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Abstract

Background—Inflammation is considered a key mechanism leading to type 2 diabetes, but dietary
exposures that lead to inflammation and diabetes are largely unknown.

Objective—Our objective was to investigate the relation between a dietary pattern associated with
biomarkers of inflammation and the incidence of type 2 diabetes.

Design—We conducted a nested case-control study of 656 cases of type 2 diabetes and 694 controls
among women in the Nurses’ Health Study and 2 prospective cohort studies of 35 340 women in the
Nurses’ Health Study and 89 311 women in the Nurses’ Health Study 11 who were followed for
incident diabetes.

Results—Through the use of reduced rank regression, we identified a dietary pattern that was
strongly related to inflammatory markers in the nested case-control study. This pattern, which was
high in sugar-sweetened soft drinks, refined grains, diet soft drinks, and processed meat but low in
wine, coffee, cruciferous vegetables, and yellow vegetables, was associated with an increased risk
of diabetes (multivariate-adjusted odds ratio comparing extreme quintiles: 3.09; 95% CI: 1.99, 4.79).
We identified 1517 incident cases of confirmed type 2 diabetes in the Nurses’ Health Study (458 991
person-years) and 724 incident cases in the Nurses’ Health Study Il (701 155 person-years). After
adjustment for body mass index and other potential lifestyle confounders, the relative risks comparing
extreme quintiles of the pattern were 2.56 (95% CI: 2.10, 3.12; P for trend < 0.001) in the Nurses’
Health Study and 2.93 (95% CI: 2.18, 3.92; P for trend < 0.001) in the Nurses’ Health Study I1.

Conclusion—The dietary pattern identified may increase chronic inflammation and raise the risk
of developing type 2 diabetes.
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INTRODUCTION

Accumulating evidence supports the hypothesis that chronic low-grade inflammation and
activation of the innate immune system are closely involved in the pathogenesis of type 2
diabetes. Since this hypothesis was first proposed in 1997 (1), many studies have shown that
circulating markers of inflammation are strong predictors of the development of type 2 diabetes
(2). Dietary factors may have effects on inflammation and endothelial function independent of
smoking, hypercholesterolemia, hyperhomocysteinemia, and hypertension (3). Several dietary
factors have also been identified to be associated with diabetes risk, including types of
carbohydrate and fat, magnesium and cereal fiber intakes, and consumption of coffee, meats,
and sugar-sweetened beverages (4). Dietary patterns, which reflect different combinations of
food intake, have also been associated with diabetes risk (5-8) and with markers of
inflammation (9,10). However, previous attempts to derive food patterns were largely
determined by variation in food choices among individuals and could not incorporate
biomarkers into the analyses on the basis of a priori hypotheses. We therefore derived a dietary
pattern that was strongly associated with markers of inflammation and endothelial dysfunction
and evaluated the association between this pattern and the risk of developing type 2 diabetes
in 2 large cohort studies of women.

SUBJECTS AND METHODS

Study populations

The Nurses’ Health Study (NHS) cohort was established in 1976 when 121 700 female
registered nurses aged 30-55y and residing in 11 US states responded to mailed questionnaires
regarding their medical history and health practices. The respondents reflect the racial
composition of women trained as registered nurses at that time; 97% were white (11). Since
1976, questionnaires have been administered biennially to update health information and to
identify new cases of disease. During 1989 through 1990, 32 826 women free of diagnosed
diabetes, ischemic heart disease, stroke, or cancer provided blood samples. By 2000, 737 of
these women had developed definite diabetes. Control women providing baseline blood
samples were matched to diabetes cases by year of birth, date of blood draw, race, and fasting
status (at least 8 h overnight) at the time of the blood draw. In addition, to improve statistical
control for obesity at the upper extreme of the distribution, control subjects were also matched
by body mass index (BMI) for case subjects in the top 10% of the BMI distribution, giving a
sample of 785 control women. A total of 656 cases and 694 controls completed a dietary
questionnaire in 1986, 1990, or both and had complete information on body weight, height,
physical activity, smoking, and biomarkers.

