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The associations between diet-induced
inflammation and health outcomes: a
population-based phenome-wide
association study
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Evidence linking the dietary inflammatory index (DII) to health outcomes remains inconsistent and
limited. This study assessed the associations between DII and 845 health outcomes (N = 78,390 to
207,832), identifying 133 outcomes significantly associated with DII after multiple comparison
correction (PFDR < 0.05). Most of these health outcomes pertained to the digestive, circulatory, and
endocrine/metabolic systems. Using the genetic instrument rs7910002, significantly associated with
DII at the genome-wide level (P < 5 × 10−8), Mendelian randomization (MR) phenome-wide association
analysis (N = 121,978 to 315,586) revealed significant associations between DII and 25 health
outcomes (PFDR < 0.05). Consistent effects of DII on seven health outcomes were observed in the
above analyses. Subsequently, two-sampleMRanalysis confirmed that higherDII increased the risk of
abdominal hernia, cholelithiasis, and back pain. Our study comprehensively assessed the health
effects of DII and highlighted the importance of anti-inflammatory diets for disease prevention.

Diet is a crucial and modifiable contributor to the global prevalence of
multiple chronic diseases1,2. It has been reported to be linked to altered risk
of cancer, cardiovascular disease, mental health issues and mortality3–6.
Several potential mechanisms, including inflammation, modulation of gut
microbiota, regulation of oxidative stress, and alterations inmetabolites and
lipid profiles,may be driven by diet to affect chronic disease risk7–9. Previous
studies have indicated that adhering to healthy dietary patterns, such as the
Mediterranean diet and Dietary Approaches to Stop Hypertension, was
associated with reduced levels of inflammatory markers10,11. However, the
Western diet, characterized by high intake of fried foods, red and processed
meat, and high-fat dairy products, typically could result in increases in
inflammatory markers and higher risks of adverse outcomes12,13. This
observation highlights the role of diet-induced inflammation in disease
development and supports the hypothesis that diet can influence major
health outcomes by modifying inflammatory status.

Dietary inflammatory index (DII) is an innovative tool designed to
estimate the inflammatory properties of individual diets14. Drawing from
previous literature on the effects of foods on inflammatory markers (IL-1β,
IL-4, IL-6, IL-10, TNF-α and CRP), the DII scoring algorithm incorporates

forty-five food parameters (e.g., vitamin B12, cholesterol and alcohol). A
higher DII score indicates a more inflammatory diet, while a low score
reflects ananti-inflammatorydietarypattern rich in antioxidants andfiber15.
Statistically significant associations of DII with myocardial infarction,
cancer risk, and all-cause mortality have been reported in previous
studies16–18. Nevertheless, there is inconsistency for these observed associa-
tions and a dearth of evidence regarding associations with other health
outcomes. This emphasizes the necessity of a phenome-wide analysis to
systematically evaluate the effects of DII on health outcomes, especially in
prospective cohort studies. Besides, potential unmeasured or uncontrolled
confounders are unavoidable in observational studies, limiting the investi-
gation of causal associations between the DII score and health outcomes.

Genome-wide association studies (GWAS) have confirmed that diet-
ary intake is influenced by genetic variants, such as locus in DRAM1 and
RARB, which are associated with macronutrient intake19,20. Mendelian
randomization (MR), using genetic variants from GWAS, is an epidemio-
logical approach to perform causal inference. However, there is no study
analyzing the effects of genetic variants onDII, which restricts the feasibility
of conducting MR analysis. Hence, it is necessary to conduct MR analysis
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using instrumental SNPs fromGWAS to comprehensively reveal the health
effects of DII within a phenome-wide framework. Phenome-wide associa-
tion study (PheWAS) is a hypothesis-free design that facilitates in-depth
exploration of the relationship between exposure andmultiple phenotypes,
thereby contributing to the improvement of understanding for diseases
incidence and development21.

