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ABSTRACT
Background: Nutritional epidemiology research using self-reported dietary intake is prone to measurement error.

Objective methods are being explored to overcome this limitation.

Objectives: We aimed to examine 1) the association between plasma markers related to inflammation and derive

marker scores for dietary patterns [Mediterranean dietary score (MDS), energy-adjusted Dietary Inflammatory Index

(E-DIITM), Alternative Healthy Eating Index 2010 (AHEI)] and 2) the associations of these marker scores with mortality.

Methods: Weighted marker scores were derived from the cross-sectional association between 30 plasma markers and

each dietary score (assessed using food-frequency questionnaires) using linear regression for 770 participants in the

Melbourne Collaborative Cohort Study (aged 50–82 y). Prospective associations between marker scores and mortality

(n = 249 deaths) were assessed using Cox regression (median follow-up: 14.4 y).

Results: The MDS, E-DII, and AHEI were associated (P < 0.05) with 9, 14, and 11 plasma markers, respectively.

Healthier diets (higher MDS and AHEI, and lower anti-inflammatory, E-DII) were associated with lower concentrations of

kynurenines, neopterin, IFN-γ , cytokines, and C-reactive protein. Five of 6 markers common to the 3 dietary scores were

components of the kynurenine pathway. The 3 dietary-based marker scores were highly correlated (Spearman ρ: –0.74,

–0.82, and 0.93). Inverse associations (for 1-SD increment) were observed with all-cause mortality for the MDS marker

score (HR: 0.84; 95% CI: 0.72–0.98) and the AHEI marker score (HR: 0.76; 95% CI: 0.66–0.89), whereas a positive

association was observed with the E-DII marker score (HR: 1.18; 95% CI: 1.01–1.39). The same magnitude of effect was

not observed for the respective dietary patterns.

Conclusions: Markers involved in inflammation-related processes are associated with dietary quality, including a

substantial overlap between markers associated with the MDS, the E-DII, and the AHEI, especially kynurenines.

Unfavorable marker scores, reflecting poorer-quality diets, were associated with increased mortality. J Nutr

2021;151:2908–2916.
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Introduction

Diet is a key modifiable risk factor for chronic conditions that
contribute to morbidity and premature mortality (1). However,

a well-known limitation of self-reported dietary assessment in
epidemiological research has been random and systematic error,
leading to potential misclassification of dietary intake, which
can influence study conclusions and lead to inconsistencies in
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findings across studies. One way to potentially overcome this is
to identify objective nutritional biomarkers (2).

Examining dietary patterns rather than nutrients and food
groups enables researchers to capture the complexity of
diet, including potential synergism between components, and
better reflects real-world behavior (3). Identifying circulating
markers that may help discriminate between consumption of
healthy versus unhealthy diets has been of increasing interest
(4).

Animal studies and human trials have demonstrated how
dietary components, including saturated fat, omega-3 fatty
acids, dietary fiber, and polyphenols, affect classic markers of
inflammation such as C-reactive protein (CRP) and cytokines
(e.g., IL-6) (5). Several studies have explored the relations of
dietary patterns, including the Mediterranean diet score (MDS),
the Dietary Inflammatory Index (DIITM), and the Alternative
Health Eating Index 2010 (AHEI), with CRP and cytokines
(6–10). This includes evidence that inflammatory biomarkers
are responsive to changes in dietary scores such as the MDS
(6). Kynurenines are another set of markers that are elevated
during inflammation but are understudied in relation to diet.
Dietary tryptophan (an essential amino acid) is the substrate
and B vitamins act as enzyme cofactors within the kynurenine
pathway. Kynurenines are also increasingly recognized as
playing a role in chronic diseases and mortality (11, 12);
therefore, understanding their relation with diet is important.
However, only 1 study has examined the relation between a
Mediterranean dietary intervention and kynurenines (13).

We aimed to fill this knowledge gap by exploring whether
there are relations between evidence-based dietary scores
[MDS (14), the energy-adjusted DII (E-DIITM) (15), and the
AHEI (16)] and plasma markers of inflammation, kynurenines,
and B-vitamins—hereafter referred to as inflammation-related
markers. We refer to these as markers because not all have been
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validated as biomarkers. From the individual marker–dietary
score associations, we then aimed to derive marker scores to
reflect adherence to these dietary scores and evaluate their
associations with all-cause mortality.

