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Background: Since the first version of the dietary inflammatory index (DII®) developed in the past
decade, several other versions have been developed. However, to date no study has attempted to
compare these versions with respect to their associations with biomarkers of inflammation.

Objective: We aimed to investigate the relationship between four dietary inflammatory scores [DII, two

Keywords: energy-adjusted derivatives (E-DII and E-DII;), and the Inflammatory Score of the Diet (ISD)], and
EPLC . circulating levels of several inflammatory markers and adipokines.
ohor

Methods: This study included 17 637 participants from the European Prospective Investigation into
Cancer and Nutrition (EPIC) cohort with at least one marker of inflammation measured in blood. As-
sociations between the four scores and C-reactive protein (CRP), interleukin (IL)6, IL10, IL1RA, tumor
necrosis factor-o (TNFa), soluble tumor necrosis factor receptor-1 (STNFR1), STNFR2, leptin, soluble leptin
receptor (sLeptin R), adiponectin, and High Molecular Weight (HMW) adiponectin were evaluated using
multivariable linear regressions adjusted for potential confounders.

Results: Positive associations were observed between the four dietary inflammatory scores and levels of
CRP, IL6, sTNFR1, sTNFR2 and leptin. However, only the DII and the ISD were positively associated with
IL1RA levels and only the DII and the E-DII; were positively associated with TNFa levels. The proportion
of variance of each biomarker explained by the scores was lower than 2%, which was equivalent to the
variance explained by smoking status but much lower than that explained by body mass index.
Conclusions: Our results suggest that the four dietary inflammatory scores were associated with some
biomarkers of inflammation and could be used to assess the inflammatory potential of diet in European
adults but are not sufficient to capture the inflammatory status of an individual. These findings can help
to better understand the inflammatory potential of diet, but they need to be replicated in studies with
repeated dietary measurements.

Crown Copyright © 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chronic inflammation promotes the development of numerous
chronic disorders such as diabetes [1,2], cardiovascular disease
[3,4], and cancer [5—7], and is characterized by elevated concen-
trations of circulating pro-inflammatory markers, including C-
Reactive Protein (CRP), Interleukin (IL) 6, and Tumor Necrosis Fac-
tor-a. (TNFa) [8,9]. Adiponectin and leptin are the most abundant
adipokines produced by adipocytes, and are thought to provide an
important link between obesity, insulin resistance and related in-
flammatory disorders [10]. Inflammation is influenced by both non-
modifiable (e.g. genetic, sex-related hormonal factors) and modi-
fiable factors (e.g. obesity, smoking, alcohol consumption, physical
activity, diet) [11,12].

Nutrition is known as one of the key modifiable factors affecting
circulating inflammatory markers [13,14], and several food groups
have been previously associated with these markers. For instance,
inverse associations were found between consumption of fruits and
vegetables and circulating levels of CRP, IL6 and TNFa [15]. Some
nutrients have also been associated with lower levels of inflam-
mation (measured by CRP, adiponectin, TNFa, IL6, interleukin 1
receptor antagonist (IL1RA) and IL10 levels), such as carbohydrates
[16], n-3 polyunsaturated fatty acids [17,18], or fiber [19]. On the
other hand, red and processed meat intake has been reported to be
positively associated with higher levels of leptin in men and
women, and of CRP in women, and with lower levels of adiponectin
in women [20]. A previous study has observed a J-shaped associa-
tion between alcohol intake and high-sensitivity CRP (hs-CRP) in
women but positive and linear-shaped association in men [21].
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Nevertheless, as individual nutrients and foods are never consumed
alone, and to consider potential synergistic or antagonist effects on
biomarkers of inflammation between several dietary factors, tools
such as dietary scores or patterns are required. In this context,
recently, several dietary inflammatory scores have been developed
to assess the quality of diet with regard to its inflammatory po-
tential [8,22—24], where higher scores reflect a more pro-
inflammatory diet and lower scores reflect a more anti-
inflammatory diet. These scores have been shown to be positively
associated with risk of many chronic diseases including cancer
[24—28]. Among these scores, the Dietary Inflammatory Index
(DII®) [23] has been associated with higher circulating inflamma-
tory markers, mainly CRP and IL6, in numerous studies conducted
in USA, Europe or Australia [14,29—31]. More recently, two variants
of the DII, corresponding to the DII adjusted for energy intake using
the density method (E-DII) [32] or using the residual method (E-
DIl;) [9], were proposed. The E-DII has been reported to be posi-
tively associated with CRP in several studies conducted in North
America, Europe and Asia [33—39], as well as to IL6, TNF, adipo-
nectin and leptin in one study conducted in Ireland [36]. Only one
study has explored the association between the E-DII; and
inflammation, using hs-CRP levels in Japanese, and found a positive
association [9]. In addition, another variant of the DII, namely, the
Inflammatory Score of the Diet (ISD) [24] has been developed in the
European Prospective Investigation into Cancer and Nutrition
(EPIC) cohort study and has been associated with the risk of
developing several cancers [24,40—43]. The ISD differs from the DII
by the reference population used for the standardization of dietary
index and by the way total fat and ethanol are taken into account.
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To our knowledge, no studies have been undertaken on the asso-
ciations between this latter score and circulating biomarkers of
inflammation. There are other dietary scores of different concep-
tions and designs mostly based on food groups, developed to
measure the inflammatory potential of the diet. For this study, we
focused on the original DII® proposed by Shivappa et al. [23] and its
variants, and the ISD that are nutrients-based, and used inter-
changeably in the literature. The objective of the present study is
therefore to assess and compare the association between four di-
etary inflammatory scores, the DII, the E-DII, the E-DII; and the ISD,
and levels of several inflammatory markers and adipokines, in a
large European cohort, the EPIC study.

2. Methods
2.1. Study population and data collection

The EPIC cohort is a multicenter prospective study including
521 323 men and women, designed to investigate the associations
between nutritional, lifestyle, metabolic, and genetic risk factors,
and cancer risk. Participants were enrolled between 1992 and 1999,
mostly aged 30—70 years, from the general population of 10 Eu-
ropean countries (Denmark, France, Germany, Greece, Italy, the
Netherlands, Norway, Spain, Sweden and United Kingdom). Char-
acteristics of the study population and baseline data collection
methods have been described previously [44]. All participants gave
written informed consent, and the study was approved by the
Ethics Review Committee of the International Agency for Research
on Cancer (IARC) and by the local ethical committees of the indi-
vidual EPIC centers.