Therefore, to gain a comprehensive knowledge of the effects of DII on
health outcomes, we first estimated the association of DII with health out-
comes in a large-scale prospective cohort study. Besides, to reveal the causal
relationship between DII and health outcomes, we performed a GWAS
analysis and subsequently conducted phenome-wide Mendelian randomi-
zation analysis (MR-PheWAS). Furthermore, the two-sample MR analysis
was carried out as a replication analysis.

Results
Characteristics of participants
The DII scores were calculated among 210,960 participants, of whom
3072 participants were excluded for failing to report covariate data
(Fig. 1). The majority of the participants was white, accounting for
95.85%. A total of 82,005 (39.45%) participants were identified as having
an anti-inflammatory diet, and 56,259 participants (27.06%) had a pro-
inflammatory diet (Supplementary Table S1). The participants with anti-
inflammatory diet tended to be non-smokers and had low levels of BMI.
In contrast, the participants in the pro-inflammatory group were more

likely to be younger, female, have higher BMI levels, and engaged in less
frequent physical activity. We compared baseline characteristics between
participants with and without available DII data to assess potential
selection bias. No substantial differences were observed between two
groups in terms of age, sex, BMI, smoking, or drinking status (Supple-
mentary Table S2).

Cohort study
We investigated the association of DII with a total of 845 health out-
comes, which were classified into 16 disease categories (Supplementary
Table S3). Over a mean follow-up of 12.70 years, the number of cases for
individual outcomes ranged from 200 to 39,003. The Cox regression
suggested that the DII score was associated with the risk of 133 health
outcomes (PFDR < 0.05). Most of these health outcomes were related to
digestive, circulatory, and endocrine/metabolic systems (Fig. 2, details are
shown in Supplementary Table S3). For instance, DII score was positively
associated with the risk of tobacco use disorder (HR, 1.05, 95% CI, 1.04 to
1.06, PFDR = 9.83 × 10−13). Besides, we observed the risk effect of per DII
score increment on cholelithiasis and cholecystitis (HR, 1.05, 95% CI,
1.03 to 1.06, PFDR = 8.25 × 10−11). A higher DII level was related to an
increased incidence of cerebrovascular disease (HR, 1.04, 95% CI, 1.03 to
1.05, PFDR = 3.36 × 10−7), consistent with the association observed in
participants with pro-inflammatory DII level compared to those with
normal DII score (Supplementary Table S4). These associations

Fig. 1 | The overview of current study design.DII dietary inflammatory index, FDR false discovery rate, GWAS genome-wide association study, MR-PheWASMendelian
randomization phenome-wide association study, MR Mendelian randomization.
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remained stable in sensitivity analyses, involving replication analysis with
E-DII (Fig. 2, details are shown in Supplementary Table S5), exclusion of
participants diagnosed within two years during the follow-up period
(Supplementary Table S6), and restriction to individuals of White eth-
nicity, respectively (Supplementary Table S7).

Phenome-wide Mendelian randomization study
To comprehensively elucidate the effects of DII on health outcomes, we first
conducted aGWAS to identify the genetic variants associated withDII. The
heritability of DII was estimated to be 2.31% (P = 2.91 × 10−31). Notably,
SNP rs7910002 (P = 1.30 × 10−9, G allele beta = 0.052) was found to be
independently associated with DII (P < 5 × 10−8; Fig. 3A). As presented in
Supplementary Table S8, previous GWAS has found that it was associated
with serval traits (e.g., BMI, weight, calcium levels, albumin). Gene analysis
revealed five genes (ANKRD31, SKIDA1, MLLT10, CACS10, and
DNAJC1) that reached statistical significance (Fig. 3B). Besides, chromatin
binding was the top-associated gene-set22, but did not achieve a significant
level after FDR adjustment (nominal P = 1.37 × 10−5, PFDR = 0.233; Sup-
plementary Table S9).

