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Smoking and Long-Term Risk of
Type 2 Diabetes: The EPIC-
InterAct Study in European

Populations

Diabetes Care 2014,;37:3164-3171 | DOI: 10.2337/dc14-1020

OBJECTIVE

The aims of this study were to investigate the association between smoking and
incident type 2 diabetes, accounting for a large number of potential confounding
factors, and to explore potential effect modifiers and intermediate factors.

RESEARCH DESIGN AND METHODS

The European Prospective Investigation into Cancer and Nutrition (EPIC)-InterAct
is a prospective case-cohort study within eight European countries, including
12,403 cases of incident type 2 diabetes and a random subcohort of 16,835 indi-
viduals. After exclusion of individuals with missing data, the analyses included
10,327 cases and 13,863 subcohort individuals. Smoking status was used (never,
former, current), with never smokers as the reference. Country-specific Prentice-
weighted Cox regression models and random-effects meta-analysis were used to

estimate hazard ratios (HRs) for type 2 diabetes.
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RESULTS

In men, the HRs (95% Cl) of type 2 diabe-
tes were 1.40 (1.26, 1.55) for former
smokers and 1.43 (1.27, 1.61) for current
smokers, independent of age, education,
center, physical activity, and alcohol, cof-
fee, and meat consumption. In women,
associations were weaker, with HRs (95%
Cl) of 1.18 (1.07, 1.30) and 1.13 (1.03,
1.25) for former and current smokers, re-
spectively. There was some evidence of
effect modification by BMI. The associa-
tion tended to be slightly stronger in nor-
mal weight men compared with those
with overall adiposity.

CONCLUSIONS

Former and current smoking was asso-
ciated with a higher risk of incident
type 2 diabetes compared with never
smoking in men and women, indepen-
dent of educational level, physical ac-
tivity, alcohol consumption, and diet.
Smoking may be regarded as a modifi-
able risk factor for type 2 diabetes, and
smoking cessation should be encour-
aged for diabetes prevention.

Evidence is accumulating that smoking
is associated with a higher risk of type 2
diabetes. In the 2007 meta-analysis of
Willi et al. (1), including 25 prospective
cohort studies, current smokers had a
significantly higher risk of developing
type 2 diabetes compared with never
smokers (relative risk [RR] 1.44 [95% ClI
1.31, 1.58]). In a 2014 updated meta-
analysis, including 46 studies, current
smoking was associated with a pooled
RR of 1.37 (95% CI 1.31, 1.44) (2). The
association between smoking and inci-
dent diabetes differed between men and
women in the updated meta-analysis,
with a slightly higher risk for men (2).
Although a definitive causal association
has not been established, a relationship
between cigarette smoking and type 2
diabetes is biologically plausible. Smok-
ing increases blood glucose concentra-
tion after an oral glucose tolerance
challenge (3) and may impair insulin sen-
sitivity (4). Smoking is associated with
higher energy expenditure and lower ap-
petite, which could explain lower body
weight in smokers and weight gain after
smoking cessation (5). Furthermore, al-
though smokers tend to have a lower
BMI than nonsmokers, smokers are

more likely to have abdominal fat accu-
mulation (6). Because abdominal obesity
is related to insulin resistance and the
development of type 2 diabetes, it is pos-
sible that smokers have a higher risk of
type 2 diabetes because of the presence
of abdominal obesity. However, whether
an association between smoking and
type 2 diabetes is mediated by overall
and/or regional adiposity is not fully
clear.

Conversely, noncausal explanations
are also possible for the association be-
tween smoking and type 2 diabetes.
Smoking is associated with other un-
healthy behaviors that may have an
impact on type 2 diabetes, such as in-
sufficient physical activity, higher alco-
hol consumption, and diets low in fruits
and vegetables (7). This clustering of un-
healthy behaviors is more common
among people of lower socioeconomic
status (SES). SES is a complex indicator
of lifestyle, behavior, knowledge of
health promotion, and access to health
services. Type 2 diabetes is more preva-
lent among lower SES groups (8).