Lifestyle questionnaires were used to collect data on socio-
demographic characteristics, tobacco smoking, physical activity,
education, medical history, and reproductive history [44]. Anthro-
pometric variables were measured according to standardized pro-
tocols [44]. The usual diet over the previous year was assessed at
recruitment using a validated country/center-specific dietary
questionnaire [44,45]. In most countries, extensive quantitative
food frequency questionnaires (FFQs) or semi quantitative FFQs
were used. The standardized EPIC Nutrient Database was used to
estimate total energy and nutrient intakes [46].

About 386 000 participants also provided a blood sample at
recruitment, collected according to a standardized protocol in
France, Germany, Greece, Italy, the Netherlands, Norway, Spain and
the United Kingdom [44]. From each subject, about 30 ml of blood
was drawn, and serum, plasma, erythrocytes and buffy coat were
aliquoted in plastic straws of 0.5 ml each, which were stored in
liquid nitrogen (—196 °C) in a centralized biobank. In Denmark,
blood fractions were aliquoted into 1 ml tubes, and stored in the
vapor phase of liquid nitrogen containers (—150 °C). In the Swedish
center of Umed, blood samples were divided into 10 aliquots of
1.5 ml each (six plasma, two buffy coat and two erythrocytes),
which were rapidly frozen at —80 °C in standard freezers.

2.2. Selection of participants

Prior to statistical analysis, the following exclusions were made:
1) participants with an incident or a prevalent cancer at baseline
(n = 25 944), 2) participants with missing follow-up information
(n = 4148), 3) subjects from Greece due to data restriction issues
(n 26 916), 4) subjects with missing dietary information
(n = 5900), 5) participants in the highest or lowest 1% of the dis-
tribution for the ratio of energy intake to estimated energy
requirement (n = 9064). From the remaining individuals, we
included 17 637 participants from 12 nested case—control or case-
cohort studies previously conducted within EPIC on associations
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between inflammatory biomarkers and cancer or other chronic
diseases [47—58] (see Supplementary Table S1) who had at least
one measurement of biomarkers of inflammation performed and
centralized at IARC, among CRP, adiponectin, High Molecular
Weight (HMW) adiponectin, IL1RA, IL6, IL10, leptin, soluble leptin
receptor (sLeptin R), TNFa, soluble tumor necrosis factor receptor-1
(STNFR1) and sTNFR2 (see flowchart in Supplementary Fig. S1). The
number of participants included for each biomarker was below
1000 for IL1RA, IL10, sTNFR1, sTNFR2, and sLeptin R, between 1000
and 3500 for IL6, TNFa, leptin, adiponectin, and HWM adiponectin,
and >15 000 for CRP only (see Table 1).

2.3. Laboratory measurements

Serum was used for laboratory assays except for samples from
Norway (citrated plasma) and Umed, Sweden (heparin plasma).
Biomarker analyses for each study were previously described in
detail [47—-58] (for references per study see Supplementary
Table S1). Mean concentrations by study and analytical method,
and number of batches for each biomarker are presented in
Supplementary Table S2. The name of the study was added before
the batch number, thus study information was included in batch
information. For two studies (CLRT_04 and INTE_01) batch
numbers were missing for all observations so a single value was
imputed with the name of the study, otherwise, observations with
missing batch number were excluded (n = 4 in OVAR_05 study for
IL6). Values below LOD (Limit of Detection), below LLOQ (Lower
Limit of Quantification), or above ULOQ (Upper Limit of Quantifi-
cation) were set to LOD/2, LLOQ/2 and ULOQ, respectively. When
biomarker levels were measured more than once on the same
sample in different nested case control or cohort studies in the EPIC
cohort, only values from the study with the highest number of
quantified values on the biomarker were retained.

2.4. Dietary inflammatory scores computation

Four dietary inflammatory scores reflecting inflammatory po-
tential of the diet were computed: the dietary inflammatory index
(DII®) [23], the original dietary inflammatory index adjusted for
energy intake using the density method (E-DII), the dietary in-
flammatory index adjusted for energy intake using the residual
method (E-DII;), and the Inflammatory Score of the Diet (ISD) [24].
Computation of the four scores was previously described in a study
evaluating the associations of these scores and differentiated thy-
roid cancer risk in the EPIC cohort [43]. Briefly, to compute these
scores, literature-derived coefficients were assigned to every
micronutrient, macronutrient, or other food parameter associated
with an increase (+1), a decrease (—1), or no effect (0) on the
following six inflammatory biomarkers: IL1f, IL4, IL6, IL10, TNFa,
and CRP, based on a detailed literature review [23]. These co-
efficients were weighted based on study design, multiplied by the
standardized intakes of the food parameters, then summed across
all food parameters to obtain the dietary inflammation scores, with
higher scores reflecting a more pro-inflammatory diet. The four
scores differed in the manner in which total energy intake was
considered, the reference population used to standardize the di-
etary intakes, and the food parameters included. The list of these
parameters and the methods used for calculating the dietary in-
flammatory scores are summarized in Supplementary Table S3.

2.5. Normalization and statistical analyses

We compared the four dietary inflammatory scores two-by-two
by calculating Spearman correlations.
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Table 1

Selected characteristics of the study population from the EPIC cohort for each biomarker at blood collection (from 1992 to 1999).