Using the single SNP related to DII, we conducted a weighted GRS
for the representation of the DII score (Supplementary Fig. S1). We
evaluated the association between DII-GRS and 1165 health outcomes,
with the number of cases ranging from 200 to 89,024 (Supplementary
Table S10). Of these, higher genetically predicted DII level was associated
with an increased risk of 25 health outcomes, which are related to cir-
culatory, digestive, endocrine/metabolic, genitourinary, injuries, neo-
plasms, respiratory, and symptoms systems (Table 1). The genetically
predicted DII level showed a significant association with overweight,
obesity and other hyperalimentation (OR, 3.50; 95% CI, 3.08 to 3.93;
PFDR = 5.84 × 10−6). Besides, a notable positive association was found
between genetically predicted DII level and cholelithiasis (OR, 3.43; 95%
CI, 2.93 to 3.92; PFDR = 3.35 × 10−4).

Summary evidence and verification in two-sample MR analysis
We eventually identified 205 health outcomes exhibiting significant asso-
ciations with DII (nominal P value < 0.05 or PFDR < 0.05), consistently
observed in both cohort study andMR-PheWAS. As shown in Fig. 4, seven
health outcomes and 26 health outcomes were respectively classified as
convincing evidence and suggestive evidence (details are presented in
SupplementaryTable S11). Furthermore,we conducted the two-sampleMR
analysis to replicate the associations belonging to the convincing group
(Level I). Given the discrepancies in health outcomes definitions in the
FinnGen cohort, five out of seven health outcomes (chronic bronchitis,
abdominal hernia, cholelithiasis, cholecystitis, and back pain) were available
for two-sample MR analysis. The number of cases for these outcomes
ranged from 1262 to 16,839 (Supplementary Table S12). The DII variance
explained by rs7910002 was 0.12%, with an F-statistic of 163, indicating a
low risk of weak instrument bias. Detailed SNP information is presented in
Supplementary Table S13. Using the Wald ratio method, the increment in
DII scorewas associatedwith a 2.34-fold, 2.38-fold, and1.54-foldhigher risk
of back pain, abdominal hernia, and cholelithiasis, respectively (Supple-
mentary Fig. S2).

Discussion
In this study, we comprehensively investigated the effects of DII on a wide
range of clinical traits. Cohort study and MR-PheWAS analysis revealed
compelling evidence in support of positive associations between DII score
and risk of seven health outcomes. Subsequently, the two-sample MR
analysis provided further confirmation for the effects of theDII score on the
increased risk of back pain, abdominal hernia and cholelithiasis.

A noteworthy discovery from the current study was the positive
association ofDII with cholelithiasis and abdominal hernia. Existing studies
on this association were limited and showed conflicting findings23–25. An
increased DII score was linked to a higher risk of cholelithiasis in a BMI-
matched case-control study recruiting 150 participants with 75 cases and 75

Fig. 2 | The association of DII and E-DII with 845 health outcomes under the
phenome-wide framework. The top half part of the figure represents the health
effects of DII, and the half bottom of the figure represents the health effects of E-DII.

The y-axis represents the –log₁₀ transformation of P values that have been adjusted
for multiple comparisons via the FDR method. DII dietary inflammatory index,
E-DII energy-adjusted dietary inflammatory index, FDR false discovery rate.
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controls24. However, this finding contradicted with findings from a large
cross-sectional study with 3626 participants, which suggested an inverse
association between the DII score and the risk of gallstone disease25. In
contrast to prior studies, our study was the first to employ a cohort study
design andMR analysis to explore the effects of DII on cholelithiasis with a
larger sample size, providing more compelling evidence. Inflammation is
believed to play a pivotal role in association between DII and cholelithiasis
risk. The DII has been shown to be associated with a range of inflammatory
biomarkers, including IL-6, IL-10, CRP, and TNF-α26. Previous observa-
tional study further demonstrated that elevated levels of IL-6 and CRPwere
associated with an increased risk of cholelithiasis27,28. Moreover, a two-
sample MR study identified that nine circulating inflammatory proteins
were associated with the risk of cholelithiasis29. Evidence from animal
models and human studies showed that inflammation-related histopatho-
logical alterations in the gallbladder wall occur before gallstones develop30.
IL-6, produced by biliary epithelial cells, has been shown to promote the
proliferation of various non-hematopoietic cell types31. It also contributes to
inflammatory cell infiltration and subsequent thickening of the gallbladder
wall28. Furthermore, in vivomodels have demonstrated that TNF-α impairs
the absorptive and secretory functions of gallbladder epithelial cells, and
such alterations in the gallbladder wall may contribute to gallstone