Methods
Study population and design
The Melbourne Collaborative Cohort Study (MCCS) is a prospective
cohort study of 41,513 men and women from Melbourne, Australia,
aged between 27 and 76 y (99% were 40–69 y) at recruitment (17). All
participants were of white European descent, including 13% born in
Italy, 11% Greece, and 6% in the United Kingdom, and had attended
baseline and up to 2 waves of follow-up (wave 1 and wave 2). This
analysis used data from a subset of 976 MCCS participants with
blood samples available at baseline (during 1990–1994) and wave 2
(during 2003–2007) (Supplemental Figure 1). Participants were selected
as controls from pre-existing case-control studies, had a wide range
of socioeconomic profiles, assessed as the Socio-Economic Indexes of
Areas (SEIFA), and had plasma samples available to measure markers
associated with inflammation and immune response. Our main analyses
included a subgroup of participants who attended wave 2 and had a
complete set of all 30 plasma inflammation-related markers and dietary
information (n = 770 for MDS and n = 787 for E-DII and AHEI)
(Supplemental Figure 1). MCCS participants provided informed consent
and the Cancer Council Victoria Human Research Ethics Committee
approved the study (17).

Dietary assessment
At wave 2, participants completed a 144-item validated self- or
interviewer-administered semi-quantitative food-frequency question-
naire (FFQ) (18), including food and beverage groups (grain-based
foods, dairy foods and fats, meat, fish and seafood, fruit, vegetables,
miscellaneous, tea/coffee, and alcoholic beverages), with photos to
help estimate portion size. Nutrient intakes per day from the FFQs
were calculated using nutrition composition data from NUTTAB 2010
and AUSNUT 2007 (19, 20). Total energy intake was estimated by
combining energy from foods, drinks, and alcohol. Three dietary
scores—the MDS (14, 21), the E-DII (15, 22), and the AHEI (16)—were
calculated according to methods previously published (Supplemental
Methods).

Other factors
Sociodemographic and lifestyle factors were collected via an
interviewer-administered questionnaire at baseline and wave 2.
Residential postcodes were used to assign participants to a decile
of socioeconomic status based on SEIFA (23). Physical activity data
were obtained using the long-form International Physical Activity
Questionnaire and then converted into domain-specific metabolic
equivalent of task (MET) hours per week (24). Baseline physical
activity was modelled as a score based on time spent walking, in
moderate physical activity, and in vigorous activity (25). Weight was
measured at baseline and wave 2 to the nearest 100 g using a digital
electronic scale, while height was measured only at baseline, within 1
mm, using a stadiometer. BMI was calculated as weight (kilograms)
divided by height (meters) squared.

Marker measurement and quality control
Baseline blood samples were collected in Lithium-Heparin tubes (during
1990–1994) and wave 2 samples were collected into Ethylenediaminete-
traacetic acid (EDTA) tubes (during 2003–2007). The time between
blood collection and plasma separation was not recorded but may
have varied between baseline and wave 2. After separation, plasma was
stored in liquid nitrogen. Samples were stored for several years. Plasma
samples were thawed, separated into aliquots, and sent to the respective
laboratories for biochemical analyses, Bevital (www.bevital.no) or the
International Agency for Research on Cancer (IARC). Each individual’s
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baseline and wave 2 samples were assayed at the same time using the
same methods described below.

