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Abstract
Low-grade subclinical inflammation is interrelated with metabolic diseases, and its susceptibility interacts with genetic and environmental
factors. We aimed to examine genetic variants related to a high risk for inflammation using serum C-reactive protein (CRP) concentration, inter-
actions among the genetic variants and the genetic variant interaction with dietary and lifestyle factors in adults. The participants were divided
into case and control by serum CRP concentrations:≥ 0·5mg/dl (case; n 2018) and< 0·5mg/dl (control; n 47 185). Genetic variants contributing
to high inflammation risk were selected using GWAS after adjusting covariates to influence inflammation, and genetic variant–genetic variant
interactions were identified by generalised multifactor dimensionality reduction analysis. Polygenetic-risk scores (PRS) were constructed from
the selected genetic variants, and PRS–nutrient interactions for the high inflammation risk were determined. The PRS included CRP_rs1205,
OASL_rs3213545, APOE_rs429358, HNF1A_rs1169286, APOC1_rs7256200 and SLC13A3_rs424697. The PRS was positively associated with
serum CRP concentration by 2·0 times after adjusting for covariates. The PRS interacted with age: older participants with High-PRS had much
higher serum CRP concentrations than those with Low-PRS. Intake of carbohydrates, MUFA and vitamin D exhibited an interaction with PRS for
inflammation risk (P< 0·05). In participants with high-carbohydrate/low-fat diets and low vitamin D intakes, those with High-PRS had a higher
risk of serum CRP concentrations than those with Low-PRS. In conclusion, the participants with inflammation-related PRS potentially worsened
inflammation status, especially in diets with high carbohydrates, low fat (especially MUFA) and low vitamin D. These results can be applied to
personalised nutrition to reduce inflammation risk.
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In the pandemic era, the maintenance of good immunity is a
pivotal factor in protecting against infection. Innate immunity
does not adapt to previous infections, and it depends on recog-
nition patterns to identify the harmful microorganisms(1). Cells
responsible for innate immunity originate from the primitive
bone marrow cells, genetically programmed to recognise and
react to foreign substances and activate adaptive immunity(2).
However, the innate immune system cannot always distinguish
between self-debris and foreign substances. The disturbance of
adaptive immune regulation causes an overactive innate and
adaptive immune response, leading to the perpetuation of an
immune-mediated metabolic dysfunction with increased risk
from infections and other diseases associated with chronic
inflammation. It is also related to chronic low-grade subclinical
inflammation with ageing, known as inflammaging(3).

Inflammaging is associated with genetic and environmental
factors, although the pathophysiology of inflammaging remains
unclear(4). Endogenous and exogenous triggers stimulate inflam-
matory processes. Exogenous factors are lifestyle factors such as
physical activity, smoking and diets, air pollution and an unsani-
tary environment. In contrast, endogenous factors include
overproduction of reactive oxygen species, advanced glycated
end-products, mitochondrial dysfunction and defective
autophagy, resulting in cell debris accumulation, visceral
adiposity and gut microbiota dysbiosis. The alteration of these
environmental factors controls inflammaging that contributes
to systemic inflammation. However, genetic predisposition also
needs to be explored as a cause of systemic inflammation(5).

C-reactive protein (CRP), a ring-shaped pentameric protein,
is produced in the liver in response to proteins secreted by
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alleles for 6 SNP GMDR model, respectively, and 0–5, 6–7,> 7
risk alleles for 7 SNP GMDR model, respectively. The sensitivity
of PRS for serum CRP concentration risk was analysed with the
area under the curve (AUC) of the receiver operating character-
istic (ROC) curve by eliminating each covariate in the model,
including PRS and covariates, using the XGBoost algorithm.

Statistical analyses

Statistical analysis was performed using PLINK version
2.0 (http://pngu.mgh.harvard.edu/ ∼purcell/plink) and SAS
(version 9.3; SAS Institute). The descriptive statistics of
categorical variables were calculated according to genders and
serum CRP concentrations, and frequency distributions of clas-
sification variables were analysed using the χ2 test. Adjusted
means and standard deviations were analysed for continuous
variables according to genders and serum CRP concentrations.
Their significant differences between groups were determined
by two-way ANOVA of gender and serum CRP concentrations
with the adjustment for covariates of age, gender, energy intake,

residence area, BMI, education, MetS, smoking, alcohol intake,
fat intake, physical activity and any medication for inflammatory
diseases. Tukey’s test was used to perform multiple group
comparisons.

After adjusting for covariates, the association between PRS
and inflammation risk by serum CRP concentrations was inves-
tigated using logistic regression analysis. OR and 95 % CI for PRS
were analysed to influence serum CRP concentrations with Low-
PRS as a reference, using logistic regression analysis after either
adjusting for age, gender, education, residence area, BMI and
daily energy intake (model 1) and covariates in the model 1 plus
smoking status, alcohol intake, physical activity, MetS, fat intake
and any medication to inflammatory diseases (model 2).
Participants were categorised into higher or lower lifestyle vari-
ables using the criteria defined by the 50th percentiles of each
variable to explore the interaction between PRS and lifestyles,
including dietary intakes. A multivariate interaction model was
used to evaluate interactions between PRS and lifestyles and
dietary intake after adjustment for covariates. P-values of≤ 0·05
were considered statistically significant.