pathogenesis32. Regarding the association between DII and risk of abdom-
inal hernia, no observational study to our knowledge has explored this
relationship. A meta-analysis study involving 11 studies suggested that the
DII score would increase sarcopenia risk33, which in turn could elevate the
risk of abdominal hernias34. Thus, more in vitro and in vivo studies are
needed in the future to elucidate underlying biological mechanisms.

A series of cross-sectional studies have investigated the effect of a high
DII score on back pain35–37, while exhibiting an inconsistent conclusion. In
our study, a positive association between DII and back pain was established
in prospective cohort analysis and MR analysis. This finding aligns with a
cross-sectional study involving 7346 participants from the 6th Korea
National Health and Nutrition Examination Survey and a case-control
studywith 106 Belgian participants37,38. However, the cross-sectional studies
conducted in the United States and western Iran did not support this
association35,36. The heterogeneity among these findings may stem not only
from differences in study design and study population but also from var-
iations in food components included in the DII calculation. Inflammation
has been recognized as a central mechanism in the pathogenesis of back
pain39. A two-sample MR study examining 41 circulating inflammatory
biomarkers identified macrophage migration inhibitory factor and C-C
motif chemokine ligand 3 as being associated with the risk of back pain40. In

Fig. 3 | Manhattan plot of genome-wide association study. A TheManhattan plot
of the DII-GWAS; B the Manhattan plot of gene analysis based on DII-GWAS. The
x-axis denotes chromosome and position, and the y-axis represents the –log₁₀

transformation of P values. DII dietary inflammatory index, E-DII energy-adjusted
dietary inflammatory index, GWAS genome-wide association study.
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addition, a systematic review reported positive associations between back
pain and several inflammatorymarkers, including CRP, TNF-α, and IL-641.
IL-6 plays a key role in mediating the acute-phase response to injury by
promoting the differentiation of monocytes into macrophages and facil-
itating the maturation of lymphocytes. TNF-α is a pro-inflammatory
cytokine that can trigger inflammatory cascades, induce nerve swelling and
neuropathic pain39. Both TNF-α and IL-6 contribute to extracellular matrix
degradation, chemokine production, and phenotypic alterations in disc
cells, ultimately leading to intervertebral disc degeneration—a major
pathological basis for low back pain42.

Several other health outcomes have been found to be associated with
DII score supported by suggestive evidence. Positive associations between
DII and 38 health outcomes including myocardial infarction, all-cause
mortality, and cancer risk were identified in an umbrella review43. Besides,
previous prospective studies also examined the association of DII with
dementia44, metabolic syndrome45, Parkinson’s disease46 and other various
health outcomes. However, these reported associations were not con-
sistently supported by the highest evidence in our study. This inconsistency
might be attributed to inconsistencies in health outcomes definitions across
studies and a limited statistical power in MR-PheWAS analysis. Addition-
ally, we observed discrepancies between findings from the cohort analysis
and the MR-PheWAS. One possible explanation is that weak associations
may have been overlooked due to limited statistical power, given the low
heritability of DII and the small proportion of variance explained by the
single variant rs7910002. Additional GWAS with larger sample size are
warranted to identify additional genetic variants associated with DII and
improve the explained variance. Another explanation is that MR estimates

reflect lifelong effects of genetic variations on diseases, whereas cohort
studies typically capture the effects of DII at specific time points on disease
outcomes47.