The following plasma markers were measured at Bevital in
Bergen, Norway: thiamin and thiamin monophosphate (vitamin B-
1, in nmol/L); riboflavin and flavin mononucleotide (vitamin B-2 in
nmol/L); nicotinic acid, nicotinamide, N1-methylnicotinamide (vitamin
B-3, in nmol/L); pyridoxal 5’-phosphate, pyridoxal, pyridoxine, and 4-
pyridoxic acid (vitamin B-6, in nmol/L). Components of the tryptophan-
kynurenine pathway were also measured: 3-hydroxykynurenine (in
nmol/L), kynurenic acid (in nmol/L), xanthurenic acid (in nmol/L),
anthranilic acid (in nmol/L), 3-hydroxyanthranilic acid (in nmol/L),
picolinic acid (in nmol/L), and quinolinic acid (in nmol/L); neopterin (in
nmol/L), cystathionine (in μmol/L), and trigonelline (a marker of coffee
consumption, in μmol/L); and cotinine and trans-3′-hydroxycotinine
(nmol/L). All of the above biomarkers were measured by liquid
chromatography–tandem mass spectrometry (LC-tandem MS) (26).
Kynurenine (in μmol/L) and tryptophan (in μmol/L) were measured
using gas-chromatography–tandem mass spectrometry (GC-tandem
MS) (27). CRP (in μg/mL), serum amyloid A (in μg/mL), calprotectin
(in μg/mL), and cystatin C (in μg/mL) were measured using immuno
matrix-assisted laser desorption ionization-time of flight (MALDI-TOF)
MS (28). Three plasma samples were included for quality control in all
batches. Separate aliquots were shipped to the laboratories of IARC in
Lyon, France, for measurement of markers of inflammation, including
IL-6, IL-8, IL-10, and IL-13 (in pg/mL), IFN-γ (in pg/mL), and TNF-α
(in pg/mL), using the Meso Scale Discovery 6-Plex kit. From 35 markers,
we excluded markers where ≥80% of participants’ measurements were
missing, not available, or below the limit of detection (LOD), resulting
in 30 markers included in this study (nicotinic acid, pyridoxine, cotinine,
and trans-3′-hydroxycotinine and IL-13 were excluded). Cotinine and
3′-hydroxycotinine are markers of tobacco smoking and very few
participants smoked at wave 2; therefore, plasma concentrations were
negligible. Measurements that fell below the LOD, assigned by the
respective laboratories, for CRP, IL-6, and IL-10 were assigned half
the value at LOD, according to laboratory procedures. Thus, markers
involved in inflammation were chosen pragmatically.

Ascertainment of deaths
Vital status was ascertained through linkage of the cohort to the
Victorian Registry of Births, Deaths and Marriages and the National
Death Index. Death registration was assumed to be complete up to 31
October 2019 from the National Death Index.

Statistical analysis
Complete-case analysis was performed for each dietary score separately.
All inflammation-related markers were log-transformed to approximate
the normal distribution before winsorizing them at ±3 SDs from the
mean to reduce the influence of extreme values. Each marker was then
converted to a comparable z-score for marker score development. We
calculated Spearman correlations between all markers and each dietary
score. To derive marker scores that may reflect specific dietary patterns,
we used multivariable linear regression to assess the association
between individual markers (independent variable) and each dietary
score (dependent variable). The following risk factors were considered
potential confounders and adjusted for sequentially—model 1: age, sex,
country of birth (Australia/New Zealand, Northern Europe, or Southern
Europe) and total energy intake; model 2: model 1 plus physical activity,
smoking >7 cigarettes/wk (yes/no), and SEIFA; and model 3: model 2
plus BMI and cystatin C as a marker of renal function [except in analyses
involving cystatin C (included as a component of the E-DII marker
score)], which may be mediators of the association. Markers found to
be associated with each dietary score at model 2 adjustment (P < 0.05)
were combined into a marker score, calculated as the weighted average
of marker values with weights being the regression coefficient of their
individual association with the respective dietary scores. Cox regression,
using age as the underlying time variable, was performed to examine
the associations of dietary and marker scores at wave 2 with all-cause
mortality. The same covariates were used. Participants were followed

up from wave 2 until death or 31 October 2019, whichever occurred
first.

Sensitivity analyses included deriving marker scores from marker
and diet score associations accounting for multiple testing using the
false discovery rate (29). Additionally, the associations between marker
score and diet score with mortality were conducted 1) excluding
participants with implausible total energy intake [those within the
top and bottom 1% of our distribution of energy intake from
the whole cohort at wave 2 (males: bottom 1%: <4200 kJ/d, top
1%: >20,100 kJ/d; females: bottom 1%: <3720 kJ/d, top 1%:
>15400 kJ/d)] and 2) excluding participants who reported symptomatic
inflammatory conditions (hay fever, eczema, food allergy, asthma, and
arthritis).