Many previous studies did not take
these factors fully into account. For ex-
ample, only 11 of the 46 studies in-
cluded in the updated meta-analysis
adjusted the analyses for dietary fac-
tors, and another 13 adjusted for educa-
tional level (2). Therefore, any reported
association between smoking and diabe-
tes could be a result of residual confound-
ing (1). In addition, the relationship
between smoking and type 2 diabetes
in different countries needs to be inves-
tigated for country-specific variations
in smoking behavior and patterns of
confounding.

To elucidate these unresolved issues in
the relationship between smoking and
type 2 diabetes, we investigated the asso-
ciation between smoking and incidence of
type 2 diabetes while accounting for a
large number of potential confounding
factors, including age, dietary factors,
physical activity, and educational level.
Furthermore, potential heterogeneity be-
tween men and women was studied.
Finally, we explored whether the relation-
ship between smoking and type 2 diabetes
is modified by overall or regional adipos-
ity. These issues were addressed in the
European Prospective Investigation into
Cancer and Nutrition (EPIC)-InterAct
study, a case-cohort study of participants
from eight European countries.

The InterAct Consortium and Associates

RESEARCH DESIGN AND METHODS

Population

The InterAct project investigates how
genes and lifestyle factors interact in
their influence on the risk of type 2 di-
abetes development. The design and
methods of the EPIC-InterAct study
have been previously described (9). In
brief, InterAct consortium partners as-
certained and verified incident cases of
type 2 diabetes occurring in EPIC co-
horts between 1991 and 2007 from 8
of the 10 EPIC countries (26 centers).
Multiple sources of evidence were
used for ascertainment and verification
of incident type 2 diabetes in the entire
EPIC data set: self-report, linkage to pri-
mary care registers, secondary care
registers, medication use, hospital ad-
mission data, and mortality data. EPIC
participants without stored blood (n =
109,625) or without reported diabetes
status (n = 5,821) were not eligible for
the EPIC-InterAct study. In a total of
340,234 EPIC participants with a mean
duration of follow-up of 11.7 (0-17.5)
years, 12,403 verified incident cases of
type 2 diabetes were identified. A center-
stratified, random subcohort of 16,835
individuals was selected; after exclusion
of 548 individuals with prevalent diabe-
tes and 133 with unknown diabetes sta-
tus, the subcohort included 16,154
individuals. Because of random selec-
tion, this subcohort also included a ran-
dom set of 778 individuals who had
developed type 2 diabetes during follow-
up. From a total of 27,779 participants,
we excluded people with unknown
smoking status (n = 339) and people
who exclusively smoked cigars or pipes
(n =558). In addition, we excluded partic-
ipants with missing information on num-
ber of cigarettes per day, on time since
quitting, and on potential confounding/
intermediate factors (n = 1,539).
Finally, people with missing waist circum-
ference measurements were excluded
(n = 1,829), leaving for the current
analyses a total of 10,327 incident type
2 diabetes cases and 13,863 subcohort
individuals, of whom 676 developed in-
cident type 2 diabetes.

Assessment of Smoking

Information about smoking status at
baseline (never, former, current), age
at starting and quitting smoking, type
of tobacco (cigarettes, cigars, pipes),
current number of cigarettes smoked
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(current smoking intensity), lifetime
number of cigarettes (lifetime smoking
intensity), and duration of cigarette
smoking at baseline was collected by life-
style questionnaires in all centers. Pack-
years of cigarette smoking was calculated
as (lifetime smoking intensity / 20) X du-
ration of smoking. On average, a pack
contains 20 cigarettes.

Other Covariates

Occupational and leisure time physical
activity were assessed with a question-
naire and categorized according to the
Cambridge Physical Activity Index (10).
Diet was assessed using a self- or
interviewer-administered dietary ques-
tionnaire developed and validated
within each country to estimate usual
individual food intake (11). Educational
level was self-reported and categorized
as follows: no formal education (refer-
ence), primary school, technical school,
secondary school, and university degree.
History of previous illness included car-
diovascular disease (angina, stroke, myo-
cardial infarction), previous cancers,
hypertension and hyperlipidemia, and/or
use of medication. Additionally, informa-
tion on family history of type 2 diabetes
in a first-degree relative was recorded
for all participants except for those in
Italy; Spain; Heidelberg, Germany; and
Oxford, U.K. BMI and waist circumfer-
ence were measured according to stan-
dardized operating procedures. Waist
circumference was not measured in the
Umea center in Sweden. Overweight and
obesity (i.e., overall adiposity) were de-
fined as a BMI =25 and =30 kg/m?, re-
spectively. Abdominal obesity (i.e.,
regional adiposity) was defined as a
waist circumference =88 cm for women
and =102 cm for men.

