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OBJECTIVEdTo investigate the association between smoking habits and risk of autoimmune
diabetes in adults and of type 2 diabetes.

RESEARCH DESIGN AND METHODSdWe used data from the three surveys of the
Nord-Trøndelag Health Study, spanning 1984–2008 and including a cohort of 90,819 Norwe-
gian men (48%) and women (52%) aged$20 years. Incident cases of diabetes were identified by
questionnaire and classified as type 2 diabetes (n = 1,860) and autoimmune diabetes (n = 140)
based on antibodies to glutamic decarboxylase (GADA) and age at onset of diabetes. Hazard
ratios (HRs) adjusted for confounders were estimated by Cox proportional hazards regression
models.

RESULTSdThe risk of autoimmune diabetes was reduced by 48% (HR 0.52 [95% CI 0.30–
0.89]) in current smokers and 58% in heavy smokers (0.42 [0.18–0.98]). The reduced risk was
positively associatedwith number of pack-years. Heavy smoking was associatedwith lower levels
of GADA (P = 0.001) and higher levels of C-peptide (964 vs. 886 pmol/L; P = 0.03). In contrast,
smoking was associated with an increased risk of type 2 diabetes, restricted to overweight men
(1.33 [1.10–1.61]). Attributable proportion due to an interaction between overweight and heavy
smoking was estimated to 0.40 (95% CI 0.23–0.57).

CONCLUSIONSdIn this epidemiological study, smoking is associated with a reduced risk of
autoimmune diabetes, possibly linked to an inhibitory effect on the autoimmune process. An
increased risk of type 2 diabetes was restricted to overweight men.
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Data on the influence of smoking on
autoimmune diabetes are limited. A
protective effect seems plausible

because an anti-inflammatory effect of
nicotine has been demonstrated both in
vitro (1) and in vivo (2). Also, an inhibi-
tory effect of nicotine on autoimmune di-
abetes has been documented in one

animal study (3). In a previous study
based on prospective data from the Nor-
wegian Nord-Trøndelag Health Study
(HUNT) 1984–1997, we found a reduced
risk of latent autoimmune diabetes in
adults (LADA) in smokers (4). Confirma-
tory and extended evidence for such an
effect is, however, desirable.

In contrast, smoking, in particular
heavy smoking, is clearly associated with
an increased risk of type 2 diabetes (5).
The increased risk has been attributed to
impaired insulin sensitivity (6), increased
systematic inflammation (7), greater ac-
cumulation of abdominal adipose tissue
(8), and/or adverse effects on pancreatic
tissue and b-cell function (9). Overweight
may modify the influence of smoking on
type 2 diabetes; in one Japanese study, the
association between smoking and type 2
diabetes was limited to overweight indi-
viduals (10), and findings from a Finnish
study suggest that smoking is more detri-
mental in individuals with high BMI (11).
Further studies on a possible interaction
are, however, needed.

The aim of this study was to extend
our previous analyses of smoking in
autoimmune diabetes in adults with re-
gard to cases and follow-up time and also
to include in-depth analysis of the estab-
lished association of smoking with type 2
diabetes.

RESEARCH DESIGN AND
METHODS

Study population and design
The general design of the HUNT study
and the basis for the present analyses are
illustrated in Fig. 1. HUNT is a popula-
tion-based study, conducted in the
county of Nord-Trøndelag in Norway.
Three surveys were conducted from
1984 to 2008. All inhabitants aged $20
years in the county were invited to partic-
ipate at each survey. The investigations
carried out are presented in detail on the
HUNT website (http://www.hunt.ntnu.
no/index.php?side=english). In brief, in
HUNT1, 1984–1986, a total of 76,885
(90.3%) of the eligible individuals partic-
ipated. Participants completed question-
naires on health and lifestyle and also
underwent a clinical examination, includ-
ing anthropometrical measurements (12).
In HUNT2, 1995–1997, a total of 66,140
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of 92,936 eligible individuals (71.2%)
participated. Data in the third survey
(HUNT3) were collected from 2006 to
2008. This survey included 50,839 indi-
viduals (representing 54% of the popula-
tion). A total of 37,004 individuals
constituting 56% of HUNT2 participants
and ;40% of participants in HUNT1
(n = 30,754) reattended in HUNT3. The
present study is based on individuals who
participated in at least two HUNT surveys.
Our study population included 90,819 in-
dividuals, free of diabetes at baseline
(HUNT1 or HUNT2) with complete base-
line information on smoking. The HUNT
study is approved by the Norwegian Data
Inspectorate and Regional Committee for
Medical Research Ethics. The participants
provided informed consent.

