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Abstract

Aims/hypothesis Diet is one of the main lifestyle-related factors that can modulate the inflammatory process. Surprisingly the
dietary inflammatory index (DII) has been little investigated in relation to type 2 diabetes, and the role of BMI in this relationship
is not well established. We studied this association and the role of BMI in the inflammatory process in a large population-based
observational study.

Methods A total of 70,991 women from the E3N (Etude Epidémiologique auprés de femmes de la Mutuelle Générale de
I’Education Nationale) cohort study were followed for 20 years. Incident type 2 diabetes cases were identified using diabetes-
specific questionnaires and drug reimbursement insurance databases, and 3292 incident cases were validated. The DII was
derived from a validated food frequency questionnaire. Multivariable Cox regression models estimated HRs and 95% Cls
between DII and incident type 2 diabetes. Interactions were tested between DII and BMI on incident type 2 diabetes and a
mediation analysis of BMI was performed.

Results Higher DII scores, corresponding to a higher anti-inflammatory potential of the diet, were associated with a lower risk of
type 2 diabetes. Compared with the 1st quintile group, women from the 2nd quintile group (HR 0.85 [95% C1 0.77, 0.94]) up to
the 5th quintile group (HR 0.77 [95% CI1 0.69, 0.85]) had a lower risk of type 2 diabetes before adjustment for BMI. There was an
interaction between DII and BMI on type 2 diabetes risk (Piyteraction < 0.0001). The overall association was partly mediated by
BMI (58%).

Conclusions/interpretation Our findings suggest that a higher anti-inflammatory potential of the diet is associated with a lower
risk of type 2 diabetes, and the association may be mediated by BMI. These results may improve our understanding of the
mechanisms underlying the role of diet-related anti-inflammation in the pathogenesis of type 2 diabetes in women. Further
studies are warranted to validate our results and evaluate whether the results are similar in men.
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What is already known about this subject?

e Evidence suggests that inflammation plays a key role in the pathogenesis of type 2 diabetes

e Dietis one of the main lifestyle-related factors that can modulate the inflammatory process

e Few epidemiological studies have evaluated the link between dietary inflammatory indexes (Dlls) and type 2
diabetes; results are conflicting and the role of BMI is not well established

What is the key question?

e s the dietary inflammatory index, developed to assess the overall inflammatory potential of the diet, associated
with type 2 diabetes incidence, and is the association mediated or modified by BMI?

What are the new findings?

e Inour study, an elevated anti-inflammatory potential of the diet was associated with a lower risk of type 2 diabetes

e The overall association between DIl and type 2 diabetes risk was partly mediated by BMI

How might this impact on clinical practice in the foreseeable future?

e These results may improve our understanding of the mechanisms underlying the role of diet-related inflammation
in the pathogenesis of type 2 diabetes and help to design more efficient nutritional preventative interventions

Abbreviations

ADII  Adapted dietary inflammatory index
CDE Controlled direct effect

DII Dietary inflammatory index

E3N  Etude Epidémiologique auprés de femmes de la
Mutuelle Générale de I’Education Nationale

NDE Natural direct effect

NIE  Natural indirect effect

Introduction

The global prevalence of type 2 diabetes is increasing, from
415 million adults in 2015 [1] rising to 629 million people
expected to develop diabetes by 2045 [2]. While many met-
abolic and lifestyle factors are known to contribute to the
development of type 2 diabetes and its complications, the
involvement of the immune system in the pathogenesis of
type 2 diabetes has recently been gaining interest. A consid-
erable body of evidence suggests that inflammation plays a
key role in the pathogenesis of type 2 diabetes [3, 4].
Obesity, hyperglycaemia, insulin resistance, and the over-
expression of proinflammatory proteins such as C-reactive
protein and cytokines (IL-1(3, IL-6 and TNF-«) induce
chronic inflammation in type 2 diabetes [5]. In addition,
environmental, behavioural and psychosocial factors can
stimulate inflammation in times of stress [6]. Among the
modifiable factors, diet is one of the main lifestyle-related

factors which can modulate the inflammatory process [7].
Several foods and food components have an impact on
blood concentrations of inflammatory markers, including
cytokines, chemokines, acute-phase proteins, soluble adhe-
sion molecules and cytokine receptors [8, 9].

Recently, dietary inflammatory indexes (DII) have been
developed based on evidence linking diet with inflammation
[10—12]. Only four cross-sectional studies and one prospec-
tive study have evaluated the link between these indices and
type 2 diabetes and/or insulin resistance, and results were con-
flicting [12—-15]. In addition, one study suggested that the
association between DII and type 2 diabetes could be partly
mediated by BMI. This result supported the hypothesis of an
intermediate role of BMI in the association between DII and
type 2 diabetes [12]. A previous study reported an interaction
between DII and BMI in relation to type 2 diabetes with the
association restricted to participants with BMI >25 kg/m?
[15]. Taken together, the role of BMI is ambiguous.

