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Abstract

Background A growing body of evidence suggests a relationship between gut microbiome and circulating
cytokines, yet there is still a lack of large-scale population-based studies investigating gut microbiome-cytokine
associations. In this cross-sectional study, we aimed at investigating the associations of gut microbiome (exposure
variable) with 45 cytokines and C-reactive protein (CRP) (outcome variables) in the population-based FINRISK 2002
cohort (N=2,398). Our analyses focused mainly on gut microbiome alpha diversity, beta diversity, differentially
abundant taxa, and predicted functions. All statistical models were adjusted for age, sex, BMI, diabetes, and smoking.

Results Using linear modeling, we identified an inverse association of the gut microbial alpha diversity (Shannon
index) with CRP (3=-0.062+0.019/standard deviation (SD), False Discovery Rate adjusted p-value (FDR-P)=0.025),
interleukin-8 (IL-8) (3=-0.066+0.021/SD, FDR-P=0.025), and interferon-y-inducible protein 10 (IP-10) (3=-0.063+0.02/
SD, FDR-P=0.025). For beta diversity, linear modeling revealed that the first axis of Principal Component Analysis
(PCA) describing the most strongly varying parts of the microbial community composition across population was
inversely associated with CRP (3=-0.071+0.019/SD, FDR-P=0.008) and the second axis was inversely associated

with macrophage inflammatory protein-1{3 (MIP-1B) (3=-0.082+0.021/SD, FDR-P=0.008), and monokine induced

by interferon-y (MIG) (=-0.071+0.019/SD, FDR-P=0.008). The majority of the top taxa contributing to the first and
second PCA axes belonged to class Bacilli (7/10) and class Gammaproteobacteria (9/10), respectively. In addition to
this, we detected 8 significant associations of specific gut microbiome taxa (species-level) with cytokines and CRP
using linear models. The majority of significant taxa belonged to class Clostridia_258483 (5/8) and class Bacteroidia
(2/8). We did not detect any significant associations between species-specific predicted MetaCyc pathways (using all
prevalent pathways) and cytokines or CRP. When analysis was limited to pathways associated with significant species
only, we observed a positive association between purine synthesis predicted pathways in B. thetaiotaomicron and CRP.
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Conclusions Taken together, these results show that CRP, MIP-1B, IL-8, and other cytokines are associated with gut
microbial diversity and composition, as well as specific taxa. This could lay the groundwork for future experimental

studies to assess the causality of these associations.
Keywords Cytokines, Gut microbiome, C-reactive protein

Background

Cytokines are soluble, low-molecular-weight protein
messengers secreted from immune and stromal cells that
mediate and coordinate the immune response [1]. Sev-
eral factors, including age, gender, and annual seasonal-
ity have been shown to affect the production of cytokines
in humans [2]. Specific gut microbial metabolic pathways
including the degradation of dietary tryptophan to tryp-
tophol have also been reported to modulate cytokine
production and pathogen-induced immune responses
in humans [3]. Oral administration of butyrate—a short-
chain fatty acid produced by certain gut microbiota
through the fermentation of dietary fibers—inhibited
the production of pro-inflammatory cytokines in mouse
models [4]. In a two-sample Mendelian randomization
study between 196 gut microbiota and 41 inflammatory
cytokines, putative causal associations were observed for
phylum Euryarchaeota with interleukin-2 (IL-2), phy-
lum Tenericutes and class Mollicutes with macrophage
inflammatory protein-la (MIP-1 A), class Bacilli with
hepatocyte growth factor (HGF), order Enterobacteriales
with monocyte chemoattractant protein-1 (MCP1), and
genus Lachnospiraceae NC2004 group with tumor necro-
sis factor-related apoptosis inducing ligand (TRAIL) [5].