Each participant’s record at HUNT is
linked to his or her exclusive 11-digit per-
sonal identification number, which al-
lows linkage with other health registries.
For the current study, we acquired date of
death from the National Mortality Regis-
try (13).

Identification and classification of
diabetes
Individuals with diabetes were identified
by questionnaire. All with self-reported
diabetes at HUNT2 or HUNT3were given
an appointment for fasting blood sam-
pling. Samples were analyzed for glucose,
C-peptide, and antibodies to glutamic
decarboxylase (GADA). Information on
diabetes medication was also collected.
This information together with age at onset

of diabetes was used to classify diabetes.
Patients aged $35 years at diagnosis of
diabetes were classified as having type 2
diabetes if, in addition, they were GADA-
negative (,0.08) (n = 1,860). We further
classified patients as having autoimmune
diabetes if they were GADA-positive ($
0.08) and were $35 years old at onset of
diabetes (n = 140). As a further criterion for
LADA, we used information on insulin
treatment (available for 82% of the partic-
ipants) to separate LADA from classical
type 1 diabetes. Individuals were classified
as LADA if they were GADA-positive and
did not receive insulin treatment during the
first year after diagnosis of diabetes (n =
100). Individuals were classified as having
classical type 1 diabetes if insulin treatment
was started during the first year after onset

Figure 1dA chart presentation for the HUNT Study, 1984–2008.
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and GADA was either positive or negative.
In the cases of negative GADA, a low level
of C-peptide (,150 pmol/L) was required
(n = 32).

Biochemical analysis
GADA was analyzed at Aker University
Hospital, Oslo, Norway, by a previously
validatedmethod (14). GADAwas reported
as an antibody index value (15). The
sensitivity and specificity of the assay at
the cutoff level of .0.08 were 0.64 and
1.00, respectively, according to results ob-
tained in the Diabetes Antibody Standard-
ization Program. The cutoff index of 0.08
was equivalent to 43 World Health Orga-
nization units/mL (16). C-peptide was
measured by radioimmunoassay (Diag-
nostic System Laboratories, Webster, TX).
Fasting serum levels of glucose were mea-
sured byHemocue at the central laboratory
of Levanger Hospital (Levanger, Norway)
(13).Homeostasismodel assessment for in-
sulin resistance (HOMA-IR) and b-cell
function (HOMA-%B) were calculated us-
ing the updated model (17).

Assessment of smoking habits
Smoking habits at baseline (HUNT1 or
HUNT2) were assessed by questionnaire.
Current smoking was defined as current
daily smoking of at least 1 g of tobacco in
the form of cigarettes, cigars, or pipe.
Participants were categorized into never
smokers, former smokers, and current
smokers. Current and former smokers
were inquired at age of starting smoking,
years of smoking, and average number of
cigarettes smoked per day. The intensity
of smoking among current and former

smokers was assessed by two categories:
light smokers (,20 cigarettes/day) and
heavy smokers ($20 cigarettes/day).
Pack-years were calculated according to
the formula: cigarettes per day/203 years
smoked. Cumulative quantity of active
smoking was assessed in three categories
(,6, 6–12, and $13 pack-years).

Statistical analysis
Characteristics of the participants were
expressed as means and SD. P values for
means and proportions were calculated
using one-way ANOVA and F test. We
used Cox proportional hazards models
to estimate hazard ratios (HR) of type 2
diabetes and autoimmune diabetes in re-
lation to smoking habits with 95% CIs
(SAS 9.2; SAS Institute Inc, Cary, NC).
Person-years of follow-up were calculated
from the age that the participants entered
the study (HUNT1 or HUNT2) until age
of onset of diabetes, death, or the end of
the follow-up period at HUNT2 or
HUNT3 (1997 or 2008, respectively),
whichever came first. Confounders con-
trolled for age (in years, as underlying
time scale in Cox model), sex, and base-
line information (from either HUNT1 or
HUNT2 depending on when the partici-
pant entered the study), BMI (calculated
as weight [kg]/height [m2], continuous),
education (primary school, upper sec-
ondary school, or university), and physi-
cal activity [physically active or inactive,
categorization details are described else-
where (18)], unless otherwise specified.
Additional adjustment for alcohol con-
sumption and family history of diabetes
did not change the results (change in HR