Therefore, based on data from more than 70,000 E3N
(Etude Epidémiologique aupres de femmes de 1’Education
Nationale) cohort study participants followed for 20 years,
our aim is to prospectively assess the association between
DII and type 2 diabetes and to evaluate the potential interac-
tion and mediation of BMI in this relationship.

Methods

Study population and follow-up The E3N study is a large
ongoing French prospective cohort of women, set up in
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France in 1990. The study protocol was reviewed and ap-
proved by the Commission Nationale de I’'Informatique et
des Libertés (CNIL); all participants gave written informed
consent. The detailed protocol has been described elsewhere
[12, 16]. Briefly, we included 98,995 women born between
1925 and 1950, from the French national health insurance
plan for teachers and co-workers, the Mutuelle Générale de
I’Education Nationale. Women were enrolled in the cohort
through a self-administered questionnaire, and were followed
by self-administered questionnaires every 2 years on aspects
including health conditions, lifestyle, diet, treatments and
mental health status. Furthermore, for each cohort member,
the health insurance plan provided data that included all out-
patient reimbursements for health expenditure since 1 January
2004; these data included brand names, doses and dates of
drug reimbursements. The average response rate to a follow-
up questionnaire is 83%, with a total loss to follow-up since
1990 below 3%.

Population for analysis We initially included participants who
had completed the dietary questionnaire sent in 1993 (n=
74,522). Then we excluded all prevalent type 2 diabetes cases
(n=824), women with extreme energy intakes (i.e. below the
Ist and above the 99th percentiles of the energy intake over
energy requirement distribution in the population) (rn = 1491),
and women who did not complete any follow-up question-
naire after the dietary questionnaire (n=1216). The final
study population included 70,991 women (see electronic sup-
plementary material [ESM] Fig. 1). Follow-up commenced in
1993 (baseline for the present study) and ended in 2014 (latest
date of type 2 diabetes case validation in the E3N cohort).

Dietary inflammatory index Diet was assessed using a validat-
ed 208-item semi-quantitative dietary questionnaire sent in
1993 [17]. Information on food and drink consumption was
collected for eight consumption occasions throughout the day
(breakfast, morning snack, aperitif before lunch, lunch, after-
noon snack, pre-dinner aperitif, dinner and after dinner snack).
Intakes of all food items were converted into intakes of energy
and nutrients using food composition databases from the
French Information Centre on Food Quality [18]. The validity
and reproducibility of the dietary questionnaire have been
previously described [17].

We calculated the DII using the adapted dietary inflamma-
tory index (ADII) described by van Woudenbergh et al [12] as
the starting point. This was derived from the literature-based
score developed by Cavicchia et al [10] to reflect the inflam-
matory potential of an individual’s diet. This DII has been
proposed on the basis of nutritional rationale. First, the dietary
inflammatory weights of dietary components are multiplied
by the standardised energy-adjusted intake to reduce the
between-person variation. Second, the intake of all compo-
nents are standardised by subtracting the mean intake of the
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population from the individual intake and dividing the differ-
ence by the SD of the study to avoid the possibility that the
variation in the ADII was solely driven by a few dietary com-
ponents with a large range in intake. Finally, several compo-
nents are excluded to avoid an overestimation of the inflam-
matory effects of ethanol, fat and energy. Thus, beer, wine,
liquor and total fat were excluded. Energy was excluded be-
cause the inflammatory effect of energy was considered to be
equivalent to the sum of the inflammatory effects of all
energy-providing macronutrients. Dietary inflammatory
weight for ethanol was assumed to be zero when the intake
of ethanol was >40 g/day because the intake of ethanol is not
likely to be anti-inflammatory when an intake is >40 g/day
[12].

The DII weights proposed by Cavicchia et al [10] were
updated with a more robust literature base, and 3 additional
years of published data (2008-2010, inclusive), resulting in a
slightly more than doubling of the total number of articles
scored: 1943 were scored in the newer 2013 version compared
with 929 in the older 2009 version [11]. Thus, we used these
weights to calculate the DII. A total of 32 of the 40 possible
dietary components were used for DII calculation (ESM
Table 1) based on the food frequency questionnaire [17].
The DII is calculated in such a way that positive values indi-
cate an anti-inflammatory diet and negative values correspond
to a proinflammatory diet.