Statistical Analyses

All analyses were carried out for men
and women separately. A modified Cox
proportional hazards regression [modi-
fied for case-cohort designs (12) with
Prentice weighting (13)] was used to es-
timate hazard ratios (HRs). Age was used
as the primary time axis, with age at re-
cruitment as the starting age and age at
diagnosis of type 2 diabetes, death, or
censoring (31 December 2007), which-
ever came first, as the exit age. HRs were
first calculated for the entire case-
cohort. Next, country-specific HRs
were estimated with adjustment for
study center. These were included in

random-effects meta-analysis, and for-
est plots are shown (Supplementary
Data), with heterogeneity between
countries explored by /2.

First, smoking status was modeled in
three categories, and former and cur-
rent smokers were compared with
never smokers (reference). Second, for
dose-response analyses for time since
quitting and smoking intensity, smoking
status was modeled with four dummy
variables comparing two groups of for-
mer smokers (having stopped <10 years
and =10 years before recruitment) and
two groups of current smokers (smoking
at recruitment <20 cigarettes/day or
=20 cigarettes/day) to never smokers.

Model 1 was adjusted for age only.
Educational level and the lifestyle fac-
tors of physical activity and consump-
tion of alcohol, coffee, tea, vegetables,
fruits, meat (total), and fish (total) were
considered as potential confounding
variables. Those variables were added
one at a time to the age-adjusted model.
Variables that changed the B coeffi-
cients for smoking status by =10%
were included in the multivariable mod-
els. In model 2, educational level was
included as well as center, physical ac-
tivity, and consumption of alcohol, cof-
fee, and meat. In a sensitivity analysis,
model 2 was used to assess whether hy-
pertension and family history of diabe-
tes were potential confounding factors.
Models 3 and 4 were constructed to
study whether BMI and waist circumfer-
ence were potential intermediate factors
in the association between smoking and
incident diabetes already adjusted for
confounding factors.

Effect modification was tested using
the interaction terms of smoking status
categories with BMI (continuous), waist
circumference (continuous), hyperten-
sion (yes/no), and family history of di-
abetes (yes/no) and in a model with
adjustment for BMI or waist circumfer-
ence. Pvalues for the interaction terms
were obtained by the Wald test
per country and pooled using random-
effects meta-analysis. A two-sided P <
0.05 (P < 0.10 for interaction terms)
was considered statistically significant.
All analyses were performed with SAS
version 9.3 software (SAS Institute,
Cary, NC) except for the meta-analysis,
which was conducted with Stata
13 software (StataCorp, College Sta-
tion, TX).
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RESULTS

Compared with the participants included
in the analyses (10,327 incident type 2
diabetes cases; 13,863 subcohort individ-
uals, including 676 incident type 2 diabetes
cases), the excluded participants were
younger (mean [SD] 51.9 [10.0] vs. 54.1
[8.4] years), had a lower BMI (27.3 [5.0]
vs. 27.6 [4.8] kg/mz) and a larger waist
circumference (93.3 [14.4] vs. 90.8 [13.7]
cm), were more frequently men (53.8 vs.
40.8%), were more physically inactive
(30.3 vs. 25.9%), and were less frequently
never smokers (35.3 vs. 45.4%). In addi-
tion, the excluded participants had a
lower consumption of alcohol, fruits
and vegetables, meat, and fish but a
higher consumption of coffee and tea
(data not shown).

Baseline characteristics of the subco-
hort stratified by sex and smoking status
are shown in Table 1 (men) and Table 2
(women). Never smoking men less fre-
quently had abdominal obesity, were
the most physically active, and had the
highest educational level. Current smok-
ing men had the lowest educational and
physical activity levels and reported the
lowest consumption of fruits and vege-
tables and highest consumption of alco-
hol, fish, and meat. The incidence of
type 2 diabetes was similar in former
and current smokers.