,10%). These factors were therefore not
included in the final model. The analyses
were time-dependent, which means that
for individuals with information on
smoking (or any of the covariates) from
more than one point in time (i.e., both
HUNT1 and HUNT2), information was
updated during follow-up. In all analyses,
we used never-smokers as a reference
group, unless otherwise specified. For
evaluating interaction between BMI and
smoking habits, participants were catego-
rized as: 1) BMI ,25 kg/m2 and never
smoking (2) (as reference group in anal-
yses), 2) BMI ,25 kg/m2 and heavy
smoking (2+), 3) BMI $25 kg/m2 and
never smoking (+2), and 4) BMI $25
kg/m2 and heavy smoking (++). To esti-
mate additive interaction, we calculated
the relative excess risk due to the interac-
tion (RERI) using RERI =HR++2HR+22
HR2+ + 1 and attributable proportion
(AP) due to interaction as AP = RERI/
HR++ (19). Correlation between smoking
(pack-years) and HOMA indices (log-
HOMA2-IR and logHOMA2-%B, loga-
rithmic transformation was applied due
to skewing of variables) were assessed
with Pearson correlation coefficient.

RESULTS

Baseline characteristics
Table 1 shows baseline characteristics of
participants by smoking habits. Mean age
was ;50 years. Smokers were younger
and less likely to be obese. Seventy per-
cent of heavy smokers were men. More
than half of them had low background
education. Only 3% were abstainers.

Table 1dBaseline characteristics of the study population according to smoking status at enrollment in the HUNT study, 1984–1997

Characteristics
All

samples
Never
smokers

Former
smokers

Current smokers

P value*
All current
smokers

,20 cigarettes
per day

$20 cigarettes
per day

Number of individuals (%) 90,819 (100) 41,870 (46.1) 21,644 (23.8) 27,305 (30.1) 21,933 3,184
Age, years [mean (SD)] 50.3 (16.4) 51.3 (18.0) 52.2 (15.4) 47.2 (14.8) 46.1 (14.5) 44.9 (12.5) ,0.001
Men (%) 47.93 39.7 61.4 49.9 44.6 68.5 ,0.001
Low education level (%) 50.85 49.1 49.5 54.6 52.9 51.9 ,0.001
BMI, kg/m2 [mean (SD)] 25.6 (3.9) 25.9 (4.0) 26.2 (3.7) 24.8 (3.7) 24.7 (3.7) 25.2 (3.9) ,0.001
Overweight (25 ,
BMI , 30) (%) 39.7 40.2 45.8 34.0 33.0 36.6 ,0.001

Obese (BMI $30) (%) 12.3 13.9 14.0 8.5 8.2 11.1 ,0.001
Physically inactive (%) 33.2 30.4 29.9 40.2 38.2 52.2 ,0.001
Alcohol abstainers (%) 11.6 19.0 6.3 4.4 4.3 3.3 ,0.001
With family history of
diabetes (%) 15.1 14.7 16.7 14.9 15.2 15.4 ,0.001

*P values for differences between smoking status categories were calculated with ANOVA (means) and x2 test (proportions).
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By most characteristics, cases of au-
toimmune and type 2 diabetes were sim-
ilar (Supplementary Table 1). Compared
with individuals without diabetes, those
with autoimmune and type 2 diabetes
alike tended to be older, heavier, and
less physically active. Also, the frequency
of family history of diabetes was higher.