Among those NHS participants who did not provide blood, 51 895 women completed a dietary
questionnaire in 1984. After the exclusion of women with a history of diabetes, cancer (except
nonmelanoma skin cancer), or cardiovascular disease; with implausible energy intakes (eg,
<500 or >3500 kcal/d); or without information on physical activity or body weight, 35 340
women remained for cohort analyses separate from the nested case-control analysis.

The Nurses’ Health Study Il (NHS-I1) is a prospective cohort study of 116 671 female US
nurses. Participants were aged 24—44 y at the study start in 1989. As with the NHS cohort, the
NHS-11 cohort is followed up through the use of biennial mailed questionnaires. The follow-
up rate exceeds 90% for every 2-y period, and we estimate nearly complete (98%)
ascertainment of mortality. For the analyses presented here, women were excluded from the
baseline population if they did not complete a dietary questionnaire in 1991; if the reported
dietary intake was implausible with regard to total energy intake; if they had a history of
diabetes, cancer (except nonmelanoma skin cancer), or cardiovascular disease reported on
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either the 1989 or 1991 questionnaire; or if they had not provided data on body weight and
physical activity in 1991. These exclusions left a total of 89 311 women for the analyses.

Both studies were approved by the Human Research Committees at the Harvard School of
Public Health and the Brigham and Women’s Hospital. Completion of the self-administered
questionnaire was considered to imply informed consent.

Dietary assessment

Dietary intake information was collected through semiquantitative food-frequency
questionnaires (FFQs). Women were asked how often they had consumed a commonly used
unit or portion size of each food on average during the previous year, with 9 possible frequency
responses ranging from “never” to “more than 6 times a day.” For this analysis, we used
information collected through the 1984, 1986, 1990, and 1994 FFQs in the NHS and the 1991
and 1995 FFQs in the NHS-II, respectively. Foods were classified into 39 food groups on the
basis of nutrient profiles and culinary usage (12). Nutrient intakes were computed by
multiplying the frequency response by the nutrient content of the specified portion sizes. Values
for nutrients were derived from US Department of Agriculture sources (13) supplemented with
information from manufacturers and biochemical analyses at Harvard School of Public Health.
Intakes of cereal fiber, magnesium, and caffeine and the glycemic index were energy adjusted
by using the residuals method (14). Intakes of carbohydrates and trans fatty acids were
expressed as nutrient density (% of total energy intake) (14). The validity and reliability of the
FFQ used in the NHS have been described elsewhere (15,16). Briefly, the mean correlation
coefficient between frequencies of intake of 55 foods from 2 FFQs administered 12 mo apart
was 0.57, and the mean corrected correlation coefficient between dietary records and a
subsequent FFQ was 0.66 in the NHS (15).

Ascertainment of type 2 diabetes

Women reporting a new diagnosis of diabetes on any of the biennial questionnaires were sent
supplementary questionnaires asking about diagnostic tests and treatment of their diabetes and
history of ketoacidosis or ketosis to distinguish between type 1 and type 2 diabetes. In
accordance with the criteria of the National Diabetes Data Group (17), confirmation of diabetes
required at least one of the following: 1) an elevated plasma glucose concentration [fasting
plasma glucose > 7.8 mmol/L (140 mg/dL), random plasma glucose > 11.1 mmol/L (200 mg/
dL), or plasma glucose >11.1 mmol/L (200 mg/dL) after > 2 h during an oral-glucose-tolerance
test] plus at least one classic symptom (excessive thirst, polyuria, weight loss, or hunger); 2)
no symptoms, but at least 2 elevated plasma glucose concentrations (by the above criteria) on
different occasions; or 3) treatment with hypoglycemic medication (insulin or oral
hypoglycemic agent). The diagnostic criteria for type 2 diabetes were changed in 1997 (18)
such that lower fasting glucose levels (> 7 mmol/L, or 126 mg/dL) would now be considered
diagnostic. Thus, we used the American Diabetes Association criteria for diagnosis of diabetes
after 1998. In a substudy of the NHS, 98% of the self-reported diabetes cases documented by
the same supplementary questionnaire were confirmed by medical record review (19,20).