In contrast, women who never smoked
were the oldest and had the highest BMI
and largest waist circumference and the
lowest educational and physical activity
level. The current smoking women re-
ported the lowest consumption of fruits
and vegetables and the highest consump-
tion of meat and coffee and were more
likely to be normal weight. Incidence of
type 2 diabetes was the lowest in former
smoking women.

Information about the distribution of
smoking characteristics by country can
be found in Supplementary Table 1. Over-
all, the number of cigarettes per day and
pack-years of smoking was higher among
men than among women.

Table 3 shows that former and current
smoking men had a higher hazard of type
2 diabetes than never smoking men
(Table 3, model 1). Adjustment for educa-
tional level, center, physical activity, and
consumption of alcohol, coffee, and meat
resulted in an attenuation of the hazard,
particularly in current smoking men
(model 2, HR [95% Cl]: 1.40 [1.26, 1.55]
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Table 1—Baseline characteristics of the EPIC-InterAct subcohort,* men, stratified by smoking status

Never smokers

Former smokers

Current smokers

Men (n = 4,979) (n=1,582) (n=1,993) (n =1,404)
Age (years) 53.0 (8.6) 54.8 (8.2) 51.9 (8.2)
Number of cigarettes/day = = 16 (10-20)
Pack-years of smoking — 15.0 (7.0-25.0) 24.8 (15.8-34.5)
Time since quitting smoking (years) — 14.5 (7.0-23.0) —
Low education 917 (58.0) 1,237 (62.1) 982 (69.9)
Lifestyle factors

Physically inactive 232 (14.7) 344 (17.3) 296 (21.1)

Alcohol intake (g/day)
Vegetables (g/day)
Fruits (g/day)
Meat (g/day)
Fish (g/day)
Coffee (g/day)
Tea (g/day)

Risk factors
BMI (kg/m?)
Normal/overweight/obesity (%)
Waist (cm)
Abdominal obesity
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Hypertension
Hyperlipidemia
Self-reported heart disease/stroke (%)
Family history of T2D* [n/N (%)]
Incident T2D

12.4 (3.5-27.1)
157.6 (104.7-244.8)
181.3 (100.1-312.9)

96.7 (62.3-136.4)

36.3 (19.3-62.1)

205.2 (60.3-500.0)
0 (0-150)

26.5 (3.5)
34.1/51.0/14.9
94.1(9.7)
321 (20.3)
136 (18)
84 (11)
19.3
22.9
1.4/0.9
123/732 (16.8)
4.7

16.7 (6.5-35.0)
156.0 (102.8-240.2)
172.1 (92.2-296.8)
98.1 (65.5-136.6)

20.0 (6.8-40.9)
136.7 (85.9-215.2)
123.0 (51.8-250.0)
110.6 (28.2-149.7)

36.2 (18.7-62.5) 37.5 (18.8-65.5)
290.1 (90.0-582.4) 280.5 (100.7-900.0)
2.5 (0-150.0) 0 (0-17.0)
27.1(3.4) 26.5 (3.6)
28.8/52.5/18.8 34.7/49.9/15.5
95.9 (9.9) 94.9 (10.1)
513 (25.7) 322 (22.9)
139 (19) 136 (18)
86 (11) 84 (10)
23.3 16.2
27.3 24.7
4.5/1.7 1.7/1.1
147/943 (15.6) 79/523 (15.1)
7.4 7.3

Data are mean (SD), median (interquartile range), or n (%) unless otherwise indicated. Low education was defined as no formal education, primary
school, or technical school. Physically inactive was defined as inactive according to the Cambridge Physical Activity Index. Hypertension was

considered present if there was a self-report of hypertension, use of blood pressure—lowering medication, or physician diagnosis of hypertension.
Hyperlipidemia was considered present if there was a self-report of hyperlipidemia, use of lipid-lowering medication, or a physician diagnosis of
hyperlipidemia. Family history of T2D was present if a first-degree relative was recorded to have T2D. T2D, type 2 diabetes. *Complete case sample.
TFamily history not recorded in Italy; Spain; Heidelberg, Germany; and Oxford, U.K.

for former smokers, 1.43 [1.27, 1.61] for
current smokers).

