and age-, sex-, and area-matched per-
sons without diabetes. All who had type 2 diabetes or prediabetes 
at follow-up 8 – 10 years later (8 years for females, 10 years for 
males), and controls with the same age, were included in the cur-
rent study. Clinical characteristics and serum samples analyzed 
were from the follow-up. 

 Adv36 seropositivity was scored using an ELISA that was pre-
viously shown to provide very good precision and to detect eight 
times lower titers of Adv36 antibodies than the standard, and 
more time-consuming, serum neutralization assay (SNA) (21). 
Accordingly, the ELISA scored positive for 36.9% of SNA-negative 
serum samples (21). Both studies using this Adv36 ELISA (19,21) 
and previously reported SNA-based studies of human samples 
(24,26,34) provide fi ndings in agreement with the experimental 
animal or  in vitro  studies showing that Adv36 improves insulin 
sensitivity (5,23,24). 

 Th e present study has some limitations. 1) Insulin sensitivity 
dependence on Adv36 status within the female type 2 diabetes 
group could not be studied due to few Adv36-positive type 2 
diabetes cases. Th e few Adv36-positive type 2 diabetes cases 
also resulted in a wide confi dence interval of OR for the associa-
tion between Adv36 and type 2 diabetes in females. 2) Data on 
levels of circulating triglycerides and IGFBP-1 were not known 
for all study subjects. However, these data were available for all 
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