Previous studies have also suggested that the gut
microbiome influences different disease entities through
cytokine-mediated pathways. Monokine induced by
interferon-y (MIG) has been previously reported to
mediate the casual association between Ruminococca-
ceae UCG-002 and diffuse large B-cell lymphoma [6].
In Mendelian randomization analysis, Firmicutes phy-
lum decreased the risk of obstructive hydrocephalus
and Eubacterium ruminantium group (genus) increased
the risk of normal-pressure hydrocephalus, potentially
through increased IL-17 A and decreased IL-27 levels,
respectively [7]. Gut microbiota has been reported to
contribute to the immune system maturation and intes-
tinal homeostasis, and gut microbial dysbiosis can dis-
rupt immune balance—particularly the Th17/Treg cell
ratio—contributing to the development of inflammatory
diseases [8].

The majority of the current evidence of the potential
gut microbiome driven and cytokine-mediated disease
pathways are based on selected patient samples high-
lighting the importance of studying these mechanisms
in large-scale randomly selected population-based
cohorts [6, 7, 9-13]. In this study, we studied the novel
gut microbiome-cytokine associations using a panel of

45 circulating cytokines and a downstream inflamma-
tory biomarker, C-reactive protein (CRP), with shallow
shotgun sequenced gut metagenomics data in 2,398 par-
ticipants aged over 50 years in the population-based FIN-
RISK 2002 cohort.

Methods

Study sample

The FINRISK 2002 cohort consists of individuals aged
25-74 years randomly selected from six different geo-
graphical areas of Finland [14]. In 2002, a random sam-
ple of 13,437 individuals was drawn from six geographic
regions of Finland using the national population register.
Altogether, 8,799 FINRISK 2002 individuals took part
in the health examination. Fecal microbiome sequenc-
ing was performed successfully in 7,054 participants
that donated fecal samples. From these participants,
we excluded individuals with missing cytokine data
(n=4,553; due to budget constraints, only participants
older than 50 years were selected for cytokine profiling
[15]), missing covariate data (rn=17), metagenomics read
count < 50,000 reads (n = 3), and antibiotic use within one
month before baseline (n=83), for a final study sample
of 2,398 individuals who were included in this cross-sec-
tional study (Fig. 1). None of the participants in the final
study sample were pregnant.

Questionnaire and health examination

The participants were asked to fill detailed questionnaire
about their family history, diagnoses, use of medications,
diet, functional capacity, and other health behaviors. All
participants were invited to attend a health examination
at local study centers, where they underwent anthro-
pometric measurements and blood sample collection.
Participants also received instructions for stool sample
collection at home.

Microbiome sequencing from stool samples

Stool samples were collected at home and mailed to the
Finnish Institute for Health and Welfare overnight where
they remained unprocessed at -20 °C. The microbiome
analysis was performed with a whole-genome untar-
geted shallow shotgun metagenomic sequencing against
mapped reference databases, as previously described
[16]. In short, the sequencing of the samples was per-
formed at the University of California San Diego in 2017,
according to standard Earth Microbiome Project proto-
cols [17]. Greengenes2 database was used to assign the
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Fig. 1 Participants included and excluded from the final study sample

taxonomy [18], and the data was imported in R TreeSum-
marizedExperiment container [19] for downstream
analysis. Annotation of functional pathways abundances
was performed using MetaCyc [20] database in the
HUMANN 3 pipeline [21].

Measurements of cytokines and CRP

The measurement of baseline plasma levels of 48 circu-
lating cytokines (pg/ml) was performed using Bio-Rad’s
premixed Bio-Plex Pro Human Cytokine 27-plex Assay
and 21-plex Assay, and Bio-Plex 200 reader with Bio-Plex
6.0 software [22]. The assays were performed according