Assessment of nondietary exposures

Information on age, weight, smoking status, contraceptive use, and postmenopausal hormone
therapy was collected through biennial questionnaires. We calculated BMI as the ratio of

weight (in kg) to squared height (in m2), the latter being assessed at baseline only. Self-reports
of body weight have been highly correlated with technician-measured weights (r = 0.96) in the
NHS (21). Waist and hip circumferences were self-reported in 1986 and 1996 in the NHS and
in 1993 in the NHS-I11. Physical activity, assessed in 1986, 1988, 1992, 1994, and 1996 in the
NHS and in 1991 and 1997 in the NHS-I1, was computed as metabolic equivalents (MET) per
week by using the duration per week of various forms of exercise, with each activity weighted
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by its intensity level. Physical activity reported on the questionnaire was highly correlated with
activity recorded in diaries or by 24-h recall in the NHS-I1 (0.79 and 0.62) (22).

Laboratory procedures

Women in the NHS willing to provide blood specimens were sent instructions and a
phlebotomy kit (including sodium heparin blood tubes, needles, and a tourniquet). Blood
specimens were returned by overnight mail in a frozen water bottle. On arrival, the samples
were centrifuged to separate plasma from the buffy coat and red cells and were frozen in liquid
nitrogen until analyzed. Ninety-seven percent of samples arrived within 26 h of phlebotomy.

Frozen plasma samples from case and control subjects were selected for simultaneous analysis.
C-reactive protein (CRP) concentrations were measured by use of a high-sensitivity latex-
enhanced immunonephelometric assay on a BN Il analyzer (Dade Behring, Newark, DE).
Interleukin 6 (IL-6) was measured by a quantitative sandwich enzyme immunoassay technique
(Quantikine HS Immunoassay kit; R&D Systems, Minneapolis), and plasma concentrations of
soluble fractions of tumor necrosis factor a receptor 2 (STNFR2) were measured by use of an
enzyme-linked immunosorbent assay (ELISA) kit using immobilized monoclonal antibody to
human sTNFR2 (Genzyme, Cambridge, MA). Concentrations of E-selectin, soluble
intracellular cell adhesion molecule 1 (sICAM-1), and soluble vascular cell adhesion molecule
1 (sVCAM-1) were measured by commercial ELISA (R & D Systems). The interassay CVs
for each analyte were as follows: 3.4-3.8% for CRP, 5.8-8.2% for IL-6, 6.2% for STNFR2,
6.4—-6.6% for E-selectin, 6.1-10.1% for SICAM-1, and 8.5-10.2% for sVCAM-1.

Statistical analysis

In the nested case-control sample of the NHS, we calculated the mean intake from the 1986
and 1990 FFQs for the 39 food groups to reduce within-subject variation and best represent
long-term diet (23). We subsequently applied reduced rank regression (RRR) to derive a dietary
pattern predictive of diabetes risk. RRR identifies linear functions of predictors (eg, food
groups) that explain as much response (eg, biomarker) variation as possible. RRR can be
interpreted as a principal component analysis applied to responses and a subsequent linear
regression of principal components on predictors, although it is somewhat more sophisticated
and efficient than this 2-step procedure. Thus, we calculated linear functions of food group
intake (dietary patterns) that explain as much variation in inflammatory biomarkers as possible.
The first factor obtained by RRR was retained for subsequent analyses because it explains the
largest amount of variation among the biomarkers. A more detailed description of the method,
including the SAS code and its application in nutritional epidemiology, can be found elsewhere
(24). Results of the RRR analysis based on food intakes expressed as energy densities were
similar and are not reported here.

Pearson correlation coefficients were used to evaluate associations between the derived pattern
and inflammatory biomarkers in the nested case-control sample of the NHS. We divided the
distributions of the derived dietary pattern into quintiles based on the control subjects and
calculated the geometric mean biomarker concentrations across pattern quintiles with
adjustment for anthropometric and lifestyle characteristics. We used unconditional logistic
regression models to estimate the odds ratio (OR) of diabetes in each quintile by using the
lowest quintile as the reference category and to estimate the significance of trend in ORs across
increasing biomarker quintiles. Multivariate models were adjusted for age (5-y groups), BMI
(<21.0,21.0-22.9, 23.0-24.9, 25.0-26.9, 27.0-28.9, 29.0-30.9, 31.0-32.9, 33.0-34.9, and
>35.0), physical activity (MET score in quintiles), family history of diabetes in a first-degree
relative (yes or no), smoking (missing, never, past, or current), postmenopausal hormone use
(missing, never, or ever), total energy intake (quintiles), and fasting status. The results of
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conditional logistic regression with conditioning on matching factors, such as age, fasting
status, and race, were similar to the unconditional regression models and are not reported here.