Although this study investigated the health effects of DII within the
phenome-wide framework and may provide valuable insights into the
health effects of DII, several limitations need to be noted. Firstly, although
all analyses were adjusted for established factors that may influence the
association between DII and health outcomes, the possibility of residual
confounding from unmeasured variables cannot be excluded. Secondly,
despite using the average of five 24-h dietary intake assessments in DII
computation, it was important to recognize that dietary intake measure-
ment remains vulnerable to recall bias. Moreover, although previous
studies have demonstrated good agreement between 24-hour dietary
recalls and food frequency questionnaires48,49, 24-h dietary recallsmay still
be insufficient to capture long-term habitual dietary patterns. Thirdly,
over 50% of participants lacked DII data, which may introduce selection
bias and limit the accuracy of the association estimates. To assess potential
bias, we compared baseline characteristics between participants with and
without DII data. No substantial differences were observed between the
two groups in terms of age, sex, BMI, or lifestyle factors such as drinking,
smoking status, and physical activity. Fourthly, a total of 29 food com-
ponents were included in theDII algorithm, while the other 16 foods (e.g.,
onion, eugenol, caffeine) were not available in the UKB. It was worth
noting that the majority of these unavailable foods were anti-inflamma-
tory, which might lead to an underestimation of dietary anti-
inflammatory potential. However, previous studies have shown that the
DII maintains a strong correlation with inflammatory biomarkers when

Table 1 | The significant associations regarding the effects of DII on health outcomes in the MR-PheWAS

Disease category PheCode Outcomes Cases Controls OR (95% CI) Nominal
P value

PFDR

Circulatory System 401 Hypertension 89,024 226,562 1.75 (1.51, 2.00) 6.68E-06 1.11E-03

401.1 Essential hypertension 88,894 226,562 1.77 (1.52, 2.01) 5.22E-06 1.01E-03

418 Nonspecific chest pain 28,918 283,786 1.92 (1.56, 2.28) 4.21E-04 2.88E-02

Digestive 550 Abdominal hernia 51,263 264,323 1.98 (1.69, 2.27) 3.13E-06 7.29E-04

550.1 Inguinal hernia 16,458 264,323 2.53 (2.04, 3.02) 1.91E-04 1.59E-02

562 Diverticulosis and diverticulitis 38,315 233,483 1.94 (1.61, 2.26) 8.13E-05 7.89E-03

562.1 Diverticulosis 38,315 233,483 1.94 (1.61, 2.26) 8.13E-05 7.89E-03

565 Anal and rectal conditions 17,056 289,305 2.34 (1.88, 2.80) 3.00E-04 2.19E-02

574 Cholelithiasis and cholecystitis 17,419 296,028 3.10 (2.65, 3.56) 1.15E-06 3.35E-04

574.1 Cholelithiasis 14,800 296,028 3.43 (2.93, 3.92) 9.49E-07 3.35E-04

Endocrine/
Metabolic

252 Disorders of parathyroid gland 1413 310,050 14.64 (13.11, 16.17) 6.00E-04 3.18E-02

252.1 Hyperparathyroidism 1247 310,050 17.14 (15.51, 18.77) 6.28E-04 3.18E-02

278 Overweight, obesity and other hyperalimentation 20,195 295,391 3.50 (3.08, 3.93) 6.78E-09 5.84E-06

278.1 Obesity 20,088 295,391 3.47 (3.04, 3.89) 1.00E-08 5.84E-06

Genitourinary 628 Ovarian cyst 4159 145,118 4.96 (4.05, 5.88) 5.86E-04 3.18E-02

Injuries & Poisonings 851 Complications of transplants and reattached limbs 7489 295,063 3.62 (2.94, 4.31) 2.21E-04 1.72E-02

Neoplasms 174 Breast cancer 13,644 295,602 3.03 (2.51, 3.55) 3.25E-05 4.73E-03

174.1 Breast cancer [female] 13,429 149,678 2.94 (2.42, 3.47) 6.06E-05 7.06E-03

174.11 Malignant neoplasm of female breast 12,764 149,678 2.86 (2.32, 3.40) 1.35E-04 1.21E-02

225 Benign neoplasm of brain and other parts of
nervous system

1094 313,277 20.08 (18.35, 21.82) 6.98E-04 3.39E-02

Respiratory 496 Chronic airway obstruction 15,628 276,881 2.35 (1.86, 2.83) 5.90E-04 3.18E-02