Ascertainment of type 2 diabetes Before 2004, all potential
cases of type 2 diabetes were identified through follow-up
questionnaires that included questions on the diagnosis of di-
abetes, diabetes-specific diet, diabetes drugs and
hospitalisations for diabetes. All potential cases were then
contacted and asked to answer a diabetes-specific question-
naire that included questions on the circumstances of diagno-
sis (year of diagnosis, symptoms, biological examinations,
and fasting or random glucose concentration at diagnosis),
diabetes therapy (prescription of diet or physical activity, list
of all glucose-lowering drugs already used), and the most
recent concentrations of fasting glucose and HbA .. In order
to be considered as validated for type 2 diabetes, an individual
must have reported at least one of the following: (1) fasting
plasma glucose >7.0 mmol/l or random glucose >11.1 mmol/l
at diagnosis; (2) use of a glucose-lowering medication; (3)
most recent values of fasting glucose concentrations
>7.0 mmol/l or HbA,. level >53 mmol/mol (7.0%) in the
diabetes-specific questionnaire. After 2004, cases were iden-
tified through the drug reimbursement insurance database.
The validation algorithm used in the E3N cohort to assess type
2 diabetes cases has been largely accepted and used in several
previous publications (e.g. Fagherazzi et al [19]; Mancini et al
[20, 21]). All women who were reimbursed at least twice for
any glucose-lowering medications during 1 year were consid-
ered to have validated diabetes [22].
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Covariates All variables were obtained from the baseline
questionnaire sent in 1993. BMI was calculated by dividing
weight in kilograms by height in metres squared and
was considered continuously in all models and in three
categories for stratified analyses (<20 kg/m?, 20-25 kg/m?,
and >25 kg/m?). The level of recreational physical activity
(MET-h/week) was considered as a continuous variable. We
considered three categories for smoking status (never, former
and current), education level (undergraduate or less, graduate,
and postgraduate or more), mentally tiring work (little or
not, moderate and high) and personal history of hypercholes-
terolaemia (yes, no and unknown). Personal history of
hypertension and family history of diabetes were in two
categories (yes and no). Missing values were <5% for all
variables except for hypercholesterolaemia and therefore were
imputed with the median and mode for quantitative and
qualitative variables, respectively. For hypercholesterolaemia,
an ‘unknown’ category was created to keep the same number
of participants in the analyses.

Statistical analysis Baseline characteristics of the study popu-
lation were reported as means (SD) for continuous variables
and as numbers (percentages) for categorical variables.

We used Cox proportional hazards models with age as
the timescale to estimate HR and 95% CI. Participants were
followed from age at baseline until age at diagnosis of type 2
diabetes, or age at death, or age at last follow-up, or age at the
end of the follow-up period (2014), whichever occurred first.
Schoenfeld residuals and log-minus-log plots were examined
to confirm the proportional hazards assumption. No major
violations were observed in any model.

DII was modelled in three different ways. For our
main analysis, DII was included as a continuous variable,
and we reported effect estimates for a 1-SD increase (z score)
in DII. This approach assumes a linear association between
DII and type 2 diabetes; to check the assumption, we then
used multivariate restricted cubic spline with fives knots
placed at the Sth, 27.5th, 50th, 72.5th and 95th percentiles of
the DII distribution to provide a graphical presentation [23].
Splines allowed us to test whether there was a significant
departure from a linear association. Finally, we categorised
DII into quintiles and considered the first quintile group as
the reference category in the Cox models.

Three models are presented: the first model was adjusted
for age (timescale); the second was further adjusted for
known type 2 diabetes risk factors and potential confounding
factors: physical activity, smoking status, level of education,
mentally tiring work, family history of diabetes, personal
history of hypertension and hypercholesterolemia; the third
model was further adjusted for BMI. The selection of
confounders was done a priori, based upon the known
risk factors of type 2 diabetes available in our dataset and
associated with DIL

The interaction between DIl and BMI on the risk of type 2
diabetes was estimated by including a multiplicative term be-
tween the two variables in the Cox model. As it was statisti-
cally significant, we examined the association of DII with type
2 diabetes stratified by BMI categories.

In addition to our main analysis described previously, and
to better understand the complex relationship among DII,
BMI and type 2 diabetes, we used counterfactual mediation
models allowing for exposure—mediator interaction, according
to which BMI represents both a mediator and an effect mod-
ifier of the relation between DII and type 2 diabetes [24]. This
approach allows us to estimate several quantities for a change
of DII from low to high: the controlled direct effect
(CDE) is the average effect of an increase in DII, setting
BMI=20 kg/m?*; the natural direct effect (NDE) represents
the average effect of an increase in DII when BMI is fixed at
the level it would take when DII is high; and the natural indi-
rect effect (NIE) expresses how much the outcome would
change on average when DII is controlled at a low level, but
the mediator is changed from the level it would take if DII is
high to the level it would take if DII is low. The total effect is
the product of the NDE and NIE. In the absence of interaction,
the CDE is equal to the NDE [24-26]. The proportion
mediated is calculated using the following formula:
(HR NDE x (HR NIE—1)) / (HR NDE x HR NIE —) [27].