In women, a slightly different pattern
was observed. Former and current
smokers had a significantly higher haz-
ard of type 2 diabetes compared with
never smokers after adjustment for ed-
ucational level, center, physical activity,
and consumption of alcohol, coffee, and
meat (model 2, HR [95% Cl]: 1.18 [1.07,
1.30] for former smokers, 1.13 [1.03,
1.25] for current smokers) (Table 3).
Country-specific HRs for men and women
are shown in Supplementary Figs. 1-4.
Evidence for heterogeneity was only
present for former smoking women
(> = 60.1, P = 0.01) (Supplementary
Fig. 3, model 2), but this was largely
accounted for by BMI (I = 29.9, P =
0.20) (Supplementary Fig. 4, model 4
[including BMI]).

Additional adjustment for hyperten-
sion did not materially change the HRs
for either sex (data not shown). Addi-
tional adjustment for family history of

diabetes in the subset of the population
with information on family history (a to-
tal of 6,404 incident type 2 diabetes
cases and 6,409 subcohort individuals,
of whom 281 developed type 2 diabe-
tes) resulted in a slightly stronger asso-
ciation only for current smoking men
compared with never smokers (data
not shown).

The introduction of the potential in-
termediate factor waist circumference
attenuated the HRs for former smoking
men but did not affect the HRs for cur-
rent smoking men (Table 3, model 3). In
contrast, adjustment for BMI resulted
in a small attenuation of the association
in former smoking men but a higher HR
for current smoking men (1.57 [1.38,
1.79]) (Table 3, model 4). In women,
adjustment for waist circumference or
BMI (Table 3, models 3 and 4) did not
affect the HRs for former smokers. The
hazard of diabetes for current smoking
women compared with never smokers
was higher after adjustment for waist

circumference (model 3) and BMI
(model 4) (1.39 [1.25, 1.56] and 1.47
[1.32, 1.65], respectively).

Dose-Response Analyses

Long-term quitters (=10 years since
quitting) had a higher hazard of type 2
diabetes than never smokers but a
lower hazard than former smokers
who quit more recently in both men
and women. Current smoking men and
women with the highest smoking inten-
sity had the highest hazard of type 2 di-
abetes compared with never smokers
(Supplementary Table 2).

Effect Modification

There was some evidence of effect mod-
ification by waist circumference and
BMI in current smokers in men and in
women for both former and current
smokers. Analyses in strata of waist cir-
cumference and BMI, however, only
showed slightly higher HRs for former
and current smoking normal weight
(BMI <25 kg/m?) men (Table 4). Results
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Table 2—Baseline characteristics of the EPIC-InterAct subcohort,* women, stratified by smoking status

Never smokers

Former smokers

Current smokers

Women (n = 8,884) (n =5,027) (n=1,889) (n=1,968)
Age (years) 53.2 (8.9) 52.3(9.2) 50.6 (8.9)
Number of cigarettes/day = = 12 (6-20)
Pack-years of smoking — 7.0 (2.8-22.5) 15.0 (8.1-24.0)
Time since quitting (years) — 14.0 (6.5-22.0) —
Low education 3,486 (69.4) 1,067 (56.5) 1,323 (67.2)
Lifestyle factors
Physically inactive 1,516 (30.1) 351 (18.6) 532 (27.0)
Alcohol intake (g/day) 2.2 (0.0-9.1) 6.0 (1.3-14.3) 5.1 (0.6-14.2)

Vegetables (g/day)
Fruits (g/day)
Meat (g/day)
Fish (g/day)
Coffee (g/day)
Tea (g/day)

Risk factors
BMI (kg/m?)
Normal/overweight/obesity
Waist (cm)
Abdominal obesity
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Hypertension
Hyperlipidemia
Self-reported heart disease/stroke (%)
Family history of T2D* [n/N (%)]
Incident T2D

174.2 (114.6-256.0)
243.0 (141.7-362.9)
62.8 (40.1-90.8)
29.0 (15.5-49.8)
184.4 (60.0-450.7)
0 (0-185.7)

263 (4.7)
44.4/36.2/19.4
82.4 (11.5)
1,489 (29.6)
132 (20)

81 (11)
213
17.3
0.5/0.5
497/2,199 (22.6)
4.1

166.5 (115.1-249.5)
217.3 (124.4-328.4)
65.5 (41.6-92.3)
24.6 (11.6-44.6)
300.0 (114.3-581.4)
24.6 (0-318.2)