CRP IL6 IL10 IL1IRA TNFo sTNFR1 sTNFR2 Leptin sLeptin R Adiponectin HMW Adiponectin
(N =17522) (N =3183) (N = 859) (N =443) (N =1306) (N =742) (N =1752) (N = 2427) (N =0988) (N =3281) (N =1574)
Age (years), Mean + SD 525 +9.0 54.5 + 8.4 49.7 + 8.4 56.0 + 7.3 519+ 8.6 56.8 +7.5 56.8 + 7.4 55.1 +8.5 580+ 7.1 55.5+8.2 58.2 +6.8
Sex, N (%)
Men 5980 (34.1) 463 (14.6) 183 (21.3) 183 (14.0) 135 (18.2) 143 (19.0) 953 (39.3) 465 (47.1) 1123 (34.2) 777 (49.4)
Women 11 542 (65.9) 2720 (85.5) 676 (78.70) 443 (100) 1123 (86.0) 607 (81.8) 609 (81.0) 1474 (60.7) 523 (53.0) 2158 (65.8) 797 (50.6)
Country, N (%)
France 773 (4.4) 230(7.2) 105 (12.2) 25 (5.6) 130 (10.0) 45 (6.1) 46 (6.1) 148 (6.1) 35(3.5) 202 (6.2) 43 (2.7)
Italy 2460 (14.0) 563 (17.7) 241 (28.1) 94 (21.2) 336 (25.7) 127 (17.1) 130 (17.3) 461 (19.0) 126 (12.8) 599 (18.3) 208 (13.2)
Spain 3720 (21.2) 352 (11.1) 143 (16.7) 71 (16.0) 215 (16.5) 98 (13.2) 101 (13.4) 279 (11.5) 97 (9.8) 389 (11.9) 141 (9.0)
United Kingdom 1540 (8.8) 337 (10.6) 48 (5.6) 51 (11.5) 98 (7.5) 84 (11.3) 85 (11.3) 252 (104) 169 (17.1) 341 (104) 204 (13.0)
The Netherlands 1625 (9.3) 288 (9.1) 34 (4.0) 56 (12.6) 91 (7.0) 90 (12.1) 92 (12.2) 180 (7.4) 115 (11.6) 278 (8.5) 147 (9.3)
Germany 2313 (13.2) 397 (12.5) 161 (18.7) 28 (6.3) 190 (14.6) 63 (8.5) 68 (9.0) 389 (16.0) 126 (12.8) 475 (14.5) 232 (14.7)
Sweden 2449 (14.0) 385 (12.10) 45(5.2) 28 (6.3) 73 (5.6) 90 (12.1) 65 (8.6) 213 (8.8) 59 (6.0) 305 (9.3) 170 (10.8)
Denmark 2533 (14.5) 558 (17.5) 66 (7.7) 90 (20.3) 157 (12.0) 145 (19.5) 165 (21.9) 487 (20.1) 261 (26.4) 674 (20.5) 427 (27.1)
Norway 109 (0.6) 73 (2.3) 16 (1.9) 16 (1.2) 18 (0.7) 18 (0.6) 2(0.1)
BMI (kg/m?), Mean + SD 26.0 + 4.2 25.7 + 4.3 255+ 4.3 259 +4.3 256 +4.3 258 +4.0 259 +41 26.0 + 4.0 26.2 + 3.7 26.0 + 4.1 263 + 3.8
Fasting status, N (%)
No 6988 (39.9) 1398 (43.9) 321(37.4) 188 (42.4) 513 (39.3) 319 (43.0) 339 (45.1) 1057 (43.6) 485 (49.1) 1422 (43.3) 737 (46.8)
In between 2899 (16.5) 521 (16.4) 142 (16.5) 90 (20.3) 231(17.7) 133 (17.9) 143 (19.0) 453 (18.7) 217 (22.0) 625 (19.1) 322(20.5)
Yes 6037 (34.4) 1005 (31.6) 393 (45.8) 165 (37.3) 559 (42.8) 225 (30.3) 230 (30.6) 817 (33.7) 274 (27.7) 1066 (32.5) 416 (26.4)
Not specified 1598 (9.1) 259 (8.1) 3(04) 3(0.2) 65 (8.8) 40 (5.3) 100 (4.1) 12(1.2) 168 (5.1) 99 (6.3)
Hour of blood collection, N (%)
<8h 2231 (12.7) 399 (12.5) 156 (18.2) 50 (11.3) 206 (15.8) 83 (11.2) 92 (12.2) 367 (15.1) 125 (12.7) 466 (14.2) 201 (12.8)
[8 h; 12 h] 7732 (44.1) 1449 (45.5) 432 (50.3) 212 (47.9) 651 (49.9) 330 (44.5) 346 (46.0) 1128 (46.5) 466 (47.2) 1521 (46.4) 708 (45.0)
[12 h; 16 h] 3229 (18.4) 697 (21.9) 147 (17.1) 110 (24.8) 255 (19.5) 176 (23.7) 182 (24.2) 503 (20.7) 244 (24.7) 700 (21.3) 359 (22.8)
>16h 1625 (9.3) 233 (7.3) 73 (8.5) 43 (9.7) 115 (8.8) 59 (8.0) 62 (8.2) 197 (8.1) 83 (8.4) 264 (8.1) 122 (7.8)
Not specified 2705 (15.4) 405 (12.7) 51(5.9) 28 (6.3) 79 (6.1) 94 (12.7) 70 (9.3) 232 (9.6) 70 (7.1) 330(10.1) 184 (11.7)
Smoking status, N (%)
Never/Unknown 8741 (49.9) 1747 (54.9) 480 (55.9) 271 (61.2) 753 (57.7) 414 (55.8) 416 (55.3) 1173 (48.3) 442 (44.7) 1637 (49.9) 703 (44.7)
Former 4659 (26.6) 811 (25.5) 214 (24.9) 91 (20.5) 309 (23.7) 184 (24.8) 193 (25.7) 747 (30.8) 333 (33.7) 970 (29.6) 531 (33.7)
Current 4122 (23.5) 625 (19.6) 165 (19.2) 81 (18.3) 244 (18.7) 144 (19.4) 143 (19.0) 507 (20.9) 213 (21.6) 674 (20.5) 340 (21.6)
ISD, Mean + SD 0.64 + 1.70 0.73 + 1.70 0.82 + 1.68 0.73 + 1.68 0.73 + 1.68 0.69 + 1.63 0.68 + 1.62 0.67 + 1.69 052 +1.71 0.68 + 1.68 0.6 + 1.70
DII, Mean + SD 0.87 +1.83 098 + 1.87 1.18 + 1.89 0.98 + 1.85 0.98 + 1.85 093 +1.79 093 +1.79 095+1.9 0.77 + 1.93 094 + 1.88 0.84 + 1.90
E-DII,, Mean + SD 0.24 1.63 022 + 1.69 0.51 +1.70 0.13 + 1.65 0.13 + 1.65 0.18 + 1.6 0.18 + 1.61 031 + 1.69 013 +1.72 028 + 1.68 021 + 1.68
E-DII, Mean + SD 1.15 + 1.64 1.06 + 1.67 139+ 1.70 095+ 1.6 095+ 1.6 1.08 + 1.59 1.06 + 1.6 1.25 + 1.66 1.09 + 1.68 1.21 + 1.65 1.17 + 1.64

A, Antagonist; CRP, C-reactive protein; EPIC: European Prospective Investigation into Cancer and Nutrition; HMW, High Molecular Weight; IL, interleukin; R, Receptor; TNF, tumor necrosis factor.