Sensitivity analyses Several sensitivity analyses were per-
formed. First, we repeated our main analysis when multiple
imputations were applied for all covariates with missing data.
Second, we excluded women with type 2 diabetes diagnosed
in the first 5 years and the last 5 years of follow-up to examine
whether reverse causation may partly explain our findings and
whether inflammation through diet has a long term effect,
respectively. Third, we further adjusted model 2 for adherence
to the traditional Mediterranean diet score (range of scores, 0
to 9) [28], included as a continuous variable. Finally, we con-
ducted similar analyses using three other DII definitions. The
list of dietary components and the methods used for calcula-
tion of all DIIs are described in ESM Table 1.

Statistical analyses were performed using the Statistical
Analysis System software, version 9.4 (SAS Institute, Cary,
NC, USA).

Results

Baseline characteristics The inflammatory potential of the diet
in our cohort, as measured by the DII, had a mean (SD) value
0of —0.06 (3.6). The range of the DII was from —13.42 to 24.8,;
the median, 25th and 75th percentiles were —0.42, —2.5, and
2.0, respectively.

Table 1 presents the baseline characteristics of the study,
overall and according to quintiles of DII. Overall, during a

@ Springer



2226

Diabetologia (2019) 62:2222-2232

mean (SD) follow-up of 12.3 (5.4) years and 18.1 (2.0) years
for participants with and without diabetes, respectively, a total
0f 3292 (4.6%) validated incident type 2 diabetes cases were
identified. The mean (SD) age of the population at baseline
was 53 years (6.7). In general, with increasing DII quintile,
mean age, BMI, and frequency of hypertension, hypercholes-
terolaemia and family history of diabetes decreased (Table 1).

DIl and type 2 diabetes risk The association of DII with type 2
diabetes is presented in Table 2. In the first two models,
DII was inversely associated with type 2 diabetes risk
from the 2nd quintile group (HR 0.85 [95% CI 0.77, 0.94])
up to the 5th quintile group (HR 0.77 [95% CI 0.69, 0.85)],
when compared with the 1st quintile group. Analysis using

1-SD increase in DII led to a similar result (model 2: HR 0.90
[95% CI 0.87, 0.93]). Spline variables confirmed that there
was no departure from a linear association (p =0.797),
and the graphical representation of the relation was
consistent with a linear relation (Fig. 1). After inclusion of
BMI (model 3), all associations were attenuated and became
null (Table 2).

DIl and type 2 diabetes risk stratified by BMI categories
Table 3 shows the association between DII and type 2
diabetes stratified by categories of BMI. There was an
interaction between DII and BMI on type 2 diabetes
risk (Pinteraction < 0.0001). When stratified by BMI categories,
the estimates were of similar magnitude, although, in women

Table 1  Baseline characteristics of the study population (E3N cohort data, N=70,991)
Quintile of DII
Variable Overall Q1 (<-3.00) Q2 (-3.00,-1.25) Q3 (-1.24,0.46) Q4 (047, 2.69) Q5 (=2.70)
(N=70,991) (N=14,199) (N=14,197) (N=14,198) (N=14,198) (N=14,199)
DII (N=70,991) —0.06 (3.60) —4.60 (1.34) —2.07 (0.50) —0.40 (0.49) 1.50 (0.63) 5.34 (2.49)
T2D diagnosis at the end of 3292 (4.64) 810 (5.70) 696 (4.90) 664 (4.68) 562 (3.96) 560 (3.94)
follow-up status (%)
Age at baseline (years) 52.88 (6.67) 53.22 (6.50) 53.25 (6.65) 53.18 (6.74) 52.71 (6.69) 52.04 (6.68)
Educational level (%)
Undergraduate or less 7879 (11.09) 1444 (10.17) 1526 (10.75) 1594 (11.23) 1608 (11.33) 1707 (12.02)
Graduate 37,707 (53.12) 7427 (52.31) 7597 (53.51) 7705 (54.27) 7629 (53.73) 7349 (51.76)
Postgraduate or more 25,405 (35.79) 5328 (37.52) 5074 (35.74) 4899 (34.50) 4961 (34.94) 5143 (36.22)
Physical activity (MET-h/week) ~ 49.37 (50.48) 54.70 (56.90) 50.86 (52.24) 48.86 (48.20) 46.81 (44.28) 45.62 (49.41)
Smoking status (%)
Current 9581 (13.50) 2055 (14.47) 1841 (12.97) 1827 (12.87) 1877 (13.22) 1981 (13.95)
Former 23,257 (32.76) 5104 (35.95) 4840 (34.09) 4610 (32.47) 4408 (31.05) 4295 (30.25)
Never 38,153 (53.74) 7040 (49.58) 7516 (52.94) 7761 (54.66) 7913 (55.73) 7923 (55.80)