To cross-validate the results from the nested case-control study, we first identified the important
component foods of the RRR pattern by stepwise linear regression with a significance level of
P <0.05 for entry into and staying in the model with the biomarker response score as the
dependent variable and food groups as independent variables. A diet pattern score was then
calculated among women in the NHS who did not provide blood as well as in the NHS-I1 as
the linear combination of these standardized component food items (25). We estimated the
relative risk (RR) for each quintile of pattern score compared with the lowest quintile by using
Cox proportional hazards analysis stratified by 5-y age categories and 2-y intervals. Duration
of follow-up was calculated as the interval between the return of the 1984 questionnaire (NHS)
and the 1991 questionnaire (NHS-II), respectively, and the diagnosis of diabetes (type 1 or
type 2), death, or June 1, 1998 (NHS) or 1999 (NHS-I11), respectively. We cumulatively updated
food intake information with subsequent questionnaires, except for those individuals who
reported a diagnosis of cancer (except nonmelanoma skin cancer) or cardiovascular disease
during follow-up, because changes in diet after development of these conditions may confound
the relation between dietary intake and diabetes (23).

We used information on covariates obtained from the baseline or subsequent questionnaires in
multivariate analyses, including BMI (9 categories), physical activity (MET score in quintiles),
family history of diabetes in a first-degree relative (yes or no), smoking (missing, never, past,
or current), postmenopausal hormone use (missing, never, or ever), and total energy intake
(quintiles). We further adjusted for nutrient intake, in particular, magnesium intake (quintiles),
caffeine intake (quintiles), cereal fiber intake (quintiles), trans fatty acid intake (quintiles),
alcohol intake (0, 0.1-4.9, 5.0-9.9, and >10 g/d), the glycemic index (quintiles), and the ratio
of polyunsaturated to saturated fat (quintiles) to evaluate whether these nutrients may mediate
the dietary pattern—disease association. Nondietary covariates were updated during follow-up
by using the most recent data for each 2-y follow-up interval. The significance of linear trends
across quintiles of the pattern score was tested by assigning each participant the median value
for the quintile and modeling this value as a continuous variable. We also tested for effect
modification by BMI, physical activity, and family history of diabetes by performing analyses
stratified by these variables and by evaluating interaction terms. All statistical analyses were
performed by using SAS statistical software (version 8.0; SAS Institute Inc, Cary, NC).

Women in the NHS nested case-control population who subsequently developed type 2
diabetes were significantly less physically active (5 + SD: 12.0 + 14.8 METs) and had greater
BMIs ( 3 = SD: 30.2 + 5.6) at baseline than did women who remained diabetes free (15.8 +
28.1 METs; BMI: 26.1 £ 5.1). The age of the participants did not differ significantly between
the cases and the controls (3 +: 56.2 + 6.9 y, range: 43-69 y). In addition, although the
proportion of ex-smokers (41.1% and 42.4%) and current smokers (13.4% and 13.2%) did not
differ significantly between the cases and the controls, women who developed diabetes were
more likely to have had a family relative with a history of diabetes (47.6% compared with
20.8%).

We identified a dietary pattern with the RRR method that was positively correlated with all
inflammatory biomarkers (Table 1). Correlation coefficients ranged from 0.12 for STNFR2 to
0.26 for E-selectin. The pattern represented a diet relatively high in sugar-sweetened soft
drinks, refined grains, diet soft drinks, processed meat, and “other vegetables” (other than
yellow, cruciferous, and green-leafy vegetables, tomatoes, and legumes) but low in wine,
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coffee, cruciferous vegetables, and yellow vegetables. These food groups, with the exception
of other vegetables, were significantly correlated with at least one inflammatory marker.