Replication analysis
MCCS baseline data (1990–1994) were used to replicate the linear
regression analyses between individual markers and dietary scores
(n = 870) using the same method as for wave 2 markers, because
currently there are no external studies with comparable diet and
marker data. All data on exposures and covariates were collected at
baseline using similar methods as described for wave 2. At baseline,
blood samples were stored in lithium-heparin tubes with similar
sample stability as in EDTA (used at wave 2), except for folate, 3-
hydroxyanthranilic acid (30), and calprotectin (31). We used the same
statistical analysis method as described for wave 2.

Results
Of the 787 participants at wave 2, 69% were male, the
mean age was 69 y (SD: 8 y), mean BMI (in kg/m2) was 27
(SD: 4), and mean total energy intake was 8960 kJ/d (SD:
2300 kJ/d) (Table 1). Some participants suffered from chronic
inflammatory conditions, including 11% with asthma and 41%
with arthritis. Dietary scores ranged from 0 to 9 for the MDS
(maximum of 9), –4.7 to +3.9 for the E-DII (possible range
from –9 to +8), and 23 to 81 for the AHEI (maximum of
100).

Nine markers were associated (P < 0.05) with the MDS,
14 with the E-DII, and 11 with the AHEI, after adjustment
for potential confounding in model 2 (Figure 1, Supplemental
Table 1). No substantial changes in these associations were
observed when models were further adjusted for BMI and
kidney function, except for the associations of IL-8 and
trigonelline with the MDS and of calprotectin, cystathionine,
and xanthurenic acid with the E-DII. There was no strong
evidence of association between these markers with dietary
patterns (P > 0.05) and therefore were not included in any
marker scores. Six markers were common to all 3 dietary scores,
i.e., CRP and 5 components of the kynurenine pathway (kynure-
nine, kynurenine acid, anthranilic acid, 3-hydroxykynurenine,
quinolinic acid). Less-healthy dietary scores (lower MDS and
AHEI and higher proinflammatory E-DII) were associated with
higher concentrations of these markers. After accounting for
multiple testing, 7, 11, and 9 markers were associated with
MDS, E-DII, and AHEI, respectively, and associations between
marker scores and their respective diet scores remained similarly
strong (Supplemental Table 2). There was an association
between each dietary score and their respective marker score,
which was evident in both men and women and those with
a BMI </≥25 (Table 2). The dietary scores were weakly
correlated with marker scores (Spearman ρ: 0.16 to 0.27)
and marker scores were strongly correlated with each other
(Spearman ρ: –0.74 for MDS and E-DII, –0.82 for AHEI
and E-DII, and 0.93 for AHEI and MDS) (Supplemental
Table 3).
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TABLE 1 Characteristics of the Melbourne Collaborative Cohort Study participants at wave 21

Characteristics n Values Characteristics Median IQR

Sex, % Activity MET, h/wk 17.3 (6.6, 35.9)
Male 546 69.4 Follow-up,2 y 14.4 (12.6, 15.3)
Female 241 30.6 Plasma B vitamins

Country of birth, % Thiamin, nmol/L 3.86 (2.75, 5.68)
Australian/New Zealand 628 79.8 Thiamin monophosphate, nmol/L 7.95 (6.42, 9.80)
Northern Europe 67 8.5 Riboflavin, nmol/L 15.8 (10.3, 25.2)
Southern Europe 92 11.7 Flavin mononucleotide, nmol/L 13.7 (11.2, 17.4)

Nicotinamide, nmol/L 447 (344, 567)
Age at wave 2 (mean ± SD), y 787 68.6 ± 8.1 N1-methylnicotiname, nmol/L 154 (115, 203)
SEIFA (mean ± SD) 10 787 6.2 ± 2.9 Pyridoxal 5′-phosphate, nmol/L 47.5 (34.4, 70.7)
BMI (mean ± SD), kg/m2 787 27 ± 4.1 Pyridoxal, nmol/L 12.3 (8.9, 19.3)
Waist circumference (mean ± SD), cm 4-Pyridoxic acid, nmol/L 25.7 (19.3, 36.6)

Male 546 97.8 ± 10 Plasma tryptophan and metabolites
Female 241 86.4 ± 12.2 Tryptophan, μmol/L 59.1 (51.4, 66.4)

Total energy intake (mean ± SD), kJ/d 787 8960 ± 2300 Kynurenine, μmol/L 1.62 (1.39, 1.94)
MDS score (mean ± SD) 770 4.7 ± 1.7 3-Hydroxykynurenine, nmol/L 38.8 (31.4, 48.8)