Mentally tiring work (%)
Little or not mentally tiring
Mentally tiring
Very mentally tiring
BMI (kg/m?)
BMI categories (%)
<20 (kg/m?)
20 (kg/m?) > BMI <25 (kg/m?)
>25 (kg/m?)
Hypertension (%)
Hypercholesterolaemia (%)
Yes
Unknown
Anti-inflammatory medications
Family history of diabetes (%)

15,606 (21.98)

43,809 (61.71)
11,576 (16.31)
22.89 (3.18)

13,690 (19.28)
43,438 (61.19)
13,863 (19.53)
36,590 (51.54)

5030 (7.09)
7337 (10.34)
3836 (5.40)
7882 (11.10)

3315 (23.35)
8643 (60.87)
2241 (15.78)
23.44 3.37)

2247 (15.83)
8419 (59.29)
3533 (24.88)
7384 (52.00)

1158 (8.16)
1617 (11.38)
825 (5.81)
1712 (12.06)

3128 (22.03)
8854 (62.37)
2215 (15.60)
23.14 (3.16)

2353 (16.57)
8756 (61.68)
3088 (21.75)
7421 (52.27)

1197 (8.43)
1476 (10.40)
773 (5.44)
1659 (11.69)

3062 (21.57)

8807 (62.03)
2329 (16.40)
22.90 (3.16)

2686 (18.92)
8780 (61.84)
2732 (19.24)
7431 (52.34)

1065 (7.50)
1445 (10.18)
784 (5.52)
1614 (11.37)

3045 (21.45)
8787 (61.89)
2366 (16.66)

22.60 (2.99)

2975 (20.95)
8871 (62.48)
2352 (16.57)
7198 (50.70)

914 (6.44)
1471 (10.36)
696 (4.90)
1480 (10.42)

3056 (21.52)
8718 (61.40)
2425 (17.08)
22.36 (3.07)

3429 (24.15)
8612 (60.65)
2158 (15.20)
7156 (50.40)

696 (4.90)
1328 (9.35)
758 (5.34)
1417 (9.98)

Data are N (%) for categorical variables

Data are mean (SD) for continuous variables

Q, quintile; T2D, type 2 diabetes
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Table 2  Risk of type 2 diabetes according to quintile groups of DII (N=70,991)
Model 1 Model 2 Model 3
Participants without T2D N (%)  Participants with T2D N (%) HR (95% CI) HR (95% CI) HR (95% CI)

For 1-SD increase N=67,699 N=3292
Quintile groups of DII
Q1 (<—3.00) 13,389 (19.78) 810 (24.61)
Q2 (-3.00, —-1.25) 13,501 (19.94) 696 (21.14)
Q3 (—1.24, 0.46) 13,534 (19.99) 664 (20.17)
Q4 (0.47, 2.69) 13,636 (20.14) 562 (17.07)
Q5 (=2.70) 13,639 (20.15) 560 (17.01)
PTrend

0.89 (0.86, 0.92)

Reference
0.85(0.77, 0.94)
0.81 (0.73, 0.90)
0.70 (0.63, 0.78)
0.73 (0.66, 0.81)
<0.001

0.90 (0.87, 0.93)

Reference
0.85(0.77, 0.94)
0.82(0.74, 0.91)
0.73 (0.65, 0.81)
0.77 (0.69, 0.85)
<0.001

0.99 (0.96, 1.03)

Reference

0.95 (0.86, 1.05)
0.95 (0.86, 1.06)
0.92 (0.82, 1.03)
0.99 (0.89, 1.11)
0.609

Model 1: adjusted for age (as the timescale)

Model 2: further adjusted for family history of diabetes, smoking status, mentally tiring work, physical activity, educational level, hypercholesterolaemia

and hypertension
Model 3: further adjusted for BMI
T2D, type 2 diabetes

with BMI <20 kg/m?, estimates were slightly higher, and
the confidence intervals were wider.