496.2 Chronic bronchitis 4847 276,881 4.44 (3.59, 5.29) 5.65E-04 3.18E-02

496.21 Obstructive chronic bronchitis 4523 276,881 4.80 (3.92, 5.68) 4.51E-04 2.92E-02

506 Empyema and pneumothorax 1630 295,280 20.03 (18.6, 21.45) 3.80E-05 4.92E-03

Symptoms 760 Back pain 14,051 301,535 2.33 (1.82, 2.83) 1.03E-03 4.81E-02

CI confidence interval, DII dietary inflammatory index, FDR false discovery rate, MR-PheWASMendelian randomization phenome-wide association study, OR odds ratio.
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the number of dietary parameters used in DII calculation is reduced from
45 to fewer than 3050–52. Finally, although an adequate F-statistic sug-
gesting instrument strength, the limited variance in DII explained by
rs7910002 raises concerns about potential weak instrument bias in the
two-sample MR analysis. Besides, the use of an instrumental variable
derived from the same dataset without replication in an external popu-
lation raises the possibility of winner’s curse, potentially leading to over-
estimation of the associations in the two-sample MR analysis. Therefore,
the findings of this study are warranted to be replicated by further studies
with independent populations and a larger sample size.

In conclusion, our study provided a comprehensive assessment of the
health effects of DII and found a stable association with increased risk of
back pain, abdominal hernia and cholelithiasis. These findings suggested
that promoting diets rich in anti-inflammatory foods and reducing the
intakeofpro-inflammatory componentsmay serve as apractical strategy for
disease prevention at the population level.

Methods
Study population and design
The UK Biobank (UKB) recruited over 500,000 participants aged 40 to 79
years between 2006 and 2010. This project has collected biological samples
and a variety of phenotype information from the participants, including
physical measurements, questionnaire data, genotyping data, and long-
itudinal follow-up diagnoses related to health outcomes. Further details
related to UKB could be found in a previous study53. Ethical approval for
UKB was obtained from the North West Multi-Centre Research Ethics
(REC reference11:/NW/0382) and informed consent was provided by all
participants. All procedures performed were in accordance with the
Declaration of Helsinki.

The current study design is depicted in Fig. 1. Initially, we conducted a
series of phenotype cohorts to estimate the association of DII with health
outcomes under the phenome-wide framework. Following the exclusion of
294,529 participants lacking essential information and those with existing
diagnoses, a total of 845 sub-cohorts were established (N = 78,390 to
207,832). Meanwhile, GWAS was performed in this study to identify DII
associated genetic variants, which were subsequently employed in the MR-
PheWAS (N = 315,586) to evaluate the health effects ofDII. Finally, the two-
sample MR analysis was applied to verify the associations supported by
convincing evidence from the above analyses.

Dietary inflammatory index
The consumption of over 200 foods and 30 beverages of participants from
UKB was collected through 24-h dietary recall questionnaires. These
questionnaires were introduced during the first assessment phase (April
2009 to September 2010) and posteriorly repeated four times fromFebruary
2011 to June2012. For this study, the average food consumptionacross these
five circles was utilized to assess the specific food consumption (https://
biobank.ndph.ox.ac.uk/showcase/label.cgi?id=100090).