Range (min, max) (0, 9) Kynurenic acid, nmol/L 53.2 (43.0, 69.2)
DII, energy adjusted (mean ± SD) 787 − 0.7 ± 1.4 Xanthurenic acid, nmol/L 15.3 (10.9, 20.4)

Range (min, max) (−4.8, 3.9) Anthranilic acid, nmol/L 16.6 (13.8, 20.6)
AHEI-2010 (mean ± SD) 787 52.2 ± 10.8 3-Hydroxyanthranilic acid, nmol/L 31.8 (26.0, 41.4)

Range (min, max) (23, 81) Picolinic acid, nmol/L 33.6 (26.2, 43.2)
Quinolinic acid, nmol/L 445 (356, 591)

Smoking (≥7 cigarettes/wk),3 % Others
No 751 95.4 Trigonelline, μmol//L 0.66 (0.37, 1.23)
Yes 36 4.6 Neopterin, nmol/L 9.98 (8.05, 12.60)

Hay fever, % Cystathionine, μmol/L 0.24 (0.17,0.36)
No 41 5.2 Plasma peptides and protein markers
Yes 15 1.9 CRP,4 μg/mL 1.02 (0.45, 2.12)
Not asked 731 92.9 Cystatin C, μg/mL 0.97 (0.86, 1.14)

Eczema, % Calprotectin, μg/mL 0.81 (0.69, 1.05)
No 49 6.2 Serum amyloid A, μg/mL 2.39 (1.54, 4.01)
Yes 7 0.9 Plasma cytokines
Not asked 731 92.9 IL-6,4 pg/mL 0.78 (0.56, 1.13)

Food allergy, % IL-8, pg/mL 4.54 (3.56, 6.17)
No 51 6.5 IL-10,4 pg/mL 0.24 (0.18, 0.34)
Yes 5 0.6 IFN-γ , pg/mL 5.53 (3.76, 8.57)
Not asked 731 92.9 TNF-ɑ, pg/mL 1.99 (1.44,2.65)

Asthma,5 %
No 703 89.3
Yes 84 10.7

Arthritis,5 %
No 457 58.1
Yes 326 41.4

1AHEI, Alternative Healthy Eating Index; BMI, body mass index; CRP, C-reactive protein; E-DII, energy-adjusted Dietary Inflammatory Index; IL, interleukin; IFN-γ , interferon
gamma; IQR, interquartile range; MDS, Mediterranean diet score; MET, metabolic equivalent of task; N, number; SD, standard deviation; SEIFA, Socio-Economic Indexes of
Areas; TNF-ɑ, tumour necrosis factor alpha; wk, week.
2Follow-up time (years) based on follow-up until death or censor date of 31 October 2019.
3Smoking status: 400 participants were “not asked” at wave 2. These were replaced with data from baseline about smoking status (all reported to be never smokers at
baseline so categorized as “no” at wave 2). This assumes participants who were not smoking at baseline did not initiate smoking between baseline and wave 2.
4Plasma markers represent raw values (pre-transformation and winsorization). Markers that were assigned a value of half the limit of detection (LOD) because they were
<LOD: CRP, was 0.05 μg/mL (n = 45); IL-6, which was 0.09 pg/mL (n = 1); and IL-10, which was 0.045 pg/mL (n = 35).
5Asthma and arthritis status: participants classified as “not asked” at wave 2 were replaced with condition status reported at baseline.

We examined the consistency of plasma marker and dietary
pattern associations at baseline compared with wave 2 in
845 baseline participants. Although there were generally
weaker associations or no strong evidence for associations at
baseline compared with wave 2, the directions of associations
were consistent with those observed at wave 2 for all
but 3 markers (3-hydroxyanthranilic acid, nicotinamide with

MDS, and flavin mononucleotide with E-DII) (Supplemental
Table 4).