Because anthropometric and lifestyle characteristics may explain associations between the
pattern and inflammatory biomarkers, we subsequently calculated the geometric mean
biomarker concentrations across quintiles of the pattern with adjustment for BMI and other
characteristics (Figure 1). The pattern remained strongly associated with all inflammatory
markers. Median biomarker concentrations increased from quintile 1 to quintile 5 by 206 pg/
mL (8.9%) for STNFR2, 0.64 pg/mL (38.4%) for IL-6, 0.09 mg/L (50.5%) for CRP, 14.1 ng/
mL (32.0%) for E-selectin, 28.7 ng/mL (11.7%) for sSICAM-1, and 44.5 ng/mL (8.7%) for
sVCAM-1. These results remained virtually unchanged after additional adjustment for a history
of hypertension (data not shown).

The pattern was strongly associated with diabetes risk in the nested case-control study (Table
2). The age-adjusted OR comparing extreme quintiles was 4.70 (95% CI: 3.20, 6.90).
Adjustment for BMI attenuated this association (OR: 3.09), but further adjustment for physical
activity, smoking, family history of diabetes, fasting status, and energy intake had no effect
(multivariate-adjusted OR: 3.09; 95% CI: 1.99, 4.79; P for trend < 0.001). In addition, further
adjustment for a history of hypertension did not alter these results (data not shown).

Because body fat may confound associations between food intake and inflammatory markers,
in a separate analysis we adjusted all biomarker values for BMI before their use as responses
in the RRR. The dietary pattern remained similar with sugar-sweetened beverages and refined
grains being positively associated with the pattern and wine, coffee, and cruciferous vegetables
being negatively associated. However, diet soft drinks were no longer an important component
of the pattern. Associations between the pattern and diabetes risk were weaker than in the

analysis with unadjusted biomarkers, but the pattern remained significantly associated with an
increased risk (multivariate-adjusted RR for extreme quintiles: 1.76; 95% Cl: 1.18, 2.64).

To validate the results in the 2 independent cohorts, we first identified food groups significantly
explaining variation in biomarker levels in the nested case-control study by stepwise linear
regression (positive association: sugar-sweetened soft drinks, refined grains, diet soft drinks,
processed meat, and other vegetables; negative association: wine, coffee, cruciferous
vegetables, and yellow vegetables). We next calculated pattern scores among participants in
the NHS who did not provide blood and in the NHS-11 cohort on the basis of these food groups.
The simplified diet pattern score had a correlation coefficient of 0.75 with the original RRR
pattern score in the nested case-control study in the NHS and thus reflected a dietary pattern
similar to the one identified with the RRR method.

In both the NHS and the NHS-11, the pattern score was associated with increasing BMI and
lower age and physical activity at baseline in 1984 and 1991, respectively (Table 3). Also,
women with a higher pattern score were more likely to have a family history of diabetes. The
dietary pattern represented a diet relatively high in trans fat and with a high glycemic index
but low in alcohol, magnesium, caffeine, and cereal fiber and with a low ratio of
polyunsaturated to saturated fat.

During 458 991 person-years of follow-up, we documented 1517 new cases of type 2 diabetes
among women in the NHS who did not provide blood. The pattern score was associated with
an increased risk of diabetes, but this association was substantially attenuated after adjustment
for BMI (Table 4). The multivariate RR for quintiles of the pattern score were 1.00, 1.50, 1.61,
1.96, and 2.56 (95% ClI: 2.10, 3.12; P < 0.001). To evaluate whether the association was
mediated in part by specific nutrients associated with the pattern, we adjusted in a further
analysis for trans fatty acids, magnesium, caffeine, cereal fiber, glycemic index, alcohol, and
the ratio of polyunsaturated to saturated fat. The association between the pattern and diabetes
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risk was attenuated but remained significant (RR: 1.99; 95% CI: 1.60, 2.49). The association
appeared to be consistent across strata of BMI (<24 versus >24), history of diabetes in a first-
degree relative, and physical activity (Table 4). In addition, the association remained significant
after additional adjustment for the waist-to-hip ratio in an analysis among those 21 394 women
(733 cases) who reported waist and hip circumferences in 1986 (RR for extreme quintiles:
2.22; 95% CI: 1.68, 2.94).