Following the 45 foodparameters forDII proposed by Shivappa et al.14,
we determined a total of 29 eligible food or nutrient parameters for the
calculation ofDII score (SupplementaryTable S14). The computation of the
DII score was proceeded as follows: (1) the reported food consumption of
each individual was standardized by subtracting the “standard mean” and
dividing by its standard deviation to obtain a Z-score; (2) the Z-score was
then converted to a percentile score,whichwas doubled and then subtracted
by “1”; (3) for each food, the specificDII scorewas calculated bymultiplying
the centered percentile value with the inflammatory effect value obtained
from the published study14; (4) the specific DII score for each food was

Fig. 4 | The credibility levels of health effects of DII from the cohort study and
MR-PheWAS.Columns are annotated by PheCODE. The heatmap colors represent
effect estimates from MR-PheWAS and cohort study. Credibility levels are defined
as follows: Level I, FDR-corrected P < 0.05 in both phases; Level II, FDR-corrected

P < 0.05 in one phase and nominal P < 0.05 in the other; Level III, FDR-corrected
P > 0.05 in both phases but nominal P < 0.05 in either phase. DII dietary inflam-
matory index, HR hazard ratio, MR-PheWASMendelian randomization phenome-
wide association study, OR odds ratio.

https://doi.org/10.1038/s41538-025-00583-9 Article

npj Science of Food |           (2025) 9:223 6

https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=100090
https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=100090
www.nature.com/npjscifood


summed to derive the overall DII score. Ultimately, the range of overall DII
score was−6.66 to 5.72 (Supplementary Fig. S3). Furthermore, the energy-
adjusted DII (E-DII) was calculated by expressing food and nutrient intake
per 1000 kcal (i.e., food or nutrient intake divided by total energy intake
multiplied by 1000 kcal). The standard procedures for DII calculation were
then applied to these energy-adjusted values to derive the E-DII scores.

Genotyping data, quality control and genome-wide association
analysis
Detailed genotyping information andquality control have beendescribed in
aprevious study53. In theGWAS, onlyWhite participantswere included and
the individuals with kinship were excluded. Besides, the quality control
procedure was implemented to filter out redundant variants. Initially, the
variants with high missing rates were excluded (rate > 0.05). Additionally,
the variants with minor allele frequency (MAF) < 0.01 were rejected due to
insufficient power to detect SNP-phenotype associations. The threshold for
Hardy-Weinberg equilibrium was set 1 × 10−6 and the variants located in
the sex chromosome were removed. A total of 317,582 participants passed
filters and quality control procedures. After excluding participants without
DII information, there were 140,669 participants remained in the GWAS,
covering 8,598,234 genetic variants.

For genome-wide association analysis, the association between each
SNP and DII was examined using a linear regression model, with adjust-
ments for age, sex, body mass index (BMI) and top ten principal compo-
nents. The P-value < 5 × 10−8 and linkage disequilibrium (r2 < 0.1, window
= 500 kb) was set as a threshold to detect independently significant variants.
Furthermore, gene analysis and gene-set analysis were performed using
FUMA54.

Phenotypes
The events were diagnosed from hospital inpatient records with Inter-
national Classification of Disease version 10 (ICD-10). These ICD-10
codes were further mapped to PheCODE according to a previous study55,
which is capable of grouping more than >90% of ICD-10 code into
phenotypes in the UKB. In the mapping process, this PheCODE system
also considers gender, for instance, by identifying cancer of prostate
(PheCODE, 185) only in males or malignant neoplasm of uterus (Phe-
CODE, 182) only in females. Additionally, to mitigate the risk of con-
tamination by cases in the control cohort, this PheCODE system
implemented criteria, developed based on clinical knowledge and con-
sultation of physician specialists, to exclude the individuals exhibiting
symptoms commonly associated with the specific disease55. Furthermore,
as a poor number of cases would reduce the statistical power for finding
the association of DII with health outcomes, only phenotypes with more
than 200 cases were included in subsequent analysis.

Statistical analysis
Participants were followed up from the date of recruitment until the date
of outcome diagnosis, death, loss to follow-up, or the end of the study
(May 10, 2022). Cox proportional hazards regression model was used to
estimate the effects of DII (as a continuous variable) on health outcomes
by calculating the hazard ratio (HR) and 95% confidence interval (CI).
According to the previous studies49,56,57, this model adjusted for age, sex
(female or male), ethnicity (White, Asian, Black or other), BMI, edu-
cational level (high, middle or other), Townsend deprivation index
(TDI), smoking status (never, previous or current), drinking status
(never, previous or current) and physical activity (yes or no).We further
categorized participants into anti-inflammatory (DII score < � 1),
neutral ( ≥ � 1 to ≤ 1), and pro-inflammatory ( > 1) groups to confirm
the association52. A series of sensitivity analyses were conducted to
evaluate the robustness of our findings. First, we examined the asso-
ciation between E-DII and health outcomes, accounting for potential
disparities in energy intake across individuals. Second, we excluded the
participants diagnosed with certain health outcome within the first two-