In 770 participants with complete wave 2 data on all markers
and dietary scores, 249 deaths were observed during a median
follow-up of 14.4 y. With model 2 adjustment, associations
with all-cause mortality per SD of marker scores were as
follows: for the MDS, HR = 0.84 (95% CI: 0.72, 0.98); for the
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TABLE 2 Association between marker scores and their respective dietary scores in the Melbourne
Collaborative Cohort Study1

Marker scores (per SD) n B SE P

MDS 770 0.17 0.04 8 × 10−7

E-DII 787 0.28 0.03 6 × 10−16

AHEI 787 0.19 0.04 2 × 10−7

Stratified by sex
MDS

Male 532 0.16 0.04 0.0001
Female 238 0.20 0.06 0.002

E-DII
Male 546 0.25 0.04 1 × 10−8

Female 241 0.30 0.06 2 × 10−7

AHEI
Male 546 0.15 0.04 0.0007
Female 241 0.25 0.06 4 × 10−5

Stratified by BMI
MDS

<25 kg/m2 259 0.22 0.06 0.0002
≥25 kg/m2 511 0.13 0.05 0.005

E-DII
<25 kg/m2 263 0.25 0.06 2 × 10−5

≥25 kg/m2 524 0.28 0.04 4 × 10−10

AHEI
<25 kg/m2 263 0.20 0.06 0.001
≥25 kg/m2 524 0.15 0.04 0.001

1Linear regression of the association between per SD increase in marker score and their respective dietary score. Analyses
performed across the whole population and by sex and BMI categories. Analyses were unadjusted because the marker scores
were derived from adjusted models (see Supplemental Table 1). Marker scores were independent variables and dietary scores
were dependent variables. AHEI, Alternative Healthy Eating Index; β: beta coefficient; BMI, body mass index; E-DII, energy
adjusted Dietary Inflammatory Index; MDS, Mediterranean diet score; P, P-Value; SD, standard deviation; SE, standard error.

E-DII, HR = 1.18 (95% CI: 1.01, 1.39); and for the AHEI,
HR = 0.76 (95% CI: 0.66, 0.89) (Table 3). The associations of
dietary scores with mortality were (per SD) as follows: MDS,
HR = 0.98 (95% CI: 0.85, 1.13); E-DII, HR = 0.93 (95%
CI: 0.81, 1.06); and AHEI, HR = 0.88 (95% CI: 0.77, 1.00)
(Table 3). After excluding individuals with implausible energy
intakes and inflammatory conditions, associations of marker
scores with mortality were all attenuated (Table 3). In the
sensitivity analysis that additionally considered multiple testing
to select included markers, the associations with mortality were
similar for the MDS and AHEI marker scores (Supplemental
Table 5).

Discussion

Our study of a community-based sample of Australian adults
is the first to examine the association of well-established
dietary scores with a set of 30 markers reflecting inflammation,
immune activation, and nutrition, including B vitamins and
compounds in the kynurenine pathway. Several markers were
associated with 3 dietary scores (MDS, E-DII and AHEI), and
5 markers within the kynurenine pathway were consistently
associated with each of them. In combination as marker scores
reflecting adherence to these dietary scores, unfavorable marker
scores were associated with mortality. Our findings indicate
the value of these markers in health and their potential as
biomarkers of dietary patterns, but this needs to be further
validated.

Consistency with the literature

The E-DII was associated with 14 of 30 markers. Another
inflammation-based diet score, the Empirical Dietary Inflam-
matory Pattern (EDIP), was associated with 10 of 448 markers
related to lipid metabolism and immune function in a cross-
sectional study of 1109 postmenopausal women (32). The
study found an association with trigonelline (product of niacin
metabolism and found in coffee), which we also examined
but was not associated with the MDS, E-DII, or the AHEI
in our study. The discrepant results may reflect the different
populations studied and that the EDIP included coffee intake,
unlike the dietary scores that we derived (E-DII includes
caffeine, a compound within coffee). Published studies have
not examined EDIP with other markers measured in our study.
We confirmed the expected inverse association between the E-
DII and B vitamins, including pyridoxal 5′-phosphate (i.e., in
the opposite direction to associations with proinflammatory
markers including CRP and kynurenine) (33). The MDS
was inversely associated with 9 markers and AHEI with 11
markers. Previous studies that examined the association of the
MDS or AHEI with CRP, IL-6, or TNF-α found associations
directionally consistent with ours (6–9). Only 1 other study has
examined the association between 2 types of Mediterranean diet
interventions and kynurenines over 1 y, with no consistency in
changes to kynurenines across the interventions (13).