Mediating role of BMI The results of the mediation analyses
are presented in Fig. 2. First, we assumed a simple mediation
model with no DIIXBMI interaction on type 2 diabetes risk.
Increasing DII was associated with lower type 2 diabetes risk,
and an important proportion of the effect (82%) was explained
by a substantial indirect effect through BMI (NIE: HR 0.985
[95% CI 0.984, 0.986]) (Fig. 2a). Then, in agreement with
the interaction between DII and BMI on type 2 diabetes risk
described above, we used mediation models allowing
for exposure-mediator interaction, according to which BMI
represents both a mediator and an effect modifier of
the relation between DII and type 2 diabetes. Increasing
DII was also associated with lower type 2 diabetes risk
(HR 0.989 [95% CI 0.980, 0.998] and HR 0.985 [95% CI
0.984, 0.986] for NDE and NIE, respectively), but the
proportion explained by an indirect effect through BMI was
lower (58%) (Fig. 2b).

Sensitivity analyses Results were not substantially modified
when multiple imputations were applied for all covariates with
missing data (ESM Tables 2-3). Exclusion of participants with
type 2 diabetes diagnosed in the first 5 years (n =383) and in
the last 5 years (n=1009) of follow-up did not change the
results (data not tabulated). Further adjustment for the
Mediterranean dietary pattern did not change the results
(ESM Fig. 2). There was a strong positive correlation between
the four calculated DIIs (minimum »=0.67; p<0.0001 and
maximum 7= 0.96; p <0.0001). Analyses based on the three
other DIIs led to the same patterns of association and interpre-
tation (ESM Tables 4-9 and ESM Fig. 3).

HR of type 2 diabetes

T T T T T T T T T

-13 -10 -5 0 5 10 15 20 25
DIl

Fig. 1 Relationship between DII and hazard of type 2 diabetes fitted with
restricted cubic splines (five knots placed at the 5th, 27.5th, 50th, 72.5th
and 95th percentiles). Risk estimates were adjusted for age, family history
of diabetes, smoking status, mentally tiring work, physical activity, edu-
cational level, hypercholesterolaemia and hypertension. Reference value
for HRs: minimum score (—13.42); the solid blue line represents the HR
and the dashed lines the lower and upper 95% CI; poyeran <0.001;
PNonlinear =0.797
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Table 3  Risk of type 2 diabetes by quintile of dietary inflammatory index stratified according to BMI (N=70,991)
Model 1 Model 2 Plnteraction
Participants without Participants with HR (95% CI) HR (95% CI)
T2D N (%) T2D N (%)
BMI <20 kg/m* (N = 10,256)
For 1 SD increase N=10,162 N=94 1.03 (0.83, 1.27) 1.01 (0.82, 1.25) <0.0001
QI (<—3.00) 1475 (14.51) 14 (14.89) Reference Reference
Q2 (-3.00, —1.25) 1665 (16.38) 12 (12.77) 0.77 (0.36, 1.66) 0.79 (0.37, 1.71)
Q3 (—1.24, 0.46) 1963 (19.32) 23 (24.47) 1.23 (0.63, 2.40) 1.18 (0.61, 2.30)
Q4 (047, 2.69) 2285 (22.49) 21 (22.34) 1.00 (0.51, 1.96) 0.97 (0.49, 1.92)
Q5 (=2.70) 2774 (27.30) 24 (25.53) 0.96 (0.50, 1.85) 0.93 (0.48, 1.80)
20 kg/m? > BMI <25 kg/m? (N = 46,872)
For 1 SD increase N=45488 N=1384 0.98 (0.93, 1.03) 0.98 (0.93, 1.04)
Ql (<—3.00) 8880 (19.52) 297 (21.46) Reference Reference
Q2 (-3.00, —1.25) 9154 (20.12) 278 (20.09) 0.90 (0.76, 1.06) 0.89 (0.76, 1.05)
Q3 (-1.24,0.46) 9200 (20.23) 280 (20.23) 0.90 (0.77, 1.06) 0.90 (0.77, 1.06)
Q4 (047, 2.69) 9273 (20.39) 267 (19.29) 0.88 (0.75, 1.04) 0.89 (0.75, 1.05)
Q5 (=2.70) 8981 (19.74) 262 (18.93) 0.94 (0.79, 1.11) 0.95 (0.81, 1.13)
BMI >25 kg/m* (N=13,863)
For 1 SD increase N=12,049 N=1814 0.99 (0.98, 1.00) 0.99 (0.98, 1.00)
QI (<—3.00) 3034 (25.18) 499 (27.51) Reference Reference
Q2 (-3.00, —1.25) 2682 (22.26) 406 (22.38) 0.91 (0.80, 1.04) 0.91 (0.80, 1.04)
Q3 (—1.24, 0.46) 2371 (19.68) 361 (19.90) 0.93 (0.81, 1.06) 0.93 (0.81, 1.07)
Q4 (047, 2.69) 2078 (17.25) 274 (15.10) 0.82(0.71, 0.95) 0.84 (0.73, 0.98)
Q5 (=2.70) 1884 (15.64) 274 (15.10) 0.92 (0.80, 1.07) 0.97 (0.83, 1.12)