25.4 (4.2)
53.8/33.4/12.8
80.3 (10.8)
430 (22.8)
131 (19)

81 (10)
16.0
12.9
0.9/0.7
216/1,093 (19.8)
3.5

145.2 (100.4-220.0)
170.3 (90.8-281.3)
70.4 (47.4-99.3)
28.9 (14.3-49.8)
396.2 (139.4-750.0)
0(0-85.2)

24.8 (4.1)
59.7/29.9/10.4
79.5 (10.5)
380 (19.3)
128 (20)

79 (11)
14.0
12.1
0.6/0.9
206/919 (22.4)
4.1

Data are mean (SD), median (interquartile range), or n (%) unless otherwise indicated. Low education was defined as no formal education, primary
school, or technical school. Physically inactive was defined as inactive according to the Cambridge Physical Activity Index. Hypertension was

considered present if there was a self-report of hypertension, use of blood pressure—lowering medication, or physician diagnosis of hypertension.
Hyperlipidemia was considered present if there was a self-report of hyperlipidemia, use of lipid-lowering medication, or a physician diagnosis of
hyperlipidemia. Family history of T2D was present if a first-degree relative was recorded to have T2D. T2D, type 2 diabetes. *Complete case sample.
TFamily history not recorded in Italy; Spain; Heidelberg, Germany; and Oxford, U.K.

of the dose-response analyses in strata
of BMI showed a similar pattern (i.e.,
slightly higher HRs in lean former and
current smokers) (Supplementary Table
3). There was some evidence of effect
modification by hypertension in both
sexes, but stratified analyses showed
an inconsistent pattern (Table 4). There

was no evidence for effect modification
by family history (data not shown).

CONCLUSIONS

The main finding of this study is that
former smokers and current smokers
both have a higher risk of incident type 2
diabetes, with a somewhat stronger

association in men than in women. The
association was independent of educa-
tional level and lifestyle influences such
as physical activity, alcohol consumption,
and consumption of coffee and meat. Di-
abetes risk diminished for former smok-
ers with a longer time since quitting and
was higher for current smokers with a

Table 3—HRs for incident type 2 diabetes, comparing former and current smokers with never smokers in the EPIC-InterAct study

Former Current
Never HR 95% Cl HR 95% Cl

Men

Model 1 = age 1 1.45 1.31, 1.60 1.57 1.41,1.75

Model 2 =1 + education, center, PA, alcohol, coffee, meat 1 1.40 1.26, 1.55 1.43 1.27,1.61

Model 3 = 2 + waist circumference 1 1.25 1.12, 1.40 1.45 1.28, 1.65

Model 4 = 2 + BMI 1 1.29 1.15, 1.45 1.57 1.38,1.79
Women

Model 1 = age 1 1.06 0.96, 1.16 1.05 0.96, 1.16

Model 2 =1 + education, center, PA, alcohol, coffee, meat 1 1.18 1.07,1.30 1.13 1.03,1.25

Model 3 = 2 + waist circumference 1 1.19 1.06, 1.33 1.39 1.25, 1.56

Model 4 = 2 + BMI 1 1.23 1.10, 1.37 1.47 1.32, 1.65

HRs (95% Cls) were derived from modified Cox proportional hazards regression and are pooled estimates from country-specific analyses using
a random-effects meta-analysis. PA, physical activity.
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Table 4—HRs for incident type 2 diabetes according to smoking status across strata of waist circumference, BMI, and