All measures of biomarkers were log-transformed.
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The characteristics of participants by biomarker (concentration
of the biomarker, age, sex, country, BMI, fasting status, hour of
blood collection, smoking status, and the four dietary inflammatory
scores) were summarized using percentages for categorical vari-
ables, and mean and standard deviation (SD) for continuous
variables.

Since different assays were used in different studies, we
implemented different steps to be able to compare levels of bio-
markers between studies. Concentrations of the biomarkers were
logarithmically transformed to approximate the normal distribu-
tion. Then, we implemented a normalization step for the data from
the 12 studies based on a previously published Pipeline developed
on metabolomics data from the EPIC cohort [59]. In this normali-
zation step, linear mixed effect models were used for each
biomarker to correct for variation due to analytical method and
batch (random effects) and to study center, fasting status (no, in
between, yes) and hour of blood draw (<8h, >8h—12h, >12h—16h,
>16h) (fixed effects), and to preserve the variation due to the four
dietary inflammatory scores (see description below), sex, BMI (kg/
m?: continuous), and age at recruitment (years; continuous) (fixed
effects). sLeptin R concentration was not normalized because only
one analytical method was used and batch information was
missing. Linear regression models were used to confirm that
normalization removed the unwanted sources of variation cited
above.

Partial Spearman correlation coefficients adjusted for sex and
age at recruitment were estimated between biomarker concen-
trations, as well as with age, BMI and smoking status. Associations
between each standardized biomarker concentration as dependent
variable and the standardized dietary inflammatory scores as in-
dependent variables were evaluated using two linear regression
models: 1) crude (i.e., with no adjustment) and 2) multi-adjusted
for the following potential confounders selected a priori: sex, BMI
(kg/m?; continuous), age at recruitment (years; continuous), and
smoking status (never/unspecified, former, current); and for study
center, fasting status and hour of blood draw for sLeptin R.
Benjamini-Hochberg correction for multiple testing (based on the
number of biomarkers tested) were applied for each score. For a
given biomarker, the proportion of variance explained by each
score, the BMI and the smoking status was calculated for each
multi-adjusted model. Stratified analyses were conducted by sex,
age (<50 years, >50 years), BMI (<25 kg/m?, >25 kg/m?) and, in
women, according to the use of exogenous hormones (non-user,
current user of oral contraceptives or hormonal replacement
therapy) and menopausal status (premenopause, perimenopause,
natural or surgical postmenopause). Potential interactions between
the scores and those variables on biomarker concentrations were
tested using the likelihood ratio test, comparing models with and
without the interaction terms.

Associations between each score as a dependent variable and
concentrations of adiponectin, leptin, CRP, IL6 and TNFa as inde-
pendent variables adjusted for each other were assessed by linear
regression models adjusted for sex, BMI, age at recruitment, and
smoking status. Selection of covariates for these five biomarkers
was also tested for each score based on the stepwise method with
the adjustment covariates previously mentioned forced in the
model.

Normalization was performed using R software (v3.5.2), and
statistical analyses were performed using SAS Enterprise Guide
software (v7.1, Cary, NC, USA). All tests were two-sided and P
value < 0-05 was considered significant. The Pipeline for normal-
ization is available at: https://code.iarc.fr/viallonv/pipeline_
biocrates.
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3. Results

Characteristics of the study populations for each biomarker at
blood collection are summarized in Table 1 and mean concentrations
of each biomarker after normalization are presented in
Supplementary Table S2. The mean age of participants ranged from 50
to 58 years-old, and the mean BMI ranged from 25.5 to 26.3 kg/m?, for
subjects who had IL10 and HMW adiponectin measurements,
respectively. Participants were mostly women, non-fasting at blood
collection and non-smokers. The DII was strongly correlated with the
ISD and the E-DII; (0.89 and 0.90 respectively), and to a lesser extent
with the E-DII (0.59). The E-DII; was also strongly correlated with the
ISD (0.73) and with the E-DII (0.82). The lowest correlation coefficient
was observed between the ISD and the E-DII (0.46).

Spearman correlation coefficients adjusted for sex and age at
recruitment between biomarkers concentration and with age,
anthropometric factors, or smoking status at recruitment are pre-
sented in Table 2. CRP, IL6, IL10, IL1RA, TNFa, sTNFR1, sTNFR2 and
leptin were positively correlated with each other (coefficients
ranging from 0.03 between leptin and IL10 to 0.72 between sTNFR1
and sTNFR2) but inversely correlated with adiponectin, HMW
adiponectin and sLeptin R (coefficients from —0.01 between adi-
ponectin and IL10 to —0.54 between sLeptin R and leptin). Age was
positively correlated with all biomarkers. BMI and waist circum-
ference were positively correlated with CRP, IL6, IL1RA, TNFa,
sTNFR1, sTNFR2, and leptin, and negatively with sLeptin R, adipo-
nectin and HMW adiponectin. Correlations with smoking status
were low (coefficients from —0.06 for IL10 to 0.07 for IL6).