to manufacturer’s instructions, except that the amount of
beads, detection antibodies, and streptavidin-phycoery-
thrin conjugate were used with 50% lower concentrations
than recommended, as described earlier [23, 24]. CRP
(mg/l) was determined by latex immunoassay (Abbott,
Architect ¢8000). The Supplemental Table 1 shows the
proportion of participants with detectable cytokine lev-
els. Cytokines with more than 20% of no recorded data
were dropped from the study (Supplemental Table 1);
accordingly, interferon a-2 (IFN-A2), interleukin-15 (IL-
15), and monocyte-chemotactic protein 3 (MCP-3) were
removed from the current study.
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The studied cytokines were interleukins (IL) IL-1 A,
IL-1B, IL-1RA (receptor antagonist), IL-2, IL-2RA, IL-3,
IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12-P40, IL-
12-P70, IL-13, IL-16, IL-17, IL-18, monocyte chemoat-
tractant protein-1/monocyte chemotactic and activating
factor (MCP-1-MCAF, also known as C-C Motif Che-
mokine Ligand 2; CCL2), macrophage inflammatory
protein-la (MIP-1 A; CCL3), MIP-1B (CCL4), regulated
upon activation normal T-cell expressed and secreted
(RANTES; CCL5), eotaxin (CCL11), cutaneous T cell-
attracting chemokine (CTACK; CCL27), growth-related
oncogene-a (GROA; CXCL1), monokine induced by
interferon-y (MIG; CXCL9), interferon-y-inducible
protein 10 (IP-10; CXCL10), stromal derived factor-la
(SDE-1 A; CXCL12a), hepatocyte growth factor (HGE),
leukemia inhibitory factor (LIF), stem cell factor (SCF),
stem cell growth factor-p (SCGF-B), tumor necro-
sis factor-related apoptosis inducing ligand (TRAIL),
platelet derived growth factor-BB (PDGF-BB), vascular
endothelial growth factor (VEGF), macrophage colony-
stimulating factor (M-CSF), fibroblast growth factor
basic (FGF-BASIC), p-nerve growth factor (B-NGF),
tumor necrosis factor-a (TNF-A), TNEF-B, interferon-y
(IEN-G), granulocyte colony-stimulating factor (G-CSF),
macrophage migration inhibitory factor (MIF), and
granulocyte-macrophage colony stimulating factor
(GM-CSE).

Variable definitions

BMI was measured in kg/m? Smoking was defined
as self-reported current daily smoking. Diabetes was
defined as self-reported diabetes, a nationwide Care
Register for Health Care-based diagnosis for diabetes
(International Classification of Diseases, Tenth Revision
[ICD-10], codes E10-E14 or ICD-8/ICD-9 code 250),
a drug purchase related to diabetes (a drug with a code
starting with Anatomical Therapeutic Chemical classi-
fication code A10), or a special reimbursement code for
diabetes medications in the nationwide Drug Reimburse-
ment Register.

Statistical methods

Concentrations of 45 circulating cytokines and CRP were
used as outcome variables. Cytokine observations below
or above the detection limit were extrapolated towards
the asymptote of the five-parameter logistic calibration
curves [23]. Based on visual inspection, fluorescence
intensity at the lower and upper asymptote were used to
estimate the cytokine concentrations outside detection
limits [25]. Because the calibration curves were plate-
specific, it was possible to obtain plate-specific estimates
for the observations outside the detection limits. We did
not impute unmeasured cytokine concentrations. For
CRP, values below detection level (less than 0.1 mg/L)
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were replaced by minimum detectable CRP value divided
by two (0.05). Log-transformed and unit standard devia-
tion scaled cytokine and CRP values were used in all the
analyses except for ANCOM-BC2 in which log-trans-
formed non-scaled cytokine and CRP values were used.

Alpha diversity was defined using Shannon index at
species-level with mia R/Bioconductor package 1.15.21
[26]. For beta diversity, Principal Component Analysis
(PCA) axes were calculated at species-level, using cen-
tered log-ratio (CLR) transformed microbial abundances
[27]. CLR transformation was applied to relative abun-
dance values and pseudocounts were used for zero val-
ues. For taxa-level differential abundance analyses, we
used common taxa that were required to have prevalence
over 5% in the sample population with a relative micro-
bial abundance over 0.1%. For pathway analyses, we used
common predicted MetaCyc pathways [20] that were
required to have prevalence of at least 10% in the sample
population. We used a higher prevalence threshold for
pathways analyses due to the high number of predicted
pathways. Analysis was also performed with pathways
that were associated with significant taxa only.