Smoking attenuates the incidence of
autoimmune diabetes
Current smokers displayed a reduced risk
of autoimmune diabetes compared with
never smokers (HR 0.52 [95% CI 0.30–
0.89]; Table 2). This effect was also seen
when the analysis was restricted to heavy
smokers (0.42 [0.18–0.98]). Stratifying
the results by sex did not reveal differen-
ces (e.g., in men, HR for $13 pack-years
was 0.45 [0.21–0.96] and inwomen, 0.29
[0.07–1.23]). The reduced risk by smok-
ing was upheld when we divided cases
with autoimmune diabetes into LADA
and classical type 1 diabetes. For cases
of LADA, the HR was 0.31 (95% CI
0.14–0.71) for$13 pack-years. For cases
(few) of classical type 1 diabetes, the HR
was 0.18 (CI 0.04–0.79) for $6 pack-
years. Corresponding estimates for
LADA were 0.68 (CI 0.40–1.16).

The reduced risk of autoimmune di-
abetes in relation to current smoking (all
smokers) was not different between nor-
mal weight and overweight individuals
(HR 0.53 [95% CI 0.19–1.45] for BMI
,25 kg/m2 and 0.53 [0.28–0.99] for
BMI $25 kg/m2). Similar results were
seen in relation to $13 pack-years.

We analyzed levels of GADA and
C-peptide among diabetic patients across
categories of smoking. A decrease in levels
of GADA was seen across pack-years
categories (0.068 [,6 pack-years], 0.065
[6–12 pack-years], 0.022 [$13 pack-
years]; P = 0.01); additional adjustment
for diabetes duration did not change the
results (P = 0.01). In line with this, heavy
smokers ($20 cigarettes/day) had substan-
tially lower levels of GADA (0.009 vs.
0.056; P = 0.001) compared with never
smokers. Current smokers compared with
never smokers had higher levels of
C-peptide (964 vs. 886; P = 0.03). This
same tendency persisted after adjustment
for diabetes duration and also after exclud-
ing patientswith glucose values,7mmol/L
(C-peptide = 942 vs. 856; P = 0.056).

Smoking increases the incidence of
type 2 diabetes in overweight men
Current smoking (all smokers) was pos-
itively associated with incidence of type 2
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diabetes (Table 3). The highest risk was
observed in those who smoked $20 cig-
arettes/day (HR 1.32 [95% CI 1.11–1.56]
and in those who reported $13 pack-
years smoking (1.20 [1.05–1.37]).

Stratifying the results by BMI and sex
indicated that smoking was associated
with an increased risk of type 2 diabetes
in overweight men ($25 kg/m2) (HR 1.33
[95% CI 1.10–1.6] in current smokers).
In individuals with BMI,25 kg/m2, cur-
rent smoking was, in contrast, associated
with a reduced risk (0.60 [0.38–0.96] in
men and 0.60 [0.36–1.00] in women).

Being overweight was associated with
an increased risk of type 2 diabetes across
all categories of smoking but only in men
(demonstrated in Supplementary Fig. 1).
Heavy smoking was associated with a
fivefold elevated risk of type 2 diabetes
(HR 5.62 [95% CI 3.94–8.02]) when
combined with overweight and a 12-fold
excess risk (12.54 [8.53–18.44]) when
combined with obesity ($30 kg/m2).
The relative excess risk due to interaction
was estimated at 2.24 (95% CI 1.01–
3.46), and the AP was estimated at 0.40
(0.23–0.57), implying that 40% of the ca-
ses among heavy smokers with BMI $25
kg/m2 were caused by the interaction be-
tween these two risk factors.

Increased risk by smoking in type 2
diabetes associates with insulin
resistance
There was a positive correlation between
number of pack-years of smoking and
HOMA2-IR in type 2 diabetes cases with
BMI $25 kg/m2 (r = 0.11; P = 0.014)
There was no clear correlation neither in
lean and normal weight type 2 diabetes
cases (r =20.068; P = 0.576) nor in cases
with autoimmune diabetes (r = 20.181;
P = 0.281).

CONCLUSIONSdWe report a strong
association between smoking and a re-
duced risk of autoimmune diabetes. The
risk reduction was seen both in men and
women across categories of BMI and was
related both to development of LADA and
classical type 1 diabetes (although the
analyses regarding type 1 diabetes were
admittedly based on very small numbers).
To our knowledge, our previous report
(4) of risk reduction by of smoking in re-
lation to autoimmune diabetes is up to
now the only one demonstrating in hu-
mans this, by its beneficial nature, poten-
tially controversial effect. We note that
our observations agree with those in an
animal study (3) and are consistent with T
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those from some previous studies, in
which a reduced risk of type 1 diabetes
was seen in the offspring of smokers (20–
22). It seems important that we can now
confirm and extend our previous findings
by providing a larger sample and a longer
time of follow-up of the HUNT cohort.