Model 1: adjusted for age (as the timescale)

Model 2: further adjusted for family history of diabetes, smoking status, mentally tiring work, physical activity, educational level, hypercholesterolaemia

and hypertension

Pnteraction Was calculated using the multiplicative interaction term (DIIXBMI)

Discussion

In the E3N prospective cohort study of 70,991 women follow-
ed for 20 years, we showed an inverse linear association be-
tween baseline inflammatory properties of the diet and type 2
diabetes risk, independently of most known or potential risk
factors or confounders. Women with higher DII (correspond-
ing to an elevated anti-inflammatory potential of the diet) had
a lower type 2 diabetes risk compared with those with lower
DII (corresponding to a proinflammatory diet). The associa-
tion was partly mediated by BMI and its interaction with DII.

Comparison with the literature The DII of our main analyses
and those three versions considered in sensitivity analyses
provided similar results although they are slightly different
in their constructions. The range of DII (defined by
Shivappa et al [11]) in our study (from —5.8 to +6.0) is similar
to that reported in another French population (=5.31 to +6.26)
[29]. In addition, the range of the ADII (defined by van
Woudenbergh) in our study (from —24.6 to +13.4) is also
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consistent with one reported in a Dutch population (from
—12.0to 15.7) [12].

To our knowledge, our work is the first prospective study to
show an inverse linear association of the proinflammatory
potential of the diet with type 2 diabetes incidence. DII was
developed to assess the overall inflammatory quality of the
diet and it sums the individual pro-/anti-inflammatory effects
of different dietary components as published in the literature
[11]. Our findings are in line with some prospective studies
that examined other diet quality indices such as the
Mediterranean diet, and report a preventive role of a diet with
an overall high quality with respect to type 2 diabetes inci-
dence. For example, in large prospective studies, whole grain
has been associated with both anti-inflammatory markers [30]
and a decreased incidence of type 2 diabetes [30, 31]. In ad-
dition, a Mediterranean diet, recognised to be anti-inflamma-
tory, has been associated with reduced type 2 diabetes risk
[30-32]. In our study, the Mediterranean dietary pattern was
moderately positively correlated with DII (»=0.45) and fur-
ther adjustment for it did not change the results, which
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Fig. 2 Mediation analyses a
without (a) and with (b) an

interaction between DII and BMI

on type 2 diabetes risk. “Cox

model adjusted for age, family

history of diabetes, smoking

status, mentally tiring work,

physical activity, educational

level, hypercholesterolaemia and

Indirect effect: HR 0.985 (0.984, 0.986)
Proportion mediated: 82%

BMI

hypertension. Estimates are mean = rom 2 e
> ype 2 diabetes
iﬁ;ﬁ‘;ﬁ%’?‘;ﬁ?m a Direct effect: HR 0.996 (0.988, 1.004)
0.248) to ‘high’ (0.585); these Effect Estimate? 95% CIb
Zﬁ;“;joarigﬁeﬁzcgigz ‘t’)fDH n Controlled direct effect = Natural direct effect ~ 0.996 0.988, 1.004
A ygrelgvam o HY(BMI - Natural indirect effect 0.985 0.984, 0.986
25 kg/m2 and BMI < 20 kg/m2 - Total effect 0.981 0.974, 0.989
respectively). Mean HRs below 1
indicate that increasing DII from .
low to high is associated with low b Ind|rec;re;fe;::t:i;RmOég?aStéé):95%4}%0.986)
type 2 diabetes risk. "The 95% CI P :
of these estimates was computed BMI
using the bootstrap method (1000
samples)
Dll »| Type 2 diabetes
Direct effect: HR 0.989 (0.980, 0.998)
Effect Estimate® 95% CI°
Controlled direct effect 0.973 0.962, 0.984
Natural direct effect 0.989 0.980, 0.998
Natural indirect effect 0.985 0.984, 0.986
Total effect 0.974 0.965, 0.983

suggests that the potential anti-inflammatory effect of the diet
is independent of the adoption of a Mediterranean diet. Our
results are also consistent with some cross-sectional studies
that reported an association between DII and type 2 diabetes
and/or markers of glucose metabolism [12, 15, 33-36]. Van
Woudenbergh et al reported that a proinflammatory diet was
associated with higher fasting and postload glucose concen-
trations and higher insulin resistance, as quantified by the
HOMA-IR index [12]. The authors also reported that low-
grade inflammation and BMI could mediate these associa-
tions, although modification by BMI was not investigated in
that study. In addition, a recent study by Denova-Gutiérrez
et al reported that a proinflammatory diet was associated with
significantly higher odds of type 2 diabetes among adult
Mexicans [15]. The authors also reported an effect modifica-
tion of BMI with a proinflammatory diet that was not associ-
ated with type 2 diabetes in participants with BMI <25 kg/m?,
but was associated in those with BMI >25 kg/mz; however,
there was no statistically significant interaction and the medi-
ating role of BMI was not tested.