Associations between the biomarker concentrations and the
dietary inflammatory scores are shown in Table 3. In adjusted
models, the four scores were positively associated with CRP (B for
1-SD increase: 0.05—0.06, P < 0.0001), IL6 (B for 1-SD increase:
0.04—0.07, P < 0.01), IL1RA (B for 1-SD increase: 0.08—0.11, P from
0.02 for ISD to 0.10 for E-DII), STNFR1 and sTNFR2 (f for 1-SD in-
crease: 0.10—0.14, P < 0.007), and leptin (B for 1-SD increase:
0.03—-0.04, P < 0.03). TNFa was positively associated with the four
scores, but statistically significant only for the DII and the E-DII,.
After Benjamini-Hochberg correction, only the associations be-
tween CRP, IL6, sSTNFR1, sSTNFR2 and leptin, and the four scores, and
between IL1RA and ISD as well as TNFa and DII remained statisti-
cally significant. Adiponectin and HMW adiponectin were nega-
tively associated with the two E-DIIs (B for 1-SD increase
from —0.06 to —0.15, P < 0.001) only in the unadjusted models.

The proportion of variance explained by each score, BMI and
smoking status for each multi-adjusted model is presented in
Table 4. The results were similar between the four dietary inflam-
matory scores. The highest proportion of variance explained by
dietary inflammatory scores was observed for sTNFR1 (2.07%) and
SsTNFR2 (2.05%) for DII. For all biomarkers except IL10, the propor-
tion of variance explained by BMI was higher than the dietary in-
flammatory scores or smoking status. Indeed, we observed that BMI
explained up to 40% of the variance of leptin levels and 14% of the
variance of CRP levels.

In stratified analyses, stronger positive associations between the
dietary inflammatory scores and CRP were observed in men
compared with women and these interactions were significant
after Benjamini-Hochberg correction for all the scores except the E-
DII (Supplementary Table S4). We also stratified the associations
between the scores and biomarkers by age group (Supplementary
Table S5), BMI (Supplementary Table S6), the use of exogenous
hormones in women (Supplementary Table S7), and menopausal
status (Supplementary Table S8) and we did not find significant
interactions after Benjamini-Hochberg correction.
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Spearman correlations between levels of biomarkers and with age, anthropometric factors, or smoking status at recruitment in the EPIC cohort.

CRP IL6 IL10 IL1RA TNFo STNFR1 STNFR2 Leptin sLeptin R Adiponectin HMW Adiponectin
IL6 C: 043
P < 0.0001
N: 3113
IL10 C:0.15 C:0.21
P < 0.0001 P < 0.0001
N: 858 N: 858
IL1RA C:0.27 C: 0.25
P < 0.0001 P < 0.0001
N: 442 N: 434
TNFa. C:0.14 C: 0.26 C: 032 C: 0.15
P < 0.0001 P <0.0001 P<0.0001 P:0.002
N: 1302 N: 1295 N: 856 N: 439
STNFR1 C: 0.31 C: 031 C: 0.26 C:0.23
P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
N: 739 N: 722 N: 0 N: 409 N: 413
STNFR2 C: 0.26 C: 030 C: 0.28 C: 030 C:0.72
P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
N: 748 N: 731 N: 0 N: 409 N: 413 N: 716
Leptin C:0.31 C:0.22 C: 0.03 C:0.14
P < 0.0001 P < 0.0001 P:0.37 P < 0.0001
N: 2416 N: 1079 N: 839 N: 0 N: 839 N: 2 N: 2
sLeptin R C: -0.21 C: -0.54
P < 0.0001 P < 0.0001
N: 987 N: 2 N: 0 N: 0 N: 0 N: 2 N: 2 N: 987
Adiponectin C: -0.21 C:-017 C:-001 C:-020 C:-012 (C:-013 C:-0.1 C:-0.19 C:034
P < 0.0001 P < 0.0001 P:0.69 P: 0.0001 P <0.0001 P:0.0005 P:0.009 P < 0.0001 P < 0.0001
N: 3233 N: 1856 N: 856 N: 412 N: 1272 N: 741 N: 751 N: 2424 N: 988
HMW Adiponectin  C: —-0.18  C: —0.06 C:-0.19 C:031 C: 0.95
P < 0.0001 P:0.32 P < 0.0001 P < 0.0001 P < 0.0001
N: 1563 N: 242 N: 0 N: 0 N: 0 N: 2 N: 2 N: 1556 N: 986 N: 1574
Age*® C:0.15 C: 0.25 C: 0.09 C: 0.02 C:0.20 C: 027 C: 025 C: 0.07 C: 0.07 C: 0.13 C:0.14
P < 0.0001 P <0.0001 P:0.01 P: 0.61 P <0.0001 P <0.0001 P<0.0001 P:0.0009 P:0.0368 P <0.0001 P <0.0001
N: 17522 N:3183 N: 859 N: 443 N: 1306 N: 742 N: 752 N: 2427 N: 988 N: 3281 N: 1574
BMI C: 038 C:0.28 C: 0.03 C: 033 C:0.15 C: 025 C: 0.15 C: 0.65 C: -044 C:-0.25 C: -0.24
P < 0.0001 P < 0.0001 P:0.39 P <0.0001 P <0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001 P <0.0001
N: 17522 N:3183 N: 859 N: 443 N: 1306 N: 742 N: 752 N: 2427 N: 988 N: 3281 N: 1574
Waist circumference C: 0.38 C: 0.27 C: 0.04 C:0.34 C: 0.16 C:0.24 C:0.16 C: 0.57 C: —043 C: —0.30 C: -0.26
P < 0.0001 P <0.0001 P:02804 P <0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001 P <0.0001
N: 16 375 N: 2957 N: 798 N: 415 N: 1217 N: 715 N: 725 N: 2280 N: 929 N: 3106 N: 1487
Smoking status C: 0.06 C: 0.07 C: —0.06 C: -0.04 C: -0.04 C: 0.01 C: 0.01 C: -0.04 C:-0.04 C:-0.03 C: —0.04
P < 0.0001 P:0.0001 P:0.07 P: 0.37 P: 0.20 P: 0.87 P: 0.76 P: 0.031 P: 0.16 P: 0.13 P: 0.11
N: 17522 N:3183 N: 859 N: 443 N: 1306 N: 742 N: 752 N: 2427 N: 988 N: 3281 N: 1574

A, Antagonist; BMI, Body Mass Index; C, Coefficient; CRP, C-reactive protein; EPIC: European Prospective Investigation into Cancer and Nutrition; HMW, High Molecular
Weight; IL, interleukin; N, number of participants; P, P-value; R, Receptor; TNF, tumor necrosis factor.