During 701 155 person-years of follow-up, we documented 724 new cases of type 2 diabetes
in the NHS-I1. A higher pattern score was strongly associated with an increased risk of type 2
diabetes (age-adjusted RR: 6.89; Table 4). This association was substantially attenuated after
adjustment for BMI, but it remained strong (RR: 3.05; 95% CI: 2.29, 4.06; P < 0.001).
Additional adjustment for other lifestyle covariates had little effect on the observed association;
the multivariate RRs for quintiles of the pattern score were 1.00, 1.92, 1.64, 2.10, and 2.93
(95% ClI: 2.18, 3.92; P < 0.001). Adjustment for trans fatty acids, magnesium, caffeine, cereal
fiber, glycemic index, alcohol, and the ratio of polyunsaturated to saturated fat attenuated the
association (RR: 2.15; CI: 1.55, 2.97). The association between the pattern and diabetes risk
was relatively consistent across strata of physical activity and history of diabetes in a first-
degree relative (Table 4). However, the association appeared to be stronger among women in
the NHS-11 with high BMI (>27; RR for extreme quintiles: 3.15) than among women with low
BMI (RR: 1.93; P for interaction: 0.02). We additionally adjusted for the waist-to-hip ratio in
a separate analysis among 42 967 women (273 cases) who reported their waist and hip
circumferences in 1993, but the pattern remained significantly associated with an increased
diabetes risk (RR for extreme quintiles: 2.37; 95% CI: 1.48, 3.79).

DISCUSSION

Using a novel statistical method, we derived a diet pattern score that was strongly associated
with markers of inflammation and endothelial dysfunction. This pattern strongly predicted risk
of type 2 diabetes in a nested case-control analysis, independent of BMI and other diabetes
risk factors. This association was subsequently confirmed in 2 separate cohorts of women.
These findings provide evidence that the association between dietary factors and risk of type
2 diabetes may be mediated in part by inflammation and endothelial dysfunction.

The pattern we identified was characterized by high intakes of sugar-sweetened soft drinks,
refined grains, diet soft drinks, processed meat, and low intakes of wine, coffee, cruciferous
vegetables, and yellow vegetables. Other vegetables (celery, mushrooms, green pepper, corn,
mixed vegetables, eggplant, and summer squash) were not correlated with inflammation and
were only moderately associated with the pattern; thus, the contribution of this food group to
the overall pattern was negligible. Most of these food groups have been identified to be
associated with diabetes risk in previous studies and some have also been found to be associated
with inflammatory markers. Moderate alcohol consumption (1-3 drinks/d) has been
consistently associated with lower incidence of diabetes (26) and lower levels of pro-
inflammatory markers (27-32). An inverse association between coffee consumption and risk
of type 2 diabetes was observed in several prospective cohort studies (33—-36). Sugar-sweetened
beverages have been associated with risk of diabetes among women (37); these beverages
contribute importantly to glycemic load, which has been associated with inflammatory markers
(38). Several epidemiologic studies found that diets rich in whole grains compared with refined
grains may protect against type 2 diabetes (39-43). Refined grains may be associated with
increased diabetes risk because these foods tend to be low in cereal fiber and have a high
glycemic index, which both appear to be associated with increased diabetes risk (4). Other
components of whole grains may also have beneficial effects, with isoflavones being
potentially associated with decreased inflammation (44). Frequent consumption of meat, in
particular processed meat, has been consistently shown to increase the risk of diabetes in
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prospective studies (6,45-47). Advanced glycation end products, which are high in processed
animal foods high in protein and fat, have been found to promote inflammatory mediators in
humans (48). Vegetable consumption was inversely associated with risk of diabetes in the
National Health and Nutrition Examination Survey (49) and in a Finnish cohort study (50) but
not among older women in the lowa Women’s Health Study (41). The effects of vegetable
consumption on inflammatory processes are largely unknown. A cross-sectional study of the
elderly observed lower concentrations of CRP with higher fruit and vegetable consumption,
although this study did not provide estimates for vegetables alone or for specific subgroups of
vegetables (51). In a recent trial over a 2-y period among men and women with the metabolic
syndrome, increased consumption of fruit, vegetables, walnuts, whole grains, and olive oil
significantly reduced concentrations of CRP, IL-6, IL-7, and IL-18 and improved endothelial
function compared with that in a control group that consumed an otherwise healthy diet (<30%
fat, <10% saturated fat) (52). These effects were attenuated but not eliminated by additional
adjustment for weight change over the course of the study.