Fig. 1. Flow chart of the steps in creating polygenetic-risk scores for inflammatory risk by serum CRP concentrations.
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Table 3. &The characteristics of the ten genetic variants related to serum C-reactive protein (CRP) concentration, an index of inflammation

Chr* SNP† Position Mi‡ Ma§

City cohort Ansan/Ansung cohort

Gene LocationOR|| 95% CI P-value adjusted¶ MAF** HWE†† OR 95% CI P-value adjusted¶ MAF** HWE††

1 rs1205 159682233 C T 1·52 1·40, 1·65 2·07E-23 0·139 0·458 1·40 1·25, 1·57 5·26E-09 0·141 0·096 CRP 3 0 UTR
6 rs3999364 26856600 A C 0·85 0·79, 0·91 3·09E-06 0·363 0·377 0·91 0·83, 0·98 2·16E-3 0·367 0·407 GUSBP2 Intron
12 rs1169286 121419056 T C 1·22 1·14, 1·30 2·79E-09 0·461 0·440 1·27 1·17, 1·38 4·01E-09 0·458 0·055 HNF1A Intron
12 rs2257764 121446446 A T 1·20 1·12, 1·28 3·42E-08 0·413 0·355 1·29 1·19, 1·39 7·86E-10 0·451 0·062 C12orf43 Intron
12 rs3213545 121471337 G A 1·19 1·11, 1·27 2·37E-07 0·373 0·437 1·28 1·19, 1·39 4·53E-09 0·370 0·073 OASL Intron
19 rs10119 45406673 A G 0·74 0·66, 0·84 1·16E-06 0·100 0·289 0·57 0·50, 0·66 3·96E-15 0·101 0·887 TOMM40 Utr-3
19 rs429358 45411941 C T 0·70 0·62, 0·80 4·78E-08 0·096 0·535 0·56 0·49, 0·65 3·91E-15 0·097 0·221 APOE Missense
19 rs7256200 45415935 T G 0·71 0·62, 0·84 1·06E-07 0·108 0·177 0·61 0·53, 0·69 1·92E-13 0·109 0·659 APOC1 Downstream transcript
19 rs66626994 45428234 A G 0·73 0·65, 0·82 1·97E-07 0·103 0·285 0·59 0·52, 0·68 3·97E-14 0·105 0·891 APOC1P1 Upstream transcript
20 rs424697 45196812 G T 0·85 0·79, 0·91 3·72E-06 0·345 0·596 0·88 0·71, 0·92 4·51E-0·5 0·341 0·678 SLC13A3 Intron

* Chromosome.
† Single Nucleotide Polymorphism.
‡Minor allele.
§ Major allele.
|| Odds Ratio (OR) and lower and upper ends of 95% confidence intervals (CI).
¶ P-value for OR after adjusting for covariates of age, gender, energy intake, residence area, BMI, education, metabolic syndrome, smoking, alcohol intake, fat intake, physical activity and any medication for inflammatory diseases.
** Minor allele frequency.
†† P-value for Hardy–Weinberg equilibrium (HWE). GUSBP2, glucuronidase, beta pseudogene 2; HNF-1α, hepatocyte nuclear factor-1 alpha; GSTP1, glutathione S-transferase P-1; IL1B, interleukin-1β; NOS2, nitric oxide synthase-2;

C12orf43, chromosome 12 open reading frame 43; OASL, 2 0-5 0-oligoadenylate synthetase like; TOMM40, translocase of outer mitochondrial membrane 40; APOE, apolipoprotein E; APOC1P1, apolipoprotein C-I pseudogene 1;
TLDC2, TBC/LysM-associated domain containing 2.
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is elevated by 5 % for every one-unit increase in serum CRP
concentration in patients with COVID-19(30). It suggested that
the elevated CRP levels might be linked to the overproduction
of inflammatory cytokines in patients with severe COVID-19
infections. Cytokines fight against the infection, but they damage
the organs like lung tissue when the immune system becomes
hyperactive. Thus, a high serum CRP concentration may indicate
the overactivation of immunity after adjusting for inflammatory
diseases, hyperglycaemia and dyslipidaemia. The present study
demonstrated that genetic variants were positively associated
with elevated serum CRP concentrations after adjusting for
covariates that influence low-grade inflammation, such as
BMI, serum glucose concentration, lipid profiles and inflamma-
tory diseases. The carriers with High-PRS had higher serum CRP
concentrations than those with Low-PRS with similar inflamma-
tory status. Therefore, persons with High-PRS need to maintain
serumCRP concentrations at a low level bymodulating lifestyles.

The present study demonstrated that the genetic variants
for inflammation risk were CRP_rs1205, OASL_rs3213545,

APOE_rs429358, HNF1A_rs1169286, APOC1_ rs7256200 and
SLC13A3_rs424697. Interestingly, the genetic variants included
in the 19q13 loci were related to lipid profiles, but they contrib-
uted to serum CRP concentrations, an index of low-grade inflam-
mation. Serum total cholesterol concentrations were negatively
associated with the PRS, indicating that the persons with
Low-PRS had higher serum total cholesterol concentrations than
those with High-PRS. CRP, APOE and APOC1 expressions were
associated with inflammation and immunity when a tocotrienol-
rich fraction supplementation was taken for six months(31). The
APOE polymorphism is also associated with Alzheimer’s disease
and primary biliary cirrhosis(32). The presence of the APOE e2
allele results in 2·4 times higher risk (P< 0·01) in the patients
with primary biliary cirrhosis, and the persons with the APOE4
allele developed primary biliary cirrhosis at a younger age in
the Finnish population(32). Quercetin intake has been shown
to reduce plasma oxidised LDL and TNF-α in persons with
ApoE3 and ApoE4, but it decreased serum HDL-cholesterol
(P< 0·01) and ApoA1 (P< 0·01) and increased the ratio of
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Fig. 2. Receiver operating characteristic (ROC) curve with eliminating one covariate in the model for serum C-reactive protein (CRP) concentration risk, including cova-
riates. The covariates included age, gender, energy intake, residence area, BMI, education, metabolic syndrome, smoking, alcohol intake, fat intake, physical activity and
any medication for inflammatory diseases.
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