The associations of the cytokines and CRP with (1)
alpha diversity, (2) PCA (beta diversity) axes, (3) com-
mon taxa, and (4) common functional pathways were
assessed using multivariable-adjusted linear regression
models. The contribution of distinct taxa to PCA axes
was determined by the coefficients of the eigenvectors
that define each principal component. Differential abun-
dance analyses of individual taxa were performed using
CLR transformed microbial abundances. As a sensitivity
analysis, the differential abundance analyses were also
performed using Analysis of Compositions of Micro-
biomes with Bias Correction (ANCOM-BC2) [28]. The
functional pathway counts were (1) dichotomized (pres-
ent vs. absent) or (2) inverse-rank normalized due to
the highly sparse and zero-enriched nature of the path-
way data. All models were adjusted for age, sex, BMI,
diabetes, and smoking. To check for the robustness of
the results, we assessed the significance of the detected
species-cytokine (and CRP) associations in subgroups of
age, sex, BMI, and geographical area and also included
additional covariates (including the use of proton pump
inhibitors (PPIs), physical activity, alcohol consumption,
income level, education level, and geographical area) to
the main linear models (as a sensitivity analysis). We also
compared the detected associations between diabetic and
non-diabetic participants.

R version 4.4.1 was used for all statistical analyses.
P-values were corrected for multiple testing using False
Discovery Rate (FDR-P; Benjamini—-Hochberg correc-
tion). FDR-P<0.05 were deemed statistically significant.
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Table 1 Characteristics of the study sample
Characteristic

Mean (SD) / N (%)

N 2398

Age, year (SD) 60.1 (5.93)
Men 1157 (48.2%)
BMI (SD) 28.1 (4.50)
Diabetes 160 (6.7%)
Smoking 401 (16.7%)

SD, standard deviation; BMI, body mass index

Results

The mean age of the participants was 60.1+5.93 years
and 48.2% were men (Table 1). A description of the study
sample characteristics, stratified by geographical area, is
available in Supplemental Table 2. The mean concentra-
tions of the cytokines are listed in Supplemental Table 3.
The common taxa included 268 species.

Alpha and beta diversity

Alpha diversity (Shannon index) was inversely associ-
ated with CRP (B=-0.062+0.019/standard deviation
(SD), FDR-P=0.025), IL-8 (p=-0.066+0.021/SD, FDR-
P=0.025) and IP-10 ($=-0.063 £0.02/SD, FDR-P=0.025)
(Fig. 2a, Supplemental Table 4). The first PCA axis was
inversely associated with CRP (B=-0.071+0.019/SD,

a Cytokine
IL-8
IP-10
CRP

b Cytokine Axis
MIP-1B  PC2
CRP PC1
MIG PC2

Estimate (95% CI)

-0.07 (-0.11 to -0.03)
-0.06 (-0.10 to -0.02)
-0.06 (-0.10 to -0.03)

Estimate (95% CI)
-0.08 (-0.12t0 -0.04) —————
-0.07 (-0.11 to -0.03)
-0.07 (-0.11 to -0.03)
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FDR-P=0.008) and the second PCA axis was inversely
associated with MIP-1B (B=-0.082+0.021/SD, FDR-
P=0.008) and MIG (p=-0.071+0.019/SD, FDR-P=0.008)
(Figs. 2b and 3, Supplemental Table 5). The top ten spe-
cies contributing to the first two principal components
are shown in Supplemental Fig. 1; the majority of the
top taxa contributing to the first and second PCA axes
belonged to class Bacilli (7/10) and class Gammaproteo-
bacteria (9/10), respectively (Supplemental Fig. 1, Sup-
plemental Table 6).