By contrast, our results disagree with the only prospective
study that examined the association between DII and type 2

diabetes incidence; it included 592 participants, and it failed to
show an association [12]. The relatively short follow-up time
(mean 7.2 years) and the small sample size might explain the
lack of association. In addition, other cross-sectional studies
reported no association between DII and type 2 diabetes [14,
37]. These studies present some differences to the E3N study,
including design, participants’ sex (E3N included only wom-
en), number and types of dietary components used to calculate
the DII (more than 30 dietary components were used in our
E3N cohort in comparison with a mean of 27 in other studies)
and availability of covariates for multivariable analyses.

Biological pathways As our analyses rely on observational
data, our findings cannot be directly interpreted in terms of
causality. Nevertheless, our findings are consistent with the
hypothesis that diet plays a key role in the pathogenesis of
type 2 diabetes. It is well known that certain foods and nutri-
ents are capable of eliciting immunomodulatory effects and
reducing inflammation, thereby improving beta cell function
and insulin resistance [38]. Furthermore, the effect of anti-
inflammatory properties of the diet is partly mediated by
BMI and interaction with BMI. The beneficial effect of anti-
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inflammatory diets could be partly mediated by their positive
impact on BMI, one of the strongest risk factors in the devel-
opment of type 2 diabetes. A previous study has shown that
anti-inflammatory diets are negatively associated with
glycaemic index score [34], and it was also shown that low
glycaemic index or low glycaemic load diets resulted in
weight loss in overweight and obese people, along with im-
provements in insulin sensitivity [34, 39—41]. The weight loss
also caused a reduction in proinflammatory cytokines and
increased anti-inflammatory cytokine production in adipose
tissue [42, 43]. The positive impact of anti-inflammatory
properties of the diet could also be mediated by low-grade
inflammation and other inflammatory parameters, especially
those closely linked to adiposity [44, 45]. In the E3N study,
such parameters were not available.

Strengths and limitations Our study presents several
strengths. First, the E3N study is a large prospective study
with a long follow-up; exclusion of participants with type 2
diabetes diagnosed in the first 5 years of follow-up did not
change the results, which suggests that reverse causation is
unlikely to explain our findings. Second, we obtained stable
results with similar conclusions when we used four different
definitions of DII. Third, we were able to adjust our analyses
for numerous type 2 diabetes risk factors as potential con-
founders. Fourth, the large number of participants, and the
large number of participants with type 2 diabetes, ensured a
high statistical power, however some stratified analyses where
the number of participants with type 2 diabetes was more
limited should be interpreted with caution. Finally, incident
cases were identified from an algorithm based on an extensive
medico-administrative database, which reduced the risk of
missing or false-positive cases.

Our study also has limitations. First, the E3N cohort, like
most cohort studies, is not representative of the French popu-
lation. Therefore extrapolating results to the general popula-
tion must be done carefully. Second, as the dietary consump-
tion data used to calculate DII are self-reported, a certain de-
gree of misclassification of exposure is possible and potential
error measurement can never be ruled out. However, we used
validated tools [17] in order to minimise the potential mea-
surement error in the usual diet, and women with diets involv-
ing extreme energy intakes were excluded. In addition, as the
study is prospective, any misclassification of exposure is like-
ly to be non-differential and would result in an attenuation of
associations. Third, because we have only dietary data from
the 1993 wave, we have not been able to take into account
changes in dietary habits over time. Fourth, although we con-
trolled for confounding factors, we cannot exclude the possi-
bility that unmeasured confounders may also influence our
observations. However, it is improbable that such a bias would
explain the consistently robust association observed between
DII and type 2 diabetes. Fifth, our study population was
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exclusively women. This limitation should have been minor
because no difference in biological mechanisms has been re-
ported between men and women. Finally, mediation analyses
under the counterfactual framework for causal inference are
based on several assumptions that are difficult to verify, such
as no unmeasured confounding or model misspecifications.

Conclusion In summary, our results suggest that a diet with a
high anti-inflammatory potential is associated with a lower
risk of type 2 diabetes and that adiposity, evaluated here with
BM], is one of the main mediators through which this may
happen. These results help to improve our understanding of
the mechanisms underlying the role of diet-related inflamma-
tion and type 2 diabetes. Furthermore, our findings support
current diet-based approaches to prevent type 2 diabetes.
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