Recently, we reported the role of overall dietary patterns derived by using factor analysis in
predicting the risk of diabetes in 2 cohort studies (5,6). A prudent pattern (characterized by a
high consumption of vegetables, fruit, fish, poultry, and whole grains) was associated with a
modest nonsignificant risk reduction in both studies, whereas a Western pattern (characterized
by a high consumption of red meat, processed meat, French fries, high-fat dairy products,
refined grains, and sweets and desserts) was associated with an increased risk of type 2 diabetes.
Here, the multivariate RR for extreme quintiles was 1.49 (95% CI: 1.26, 1.76) in the NHS
(6) and 1.59 (95% ClI: 1.32, 1.93) in the Health Professionals Follow-up Study (5). The prudent
pattern was inversely associated with plasma concentrations of CRP and E-selectin, and the
Western pattern showed a positive relation with CRP, E-selectin, SICAM-1, and sVCAM-1
after adjustment for age, BMI, physical activity, smoking status, and alcohol consumption in
the NHS among control women of the same nested case-control study used in our analysis
(10). In addition, the Western pattern was significantly correlated with CRP in the Health
Professionals Follow-up Study after adjustment for a variety of risk factors but not after
adjustment for BMI (9). In a recent study of 4304 Finnish men and women, a prudent pattern
(characterized by higher consumption of fruit and vegetables) was significantly associated with
alower risk of type 2 diabetes, whereas a “conservative” pattern (characterized by consumption
of butter, potatoes, and whole milk) was significantly associated with an increased risk (7).

In contrast with our previous analyses and the Finnish study, which derived the dietary patterns
by using factor analysis based on the observed covariance among food groups, the present
study used the information on inflammatory biomarkers to derive the dietary pattern. The
advantage of this approach as opposed to the factor analysis approach is that the derived dietary
pattern incorporates information on biological pathways and thus is hypothesis-driven instead
of being driven by patterns of eating behavior and could be more predictive of disease risk.
Using the same technique, we previously identified a dietary pattern in the prospective EPIC-
Potsdam cohort that was characterized by a high intake of fresh fruit and a low intake of sugar-
sweetened beverages, beer, meat, poultry, processed meat, legumes, and bread, excluding
whole-grain bread (8). Subjects who scored high had high plasma concentrations of HDL
cholesterol and adiponectin and low plasma concentrations of glycated hemoglobin. After
multivariate adjustment, the RR for type 2 diabetes mellitus for extreme quintiles of the dietary
pattern score was 0.27 (95% CI: 0.13, 0.64; P for trend < 0.001). However, the pattern was not
significantly associated with CRP concentrations, and we were not able to verify these results
in independent study samples, as we did in the present study.

The current RRR approach requires response (biomarker) information. This information may
not be available in many studies otherwise suitable for evaluating diet-disease associations.
Also, the biomarker information available may not reflect the current state of knowledge. In
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our study, we selected inflammatory markers that previously predicted risk of diabetes in the
same cohort (53,54). However, pathways other than inflammation may also be relevant in the
development of diabetes. For example, we observed significant associations between markers
of body iron stores (55) and B cell function (56) and risk of diabetes in the NHS, but did not
consider these markers in the present analysis for 2 reasons. First, measures of body iron stores
were only weakly correlated with inflammatory markers, which limits the usefulness of their
additional inclusion in the RRR analysis. Second, B cell function was not measured in a large
proportion of the current sample. Although this narrows potential effects of diet on diabetes
risk to a single pathway, previous RRR analyses suggest that one single dietary pattern is
unlikely to explain several different and independent pathways (8,57). It might be of interest
to evaluate whether other biomarkers play a role in mediating effects of the dietary pattern on
inflammatory markers, for example, lipoproteins. Unfortunately, we did not have lipoprotein
markers available for our nested case-control study population.