hypertension in the EPIC-InterAct study

Former Current
Never HR 95% Cl HR 95% Cl P value for interaction former/current

Men

Waist <102 cm 1 1.32 1.16,1.51 1.66 1.42,1.93

Waist =102 cm 1 1.20 1.00, 1.43 1.51 1.24,1.84 0.18/0.05* 0.48/0.41t

BMI <25 kg/mzi 1 1.59 1.21, 2.09 1.76 1.32,2.34

BMI =25 kg/m2 1 1.23 1.09, 1.39 1.47 1.28, 1.69 0.21/0.06* 0.15/0.07t

No hypertension 1 1.37 1.20, 1.56 1.63 1.41,1.89

Hypertension 1 1.15 0.94, 1.40 1.67 1.32,2.11 0.02/0.85
Women

Waist <88 cm 1 1.18 1.03,1.37 1.49 1.29,1.73

Waist =88 cm 1 1.19 1.02,1.39 1.41 1.20, 1.65 0.09/0.01* 0.54/0.45%

BMI <25 kg/m?*t 1 1.07 0.87,1.32 1.43 1.17,1.74

BMI =25 kg/m? 1 1.20 1.05, 1.36 1.36 1.19, 1.55 0.11/0.08* 0.22/0.46t

No hypertension 1 1.10 0.97, 1.25 1.52 1.34,1.73

Hypertension 1 1.54 1.28,1.86 1.35 1.08, 1.65 <0.001/<0.001

HRs (95% Cls) from modified Cox proportional hazards regression models. HRs adjusted for age, alcohol consumption, physical activity, coffee and
meat consumption, educational level, and BMI. *P value for interaction for former and current smokers with waist circumference and BMI as
continuous variables. TP value for interaction for former and current smokers with waist circumference and BMI as binary variables. ¥HR for BMI

adjusted for waist circumference.

higher smoking intensity in both sexes.
The association between smoking sta-
tus and incident diabetes tended to be
slightly stronger in men and women with-
out overall and regional adiposity.

Strengths

The major strengths of this study are the
prospective cohort design with a large
sample size and the high number of in-
cident diabetes cases with confirmed di-
agnosis identified during long-term
follow-up. The measurements in the
EPIC cohort included detailed assess-
ment of smoking, diet, physical activity,
and measured waist circumference and
BMI. These cohort features allowed us
to control for a large number of poten-
tial confounders and to explore effect
modifiers and intermediate factors.
The Europe-wide scale of the investiga-
tion increases the generalizability of the
findings.

Limitations

The people who were excluded from the
data analyses were younger, had a lower
BMI and larger waist circumference, and
had a lower consumption of alcohol,
fruits and vegetables, meat, and fish
but a higher consumption of coffee
and tea. In addition, the excluded peo-
ple were less frequently never smokers
and more frequently men and physically
inactive. Whether and in what direction
this has affected the association under
study is difficult to predict. Some of
these differences may have led to an

overestimation of the association (e.g.,
the difference in age and BMI), whereas
others may have introduced an under-
estimation of the association (the differ-
ence in percentage of men). We cannot
exclude the possibility that the differ-
ences in lifestyle factors between included
and excluded participants may have
given rise to a biased assessment of
the impact of the lifestyle factors on
the association between smoking status
and incident type 2 diabetes.

Current Results in the Context of
Previous Findings

The current findings are consistent with
the results of the meta-analysis by Willi
et al. (1) that showed a positive associ-
ation of former smoking (RR [95% Cl]
1.23 [1.14, 1.33]) with incident type 2
diabetes and with the results of the
meta-analysis in the Surgeon General’s
report, which demonstrated a positive
association of current smoking with in-
cident type 2 diabetes (1.37 [1.31, 1.44])
(2). The merit of the current study is the
ability to adjust for adverse lifestyle fac-
tors associated with both smoking and
type 2 diabetes. Previous studies mostly
took such factors into account as physi-
cal activity and alcohol consumption
(14,15), but only 11 of the 46 studies
included in the updated meta-analysis
also adjusted for dietary factors (2).

Differences Between Men and Women
In the current study, the risk of type 2
diabetes associated with smoking was

lower for women than for men, particu-
larly for current smokers (HR 1.43 [1.27,
1.61]) in men vs. 1.13 [1.03, 1.25] in
women). Additionally, the effect of ad-
justment differed between men and
women wherein adjustment for con-
founding factors attenuated the risk in
men, but in women, the risk was higher
after adjustment. This might be partly
due to the different distribution of di-
abetes risk factors among women across
categories of smoking status compared
with men. Women who were never
smokers were the oldest and the most
obese with the lowest education level,
whereas men who were never smokers
less frequently had abdominal obesity,
were the most physically active, and
had the highest educational level. In
the updated meta-analysis, the associ-
ation between smoking and incident
type 2 diabetes was slightly stronger
for men (2). Two other studies, which
were published after the cutoff date
of the updated meta-analysis, also
showed a slightly higher risk for men
(16,17).