Our incidence data are in line with an
inhibitory effect of smoking on autoim-
mune activity. This notion is supported by
our observation showing lower levels of
GADA in long-time heavy smokers than in
other LADA patients. In this context, one
cannot rule out the possibility that the as-
sociation with GADA is restricted to alter-
ation of the time dynamics of GADA.
GADA levels are known to rise and then
fall in pediatric patients with type 1 di-
abetes (23,24); however, evidence indi-
cates that GADA are more persistent in
LADA (25,26), at least in those who display
high titers. In a previous study (25), it was
shown that a majority of those who devel-
oped LADA between HUNT2 and HUNT3
were GADA-positive already at HUNT2
(i.e., during prediabetes) with no signifi-
cant change in GADA between HUNT2
and 3. Hence, many patients with LADA
have GADA persisting from prediabetes
and onwards. These findings do not sup-
port the possibility of smoking affect-
ing merely the time course of GADA.
However, a full investigation into the latter
possibility awaits further studies. Which
component of smoking is important? In
animal and human studies, exposure to
nicotine, the major active component of
cigarettes, can exert immunosuppressive
(3,27) as well as anti-inflammatory effects
(1,2,28). Hence, it is likely, but not proven,
that nicotine is the component of cigarette
smoking behind the risk reduction in au-
toimmune diabetes.

With regard to type 2 diabetes, our
findings confirm a similar increase in risk
associated with heavy smoking as in other
studies (29–33). In contrast to most pre-
vious studies (5), the increased risk of
type 2 diabetes was limited to men, and
this finding is similar to those in a French
cohort study (34). Sex differences in in-
halation practice (35) could be a factor.
Also, so far unknown risk factors present
in men but not in women could be oper-
ative. A further distinction in our study
was the limitation of risk with smoking
to men with BMI $25 kg/m2, whereas a
reduced risk was actually seen in lean and
normal weight smokers. Similar findings
were reported in a Japanese study (10).
One explanation for the reduced risk in
lean smokers could relate to the rise in

metabolic rate caused by smoking (36–
38). Such a rise would counteract insulin
resistance, and this beneficial effect could
perhaps, in light smokers with low BMI,
more than outweigh any countering
influence by smoking-induced insulin re-
sistance (for which the underlying mech-
anisms are not known).

Previous studies have suggested a
possible interaction between high BMI
and smoking in the development of type 2
diabetes (11). In confirmation of this, the
highest risk of type 2 diabetes was seen in
men exposed both to overweight and
heavy smoking. Smoking was associated
with HOMA-IR and higher levels of
C-peptide, findings that are compatible
with an insulin resistance effect. As men-
tioned above, an insulin resistance effect
as found in this study is in line with pre-
vious observations as mentioned above.
One explanation behind the BMI and
smoking interaction could be that expo-
sure to both these sources of insulin re-
sistance accelerates exhaustion of b-cells
with subsequent inability to maintain glu-
cose homeostasis.

The strengths of this study include an
all-population area-based sample, a long
follow-up, and data on GADA and
C-peptide. Also, it was possible to control
for potential sociodemographic, lifestyle,
and anthropometric confounders. Infor-
mation on smoking was collected by
several questions and updated during
follow-up. However, there are some po-
tential biases to be considered. Diabetes
cases were identified by self-reporting.
This method has been shown to correctly
classify.95% of cases (39), but will miss
cases of undiagnosed diabetes. Also, we
relied on self-reports of smoking habits.
Such socially undesirable behaviors can
be afflicted by underreporting (40). Due
to prospective nature of this study, any
misclassification of smoking can however
be assumed to be nondifferential.

In conclusion, smoking was associ-
ated with a reduced risk of autoimmune
diabetes in adults; an effect is probably
exerted by inhibition of the autoimmune
process. We further find that the in-
creased risk by smoking in type 2 diabetes
is limited to overweight men and that the
combination of overweight and smoking
is an especially potent combination of risk
factors for type 2 diabetes.
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