Obesity induces a state of chronic low-grade inflammation (58), and excess body fat may
therefore also explain associations between those food groups identified to be components of
the dietary pattern and inflammatory markers. For example, diet soft drinks were directly
associated with BMI cross-sectionally in the NHS-I1 (37), although this association most likely
represents a reverse causation because the use of diet soft drinks instead of regular soft drinks
is the most frequently reported diet intervention to lose weight in US adults (59). Although
diet soft drinks were identified as a component of the RRR pattern, associations between diet
soft drinks and inflammatory markers may be confounded by BMI. With use of the BMI-
adjusted biomarker levels as responses in RRR, the pattern remained similar with sugar-
sweetened beverages and refined grains being positively associated with the pattern and wine,
coffee, and cruciferous vegetables being negatively associated. However, diet soft drinks were
no longer an important component of the pattern. Adjustment for BMI also partly attenuated
the age-adjusted associations between the dietary pattern and risk of diabetes. However, it is
also possible that weight gain is one potential pathway by which the dietary pattern is associated
with inflammation and diabetes risk. Adjustment for BMI may therefore lead to an
underestimation of the true effect of the diet. To determine whether BMI is a confounder or
mediator is not possible with our study design, because associations between the dietary
pattern, BMI, and inflammatory markers were analyzed cross-sectionally. Nevertheless,
component foods such as sugar-sweetened soft drinks, refined grains, wine, coffee, and
vegetables appear to relate to inflammatory markers independent of BMI, and the association
between the dietary pattern and diabetes risk remained strong after adjustment for BMI and
the waist-to-hip ratio. Our data also suggest that the diet pattern score may be more strongly
associated with diabetes risk among obese women than among lean women.

The repeated dietary measurements used in this study were advantageous because they
dampened measurement errors and took into account changes in eating behaviors over time
(23). Compared with the traditional approach of examining the effects of individual nutrients
or foods, the dietary pattern approach has the advantage of representing the cumulative effects
of overall diet.

The NHS and NHS-I1 cohorts are study populations of US female nurses and therefore are not
representative of the general US female population. Thus, our results should be replicated in
other populations. Another potential limitation of our study is the reliance on self-reported
confounder information. For example, smoking has been related to inflammation (60) and
diabetes risk (4), and smoking cessation has effects on body weight (61). Because smoking
and poor diet may also be part of an unhealthy lifestyle, residual confounding due to
measurement error in assessing smoking history or due to insufficient control in statistical
models might have biased our observations, but it is unlikely that such a bias would explain
the strong relation between the dietary pattern and diabetes risk. Similarly, a history of
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hypertension may influence dietary behavior and is associated with inflammation (62).
Although adjustment for hypertension did not alter our observations, residual confounding
might still be present.

In conclusion, our data suggest that a diet high in sugar-sweetened soft drinks, refined grains,
diet soft drinks, and processed meat and low in wine, coffee, cruciferous vegetables, and yellow
vegetables may increase the risk of developing type 2 diabetes, possibly by exacerbating
inflammatory processes.
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FIGURE 1.

Geometric mean concentrations and 95% Cls of interleukin 6 (IL-6), soluble tumor necrosis
factor a receptor 2 (STNFR2), C-reactive protein (CRP), E-selectin, soluble intracellular cell
adhesion molecule 1 (sSICAM-1), and soluble vascular cell adhesion molecule 1 (SVCAM-1)
by quintiles of diet pattern score adjusted for age, BMI (9 categories), physical activity
(quintiles), family history of diabetes, smoking (never, past, current, or missing),
postmenopausal hormone use (never, ever, or missing), energy intake (quintiles), and fasting
status. The comparison between quintile 5 and quintile 1 was significant for all biomarkers,
P < 0.05. Quintile cutoffs were based on distributions in controls.
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