Former Smokers and Time Since
Quitting

The current finding of a lower risk for
diabetes with a longer time since quit-
tingisin line with the few previous stud-
ies with data on time since quitting
(15,18-21). In the present study, long-
term quitters still had a slightly elevated
risk compared with never smokers,
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including after adjustment for BMI or
waist circumference. Taken together,
these results provide some evidence
that the effect of smoking on diabetes
is reversible. Although smoking cessa-
tion is documented to be associated
with an initial gain in weight (5), the cur-
rent and previous studies show that in
the long term, quitting smoking is ben-
eficial for diabetes risk.

Dose Response in Current Smokers
Consistent with most other studies on
the relationship between smoking and
diabetes showing that diabetes risk rises
with smoking intensity (2,14,18,19,22—
29), we observed a dose-response rela-
tionship with a higher risk among men
and women who smoked more ciga-
rettes per day. The finding that diabetes
risk diminishes with time since quitting
and that smoking intensity is positively
associated with type 2 diabetes may be
an indication of a causal relationship be-
tween smoking and diabetes. The asso-
ciation between passive smoking and
glucose intolerance and type 2 diabetes
(30,31) may be an additional indication.
Plausible mechanisms include impaired
insulin sensitivity by smoking (4) either
by direct toxic effects of smoke on the
endothelial lining of blood vessels (32)
or through increased abdominal fat ac-
cumulation in smokers (6). Direct toxic
effects of nicotine or other components
of cigarette smoke on pancreatic 3-cells
is also a possibility because smoking is
associated with chronic pancreatitis
and pancreatic cancer (33). Another in-
dication for these direct effects is the
cross-sectional observation in a recent
meta-analysis that the mean HbA;. con-
centrations in various nondiabetic pop-
ulations were lowest in never smokers,
intermediate in former smokers, and
highest in current smokers (34). An-
other mechanism may be that smoking
is associated with chronic low-grade in-
flammation (32), which in turn is asso-
ciated with the occurrence of type 2
diabetes (35). On the other hand, we
cannot exclude the possibility that the
dose-response relationship between
time since quitting and smoking inten-
sity and incident diabetes may be the
result of clustering of smoking with
other (unmeasured or poorly mea-
sured) diabetes risk factors, even after
adjustment for a large number of po-
tential confounding factors.

Role of Confounding and
Intermediate Factors

This study is one of the first with data
on a large array of potential confound-
ing factors, ranging from detailed infor-
mation on diet, family history, and
physical activity to measured waist cir-
cumference and BMI. Although adjust-
ment for educational level, physical
activity, and consumption of alcohol,
coffee, and meat had some impact on
the risk estimates for type 2 diabetes,
the association between smoking status
and type 2 diabetes was independent of
these factors.

The association between current
smoking and type 2 diabetes was stronger
after adjustment for waist circumference
or BMI in this study, particularly in
women. This may be explained by the
smaller waist circumference and lower
BMI observed in current smoking com-
pared with never smoking women (neg-
ative confounding). Previous studies
addressing the individual impact of BMI
on the association between current
smoking and type 2 diabetes also found
stronger associations after adjustment
in both men and women (14,15,28).
Most previous studies took BMI into
account in multivariable models, but
fewer also included waist circumference
(2,14,23,24,30,31,36,37). The results
from the current study illustrate the im-
portance of considering waist circumfer-
ence as an intermediate factor in the
association between smoking and inci-
dent type 2 diabetes, particularly in cur-
rent smoking women.

The association between smoking sta-
tus and incident diabetes in this study
tended to be slightly stronger in men
without overall adiposity. Previous stud-
ies show inconsistent results, ranging
from no evidence of effect modification
by BMI (24,37) to slightly stronger asso-
ciations in people with overall obesity
(1). Taken together, further studies are
needed to resolve this issue of effect
modification by overall and regional ad-
iposity in the association between
smoking and type 2 diabetes.

In conclusion, in men and women,
both former and current smoking were
associated with a higher risk of type 2
diabetes compared with never smoking.
These associations were independent of
educational level, physical activity, and
dietary factors. Diabetes risk diminished
with a longer time since quitting for
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former smokers and was higher for cur-
rent smokers with higher smoking inten-
sity. Smoking may be regarded as one of
the modifiable risk factors for type 2 di-
abetes, and smoking cessation should
be encouraged for diabetes prevention.
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