year in the follow-up and subsequently repeated the association analysis
to mitigate the potential bias arising from existing cases. Third, the
investigation into the effects of DII on disease risk was restricted to
White participants.

The independently significant single nucleotide polymorphisms
(SNPs) were selected from our GWAS to produce the weighted genetic risk
score (GRS). The weighted GRS was applied to evaluate the genetic sus-
ceptibility of DII according to the formula: GRS =

Pn
i¼1 SNPi × βi, where

SNPi is defined as 0, 1, and 2 depending on the risk allele and βi represents
the effect estimate of each SNP58. After calculating the GRS, we conducted
MR-PheWAS to explore the associations between genetically predicted DII
score and clinical outcomes inWhite participants. All regressionmodel was
adjusted for sex, age, and top ten genetic principal components.

The credibility of these associations was categorized as convincing
evidence (Level I), suggestive evidence (Level II), and weak evidence (Level
III). For a specific association, if it reached a significant level after false
discovery rate (FDR) adjustment in both phases, its credibility was con-
vincing. If an association reached statistical significance after FDR adjust-
ment in one phase and had nominal significance (nominal P < 0.05) in the
other, it was considered suggestive. Associations with nominal significance
(nominal P < 0.05) in either phase but not significant after FDR adjustment
in both were classified as weak.

Two-sample MR analysis
For associations that reached a convincing level in the cohort study
and MR-PheWAS, we performed two-sample MR analysis to replicate
the findings. The significant SNPs detected in the previous GWAS
were utilized as instrumental variables (IVs) in this analysis. The
proportion of variance in DII explained (R²) was estimated following
R2 ¼ 2 ×MAF × ð1�MAFÞ× β2, where MAF denotes the minor allele
frequency and β represents the effect size of the SNP on the DII59. The
F-statistic was calculated to assess the strength of the instrument,
using the formula: F ¼ R2 × ðn� k� 1Þ=ð1� R2Þ, where n is the
sample size and k is the number of instrumental variables used60. An
F-statistic greater than 10 was considered a strong instrument61.

Summary-level data for candidate outcomes was obtained from
FinnGen cohort (version 10). The FinnGen study is a nationwide research
initiative that integrates genetic data fromFinnish biobankparticipantswith
comprehensive digital health information derived from national health
registries. The project aims to generate genomic data linked to detailed
longitudinal health records for approximately 500,000 individuals. Clinical
endpoints are defined using diagnosis codes from the Finnish version of the
ICD-10 and harmonized with earlier versions (ICD-8 and ICD-9)62. For
each outcome of interest, we extracted the effect allele, beta coefficient,
standard error, and P value corresponding to the IVs. Subsequently, SNP
harmonization was performed using the harmonise_data() function in the
“TwoSampleMR” R package to ensure alignment of effect alleles between
the DII and outcome summary data. Wald ratio method was used to esti-
mate the associations when only one IVwas available, otherwise the inverse
variance weighted method was applied.

The analyses in this study were carried out using R version 4.2 and
PLINK version 1.9. MR-PheWAS were performed employing R package
“PheWAS”, and two-sample MR was conducted using “TwoSampleMR”.
To address the type one error due to multiple testing, we applied the FDR
method to adjust the P-value. PFDR < 0.05 was considered as statistical
significance.

Data availability
The datasets generated and/or analyzed during the current study are
available in the UK Biobank repository, https://www.ukbiobank.ac.uk.

Code availability
No custom code or mathematical algorithm was developed for this study.
Details regarding the specific codes used canbe found in the references cited.
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