Spearman correlations were adjusted for sex and age at recruitment.
4 Not adjusted for age at recruitment.

Associations between each score and concentrations of adipo-
nectin, leptin, CRP, IL6 and TNFa adjusted for each other are pre-
sented in Table 5 (N = 833). We found borderline statistically
significant positive associations between TNFo and the ISD
(B = 0.11, P = 0.07), the DII (B = 0.13, P = 0.03) and the E-DII;
(B = 012, P = 0.06), and between IL6 and the E-DII (B = 0.07,
P = 0.09) when adjusted for the other biomarkers. In stepwise re-
gressions, only TNFa, was selected for the ISD, the DII and the E-DII;
and no biomarker was selected for the E-DII.

4. Discussion

In this large European study, we found positive associations
between circulating levels of CRP, IL6, STNFR1, sSTNFR2 and leptin,
and four dietary inflammatory scores, i.e. the DII, its two energy-
adjusted variants, and the ISD. The associations were stronger in
men. Positive associations also were observed between IL1RA and
TNFa and the four scores, although not always reaching statistical
significance. These results suggest that these four dietary inflam-
matory scores can be used to assess the inflammatory potential of
the diet in European adults. However, the proportion of variance of

the biomarker concentrations explained by the scores did not
exceed 2.1%, while the variance explained by BMI reached 40% for
leptin. When concentrations of adiponectin, leptin, CRP, IL6 and
TNFa were adjusted for each other, only the associations between
TNFo. and, the ISD, the DII or the E-DII; remained statistically
significant.

Our results were consistent with those from previous studies.
Some studies found positive associations between CRP and the DII
[14,31], the E-DII [33—36,36—39] and the E-DII; [9], in American,
British, Italian, Irish, Korean and Japanese populations. However, in
a Belgian population [29] and in post-menopausal American
women [30], no association between CRP and the DII was observed.
In two recent studies conducted in Japan, positive associations
were observed between the E-DII [34] or DII [60] and hs-CRP
concentration in men only. It was noted that the mean hs-CRP
concentration was higher in men than in women in the Japanese
population. In the present study, we found stronger positive asso-
ciations between the dietary inflammatory scores and CRP con-
centrations in men than in women while CRP levels were on
average slightly higher in women than in men (Supplementary
Table S2). Regarding the other biomarkers, positive associations
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Table 3
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Associations between levels of biomarkers and dietary inflammatory scores in the EPIC cohort.

Crude model

Adjusted model”

beta for 1 SD increase 95%Cl P P-corrected beta for 1 SD increase 95%Cl P P-corrected
CRP (N = 17 522)
ISD 0.06 (0.04,0.07) <0.0001 <0.0001 0.05 (0.04,0.07) <0.0001 <0.0001
DII 0.04 (0.03,0.06) <0.0001 <0.0001 0.05 (0.04,0.07) <0.0001 <0.0001
E-DII 0.01 (0.00,0.03) 0.18 024 0.06 (0.04,0.07) <0.0001 <0.0001
E-DII, 0.04 (0.02,0.05) <0.0001 <0.0001 0.06 (0.05,0.07) <0.0001 <0.0001
IL6 (N = 3183)
ISD 0.06 (0.02,0.09) 0.001 0.004 0.04 (0.01,0.08) 0.0097 0.02
DII 0.06 (0.02,0.09) 0.002 0.003 0.06 (0.02,0.09) 0.0006 0.001
E-DII 0.05 (0.02,0.09) 0.004 0.01 0.07 (0.04,0.10) <0.0001 0.0002
E-DII; 0.06 (0.03,0.10) 0.0004 0.002 0.07 (0.04,0.10) <0.0001 0.0002
IL10 (N = 859)
ISD 0.03 (-0.04,0.10) 041 0.45 0.04 (-0.03,0.11) 0.23 0.28
DII 0.03 (-0.04,0.09) 0.44 0.58 0.04 (-0.03,0.11) 0.24 0.27
E-DII 0.01 (-0.06,0.07) 0.85 0.86 0.01 (-0.06,0.08) 0.82 0.82
E-DII, 0.03 (-0.03,0.10) 0.34 041 0.04 (-0.03,0.11) 0.25 0.27
IL1RA (N = 443)
ISD 0.14 (0.04,0.23) 0.004 0.009 0.11 (0.01,0.20) 0.02 0.04
DII 0.10 (0.01,0.19) 0.03 0.06 0.09 (0.00,0.18) 0.05 0.07
E-DII 0.08 (-0.01,0.18) 0.08 0.12 0.08 (-0.01,0.17) 0.10 0.16
E-DII; 0.10 (0.00,0.19) 0.04 0.06 0.09 (0.00,0.18) 0.06 0.08
TNFa (N = 1306)
ISD 0.04 (-0.01,0.10) 0.14 0.22 0.05 (-0.01,0.10) 0.08 0.12
DIl 0.04 (-0.01,0.10) 0.11 0.17 0.06 (0.01,0.11) 0.03 0.04
E-DII 0.01 (-0.05,0.06) 0.77 0.85 0.03 (-0.02,0.09) 0.28 0.36
E-DII, 0.04 (-0.02,0.09) 0.19 0.26 0.06 (0.00,0.11) 0.04 0.07
STNFR1 (N = 742)
ISD 0.10 (0.03,0.17) 0.007 0.03 0.10 (0.03,0.16) 0.005 0.02
DII 0.12 (0.05,0.19) 0.001 0.01 0.13 (0.07,0.20) 0.0001 0.0003
E-DII 0.09 (0.02,0.16) 0.01 0.003 0.10 (0.03,0.17) 0.007 0.018
E-DII; 0.12 (0.05,0.19) 0.001 0.003 0.13 (0.06,0.19) 0.0002 0.0006
STNFR2 (N = 752)
ISD 0.11 (0.04,0.18) 0.003 0.007 0.11 (0.04,0.17) 0.003 0.01
DII 0.13 (0.06,0.20) 0.0004 0.001 0.14 (0.07,0.21) 0.0001 0.0003
E-DII 0.08 (0.00,0.15) 0.04 0.07 0.10 (0.03,0.17) 0.007 0.02
E-DII, 0.12 (0.05,0.19) 0.001 0.003 0.14 (0.07,0.20) 0.0001 0.0005
Leptin (N = 2427)
ISD 0.09 (0.05,0.13) <0.0001 0.0001 0.03 (0.00,0.06) 0.03 0.04
DII 0.08 (0.04,0.12) 0.0001 0.0005 0.04 (0.01,0.06) 0.007 0.01
E-DII -0.11 (-0.15,-0.07) <0.0001 <0.0001 0.03 (0.00,0.06) 0.02 0.04
E-DII; -0.01 (-0.05,0.03) 0.60 0.66 0.03 (0.01,0.06) 0.01 0.02
sLeptin R° (N = 988)
ISD -0.03 (-0.09,0.03) 0.39 0.45 —-0.01 (-0.08,0.06) 0.76 0.84
DII —0.02 (-0.08,0.04) 0.532 0.58 -0.01 (-0.08,0.06) 0.84 0.84
E-DII 0.02 (-0.04,0.09) 0.45 0.55 0.03 (-0.04,0.11) 037 0.51
E-DII, 0.00 (-0.07,0.06) 0.92 0.9211 0.01 (-0.06,0.08) 0.76 0.76
Adiponectin (N = 3281)
ISD 0.02 (-0.02,0.05) 0.29 0.40 —-0.01 (-0.04,0.03) 0.73 0.73
DII 0.01 (-0.02,0.05) 0.51 0.58 —-0.01 (-0.04,0.02) 0.55 0.55
E-DII -0.11 (-0.14,-0.07) <0.0001 <0.0001 —-0.01 (-0.04,0.02) 0.46 0.52
E-DII; —0.06 (-0.09,-0.02) 0.0009 0.003 -0.01 (-0.04,0.02) 0.44 0.44
HMW Adiponectin (N = 1574)
ISD 0.01 (-0.04,0.06) 0.82 0.82 -0.02 (-0.07,0.02) 0.25 0.28
DIl 0.00 (-0.05,0.05) 0.93 0.93 -0.03 (-0.07,0.01) 0.19 0.24
E-DII -0.15 (-0.20,-0.11) <0.0001 <0.0001 —-0.03 (-0.07,0.02) 0.21 0.29
E-DII, —0.08 (-0.13,-0.03) 0.001 0.003 -0.03 (-0.07,0.02) 0.22 0.27