Shared metabolites across 3 dietary scores

The consistency between markers associated with the 3 diet
scores, and their very strong correlations (Figure 2, Supplemen-
tal Table 3), suggests that the kynurenine pathway, along with
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TABLE 3 Association of marker and diet scores with all-cause mortality in the Melbourne Collaborative Cohort Study1

Marker score (per SD) HR 95% CI P Diet score HR 95% CI P

MDS MDS
Model 12 0.80 (0.70, 0.92) 0.002 Model 1 0.98 (0.85, 1.13) 0.75
Model 23 0.84 (0.72, 0.98) 0.02 Model 2 0.98 (0.85, 1.13) 0.79
Sensitivity4 0.80 (0.64, 1.00) 0.05

E-DII E-DII
Model 12 1.19 (1.02, 1.38) 0.03 Model 1 0.93 (0.82, 1.07) 0.33
Model 23 1.18 (1.01, 1.39) 0.04 Model 2 0.93 (0.81, 1.06) 0.29
Sensitivity4 1.13 (0.91, 1.41) 0.27

AHEI AHEI
Model 12 0.75 (0.65, 0.86) 4 × 10−5 Model 1 0.87 (0.77, 1.00) 0.05
Model 23 0.76 (0.66, 0.89) 0.0006 Model 2 0.88 (0.77, 1.00) 0.06
Sensitivity4 0.79 (0.64, 0.99) 0.04

1Multivariable Cox regression of the association between per SD increase in diet or markers scores (independent variable) and all-cause mortality (dependent variable) with the
following covariates. n = 770, 249 deaths. AHEI, Alternative Healthy Eating Index; CI, confidence interval; E-DII, energy-adjusted Dietary Inflammatory Index; HR, hazard ratio;
MDS, Mediterranean diet score; MET, metabolic equivalent of task; P, P-Value; SD, standard deviation; SEIFA, Socio-Economic Indexes of Areas.
2Model 1: adjustment for age (underlying time variable), sex, country of birth, total energy intake (food, drink and alcohol), physical activity (activity METs), smoking, and SEIFA.
3Model 2: model 1, with additional adjustment for BMI, cystatin C (marker of kidney function) except for E-DII marker score
4Sensitivity: sensitivity analyses for model 2, excluding implausible energy intake and those with an inflammatory condition (hay fever, eczema, food allergy, asthma, arthritis).
n = 393.

CRP, are important in relation to healthy diets. We observed
that healthy diets (high MDS, high AHEI, and low, anti-
inflammatory E-DII) were associated with lower concentrations
of kynurenines (kynurenine, kynurenic acid, anthranilic acid, 3-
hydroxykynurenine, 3-hydroxyanthranilic acid, and quinolinic
acid), nicotinamide, and CRP. These markers may be considered
potential biomarkers reflective of a generally healthy diet.

Several reviews have identified a reduction in inflammatory
markers with consumption of high-quality diets, particularly
plant-based diets (6, 7, 34–36). A systematic review of 25
randomized controlled trials among participants with obesity
or a metabolic condition found adherence to diets including the
Mediterranean diet, Nordic diet, Dietary Approaches to Stop
Hypertension diet, and vegetarian diets led to lower concen-
trations of CRP (mean difference of –0.55; 95% CI: –0.78, –
0.32) and IL-6 (mean difference of –0.25; 95% CI: –0.56, 0.06)
(7). Our findings provide support for an association between
high-quality diets and inflammatory status, including with com-
ponents of the kynurenine pathway. The consistency between
markers associated with the dietary scores may not be surprising
given that all score diets high in fruit, vegetables, whole grains,
nut and legumes and with limited intake of meat and saturated
fat as “healthy.” Yet, these 3 dietary scores were only weakly or
moderately correlated with each other in our study.