A, Antagonist; CRP, C-reactive protein; EPIC: European Prospective Investigation into Cancer and Nutrition; HMW, High Molecular Weight; IL, interleukin; P, P-value; R,

Receptor; TNF, tumor necrosis factor.

Levels of biomarkers and the dietary inflammatory scores were standardized.
@ Linear regression adjusted for sex, BMI, age at recruitment, smoking status.
b Not adjusted for sex because only women were included.
¢ Further adjusted for center, fasting status, hour of blood draw.

were found between IL6 and the DII in a cross-sectional study of
2524 Belgian adults [29] and in 2567 post-menopausal American
women from the Women's Health Initiative Observational Study
[30]. In addition, positive associations have been reported between
IL6 and the E-DII in a cross-sectional sample of 1992 Irish adults
[36], and between TNFR2 and the DII [30], and TNFa and the E-DII
[36]. The latter study also observed a negative association between
adiponectin and the E-DII, and no association with leptin [36].
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The associations of the dietary inflammatory scores with levels
of biomarkers were relatively similar between the scores. The only
exception was for TNFa, which was positively associated with the
DII, the ISD and the E-DII; but not with the E-DII. Furthermore, in
mutually adjusted models, TNFo only remained significantly
associated with the ISD, the DII and the E-DII; but not with E-DII,
and was also the only parameter selected in the stepwise
regression.
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Table 4
Proportion of variance (expressed in %) explained by each score, BMI and smoking status for each multi-adjusted model in the EPIC cohort.
DIl ISD E-DII; E-DII
score BMI Smoking status  score BMI Smoking status  score  BMI Smoking status  score  BMI Smoking status
Adiponectin 0.01 5.81 0.63 <0.01 5.80 0.63 0.02 5.82 0.61 0.02 5.83 0.61
CRP 0.34 1440 1.26 0.31 1428 1.22 0.43 14.43 1.21 0.34 1450 1.22
HMW Adiponectin  0.11 5.90 0.27 0.08 5.88 0.26 0.10 5.90 0.26 0.10 5.93 0.26
IL10 0.16 0.30 0.66 0.17 0.29 0.66 0.16 0.31 0.67 0.01 0.32 0.62
IL1RA" 0.89 9.56 0.79 1.18 9.11 0.81 0.82 9.53 0.80 0.63 9.55 0.90
IL6 0.37 7.21 1.50 0.21 7.15 1.50 0.53 7.25 1.44 0.53 745 1.44
Leptin 0.31 40.09 0.39 0.21 40.01 0.39 0.27 40.09 040 0.22 40.13 041
STNFR1 2.07 5.73 0.16 1.07 5.44 0.15 1.84 5.87 0.14 1.00 5.97 0.15
STNFR2 2.05 2.55 0.21 1.20 235 0.21 1.93 2.62 0.19 0.97 2.66 0.20
sLeptin R" <0.01 11.86 0.23 0.01 11.86 0.23 0.01 11.88 0.21 0.08 11.86 0.19
TNFo 0.38 1.40 0.20 0.23 135 0.19 0.31 142 0.21 0.09 145 0.18

A, Antagonist; BMI, Body Mass Index; CRP, C-reactive protein; DII: dietary inflammatory index; E-DII: dietary inflammatory index adjusted for energy intakes using the density
method; E-DII;: dietary inflammatory index adjusted for energy intakes using the residual method; EPIC: European Prospective Investigation into Cancer and Nutrition; HMW,
High Molecular Weight; IL, interleukin; ISD: Inflammatory Score of the Diet; R, Receptor; TNF, tumor necrosis factor.

All linear regression models were adjusted for sex, BMI, age at recruitment, smoking status.

2 Not adjusted for sex because only women were included.
b Further adjusted for center, fasting status, hour of blood draw.

Table 5

Associations between levels of biomarkers adjusted for each other and dietary in-
flammatory scores in individuals with all biomarkers of interest measured from the
EPIC cohort (N = 833).

beta 95%Cl P
ISD Adiponectin 0.06 (-0.01,0.13) 0.11
Leptin 0.09 (-0.05,0.22) 0.20
CRP 0.04 (-0.01,0.10) 0.12
IL6 0.05 (-0.02,0.13) 0.17
TNFo. 0.11 (-0.01,0.22) 0.07
DI Adiponectin 0.04 (-0.03,0.12) 0.28
Leptin 0.11 (-0.03,0.25) 0.11
CRP 0.04 (-0.02,0.09) 0.20
IL6 0.05 (-0.03,0.12) 0.26
TNFa, 0.13 (0.01,0.25) 0.03
E-DII Adiponectin -0.01 (-0.08,0.07) 0.88
Leptin 0.09 (-0.05,0.23) 0.20
CRP 0.04 (-0.02,0.09) 0.17
IL6 0.07 (-0.01,0.15) 0.09
TNFo. 0.03 (-0.09,0.15) 0.63
E-DII; Adiponectin 0.02 (-0.05,0.10) 0.58
Leptin 0.09 (-0.05,0.23) 0.22
CRP 0.04 (-0.01,0.10) 0.13
IL6 0.04 (-0.04,0.12) 0.27
TNFa, 0.12 (-0.01,0.24) 0.06

CRP, C-reactive protein; DII: dietary inflammatory index; E-DII: dietary inflamma-
tory index adjusted for energy intakes using the density method; E-DIIr: dietary
inflammatory index adjusted for energy intakes using the residual method; EPIC:
European Prospective Investigation into Cancer and Nutrition; IL, interleukin; ISD:
Inflammatory Score of the Diet; P, P-value; TNF, tumor necrosis factor.

Linear regression including Adiponectin, Leptin, CRP, IL6, TNFa, sex, BMI, age at
recruitment, smoking status.

Levels of biomarkers and dietary inflammatory scores were standardized.

The differences between the scores computation were previ-
ously detailed [43]. The DII and ISD are not adjusted for energy
intake and they differ by the reference population used to stan-
dardize the dietary intake and for the food parameters included.
The E-DIIs are adjusted for energy intake but differ by the way
energy was taken into account: for the E-DII;, the intakes were
adjusted for energy intake using the residual method [61] while for
the E-DII the density method was used, and the intakes were
converted to an amount per 1000 kcal of energy intake and used an
energy-adjusted global comparative database. This difference in
the consideration of energy intake may partly explain the weaker
association between the E-DII score and inflammatory biomarkers
(especially in unadjusted models), in comparison to the other di-
etary inflammatory scores. It is well known that the overall dietary
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energy intake plays a crucial role in determining the overall in-
flammatory potential of the diet and that the energy intake is
strongly correlated with DII scores in certain populations, which
had precisely motivated the development of the energy adjusted
inflammatory scores [32]. In some studies investigating the effect of
nutriment/food intakes on health conditions, the density adjust-
ment have been suggested to conflates the effects of the exposure
and total energy which can lead to an inaccurate estimate [62].

It is worth noting that the proportion of variance of the bio-
markers explained by the dietary inflammatory scores did not
exceed 2.1%, which was about the same magnitude as the variance
explained by smoking status, but far smaller than that explained by
BMI (which explained up to 40% of the leptin variance), another
factor that can influence inflammation. These results suggest that
dietary inflammatory scores alone are not sufficient to capture the
inflammatory status of an individual. Finally, BMI was positively
correlated with levels of CRP, IL6, ILIRA, TNFa, sTNFR1 and leptin,
while it was negatively correlated to sLeptin R, adiponectin and
HMW adiponectin. The possible mediating role of BMI between the
dietary inflammatory scores and the biomarkers would need
further investigation, however it should be noted that the DII, the E-
DII; and the E-DII were negatively associated with BMI in our study
(results not shown). We recommend that future longitudinal
studies with temporal measurement of inflammatory scores, BMI,
and biomarkers explore the potential mediating role of BMI.

Major strengths of this study were the large sample size, the use
of a comprehensive list of inflammatory biomarkers, which pro-
vided a more thorough assessment of low-grade inflammation and
the comparison of four dietary inflammatory scores. However,
some limitations need to be addressed. First, this work was based
on a single blood draw so we could not investigate the stability of
biomarker measurements over time in our study. Second, we
cannot infer causal associations between the scores and biomarker
levels because of the cross-sectional design, which limits our ability
to investigate the mediating role of BMI in the associations between
dietary inflammatory scores and inflammatory biomarkers.

Indeed, although the recorded usual diet encapsulated the
previous year, biomarkers and diet were both assessed at recruit-
ment. Further studies are required to evaluate the prospective as-
sociations between the scores and the biomarkers for assessing
causality. Third, biomarkers were measured as part of different
studies, at different time points and using different methods.
However, these variations were taken into account by applying a
normalization step. Furthermore, some items were not available for
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the dietary inflammatory scores calculation. Depending on the
scores, between 28 and 32 food parameters were included for this
study. However, a construct validation study using 24-h dietary
recalls and 7-day dietary recalls, reported that the reduction of
available food parameters would not lead to a large drop-off in the
predictive ability of the DII [14]. On another note, as information on
the usual diet was self-reported, we cannot rule out cognitive
limitations and social desirability bias. However, we used validated
assessment tools [63], and participants with extreme energy in-
takes were excluded to minimize the potential for measurement
error in the usual diet. Finally, although we controlled for several
confounding factors, we cannot exclude the possibility that residual
confounders also may have influenced our observations.

To conclude, our results suggest that the DII, its two energy-
adjusted variants, and the ISD were positively associated with
levels of CRP, IL6, ILIRA, TNFa, STNFR1, STNFR2 and leptin and can
be used to assess the inflammatory potential of diet in European
adults. However, the proportion of variance of the biomarkers
explained by the scores was very low. Further studies are needed to
investigate the stability of the biomarker measurements and to
assess causality. Investigating the mediating role of the inflamma-
tory biomarkers between diet and chronic diseases will allow to
better understand mechanisms involved and to promote the
development of more effective dietary interventions to reduce the
inflammatory potential of the diet and consequently chronic dis-
eases related to inflammation.
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