Marker scores and mortality

In our study, marker scores were associated with all-cause
mortality in the expected direction. Kynurenines may contribute
to this, given that they have been linked to a wide range of
conditions, which together may accelerate aging and increase
the risk of death (11, 37–39). A study of 7015 Norwegian
participants followed for 14 y reported a nonlinear positive
association between kynurenines (kynurenine: tryptophan ratio,
anthranilic acid, and 3-hydroxykynurenine) and neopterin with
all-cause mortality, even when participants with baseline cancer,
cardiovascular disease, and diabetes mellitus were excluded
(12). A mediation analysis in a cohort of 25,994 females
in the United States found that markers of inflammation
(CRP, fibrinogen, soluble intercellular adhesion molecule 1
[sICAM-1], glycoprotein acetylation) accounted for 29% of the
protective effect of MDS on cardiovascular events (40). Formal

mediation analysis could be used to quantify the extent to which
kynurenines would explain the effect of diet on mortality, but
this is beyond the scope of the current study.

The stronger association with mortality for the marker
scores than for their respective dietary scores in our study may
be because markers reflect both the metabolic effect of diet (i.e.,
post-digestion and absorption) and the health/inflammation
status of the individual: for example, inflammation (e.g., due to
acute illness or chronic disease with a low-grade inflammatory
profile) may increase kynurenines (39) independently of diet
and may explain the attenuation observed after excluding
participants with chronic inflammatory conditions at baseline
(Table 3). In addition, the dietary scores based on FFQs may be
more prone to measurement error than circulating metabolites.
Supplemental Table 4 demonstrates the reproducibility of the
direction of effect for marker and dietary score associations
over time (baseline and at wave 2) despite differences in FFQs.
Participants were, on average, 11 y younger at baseline, an
age at which inflammation-related processes might play a less
prominent role. Future mechanistic studies and feeding trials are
warranted to understand if and to what extent these markers
reflect food constituents, de novo synthesis, physiological
changes, or the health/inflammation status of participants and,
hence, can be considered as nutritional biomarkers.

Limitations of this study include our sample consisting of
a higher proportion of males than the full wave 2 MCCS
sample and the cross-sectional nature of the marker and dietary
score data collection. Findings may need to be interpreted
with caution given the relatively small sample size. Data on
possible confounders such as B-vitamin supplements and anti-
inflammatory medications were not available at wave 2 of the
MCCS. It is also unknown whether these markers reflected
recent or long-term dietary status. Individual markers are
present in various marker scores; therefore, these overlapping
markers may explain the high correlation between marker
scores. Possible residual confounding and measurement errors
of self-reported intake also may have contributed to weaker
associations between all-cause mortality and dietary scores
than with markers, which highlights the potential objectivity of
the derived marker scores in this context. Despite consistency
in the associations for marker and dietary scores at baseline
and wave 2 measurements, there was moderate correlation
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FIGURE 2 Tryptophan-kynurenine pathway and directions of association observed with the MDS, AHEI, and/or E-DII (11, 33, 41, 42). Direction
of associations is based on model 2 (Supplemental Table 1). The figure is adapted from the KEGG pathway (43). AHEI, Alternative Healthy
Eating Index; B1, thiamin or derivate; B2, riboflavin or derivate; B3, niacin or derivate; B6, pyridoxine or derivate; CRP, C-reactive protein; E-DII,
energy-adjusted Dietary Inflammatory Index; IDO, indoleamine 2,3-dioxygenase; KAT, kynurenine transaminase; KFO, kynurenine formylase;
KMO, kynurenine monooxygenase; KYNU, kynureninase; MDS, Mediterranean diet score; QPRT, quinolinate phosphoribosyl transferase; TDO,
tryptophan 2,3-dioxygenase; 3HAO, 3-hydroxyanthranilate dioxygenase.

for dietary scores and markers between these time points
(e.g., due to measurement error, change in dietary habits,
or change in other aspects of lifestyle). Further research is
therefore warranted to confirm our findings and strengthen the
evidence of the role played by diet in inflammation, particularly
for the kynurenine pathway. We derived marker scores that
represent the inflammatory potential of 3 diets; the association
patterns observed in our study also require further valida-
tion in additional cohort or controlled dietary intervention
studies.

In conclusion, our findings provide evidence that markers
involved in inflammation-related processes, including those
within the kynurenine pathway, are associated with dietary
quality assessed by well-established dietary scores, with sub-
stantial overlap between markers associated with the MDS, the
E-DII, and the AHEI. Favorable marker scores, reflecting higher-
quality diets, were associated with reduced mortality. These
results contribute to the evidence on the role of inflammation
with diet and health outcomes. Our marker scores may be useful
for future biomarker discovery related to dietary patterns.
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