Differential abundance analysis

Analysis of differentially abundant species revealed a pos-
itive association between Allobacillus sp007559425 and
MIP-1B (f=0.104+0.020/SD, FDR-P=0.004), an inverse
association between Gemmiger A_73129 qucibialis and
G-CSF (B=-0.091+0.021/SD, FDR-P=0.032) and a posi-
tive association between Alistipes_A_871400 senegalensis
and CTACK ($=0.087+0.02/SD, FDR-P=0.03) (Fig. 4,
Supplemental Fig. 2, Supplemental Table 7). In addi-
tion, Bacteroides_H thetaiotaomicron (=0.093+0.019/
SD, FDR-P=0.004), Dysosmobacter welbionis
(B=0.09£0.019/SD, FDR-P=0.006), Sellimonas intestina-
lis (=0.09+0.019/SD, FDR-P=0.006), Ruminococcus_B

gnavus  (=0.087+0.019/SD, FDR-P=0.009) and
FDR-P
——=—— 1 0.025
———— 1 0.025
———— 1 0.025
| | |
01 -0.05 0
Estimate
FDR-P
' 0.008
———— | 0.008
———— 1 0.008
I I |
0.1 -0.05 0
Estimate

Fig. 2 Associations of alpha diversity (a) and beta diversity (b) with cytokines and CRP, calculated using multivariable-adjusted linear regression models.
Alpha diversity was defined using Shannon index at species-level. For beta diversity, PCA axes were calculated at species-level using CLR transformed
microbial abundances. Estimates are reported per 1-SD increment. Cl, confidence interval; FDR, false discovery rate; IL-8, interleukin-8; IP-10, interferon-
y-inducible protein 10; CRP, C-reactive protein; MIP-1B, macrophage inflammatory protein-1f; MIG, monokine induced by interferon-y; PC, principal

component
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Fig. 3 The first two PCA axes calculated at the level of microbial species. The concentrations (log-transformed, scaled) of the cytokines that were signifi-
cantly associated with the first two principal components are illustrated. PC, principal component; CRP, C-reactive protein; MIG, monokine induced by
interferon-y; MIP-1B, macrophage inflammatory protein-1(. 4.4% of log-transformed cytokine values fall outside the selected color-coded range

Species Cytokine
Allobacillus sp007559425 MIP-1B
Bacteroides_H thetaiotaomicron CRP
Dysosmobacter welbionis CRP
Sellimonas intestinalis CRP
Ruminococcus_B gnavus CRP

Alistipes_A_871400 senegalensis CTACK
Gemmiger_A_73129 qucibialis G-CSF
Flavonifractor plautii CRP

Estimate (95% CI) FDR-P
0.10 (0.06 to 0.14) —=—0.004
0.09 (0.06 t0 0.13) —=— 0.004
0.09 (0.05t0 0.13) —— 0.006
0.09 (0.05t0 0.13) —— 0.006
0.09 (0.05t0 0.12) —— 0.009
0.09 (0.05t0 0.13) —=— 0.030
-0.09 (-0.13t0 -0.05) +—=— 0.032
0.08 (0.04t0 0.12) —— 0.037
-0.075 0 0.075
Estimate

Fig. 4 Species significantly associated with cytokines and CRP concentrations and detected using multivariable-adjusted linear regression models. Esti-
mates are reported per 1-SD increment. Cl, confidence interval; FDR, false discovery rate; MIP-1B, macrophage inflammatory protein-13; CRP, C-reactive
protein; CTACK, cutaneous T cell-attracting chemokine; G-CSF, granulocyte colony-stimulating factor

Flavonifractor plautii (=0.08 £ 0.019/SD, FDR-P=0.037)
were all positively associated with CRP (Fig. 4). Most of
the species-cytokine (and CRP) associations remained
significant across subgroups of age, sex, BMI, and geo-
graphical area (Supplemental Table 8). Additionally, the
direction of the estimates of the detected associations
remained consistent between diabetic and non-diabetic
participants, however, and due to the small number of
diabetic individuals (z = 160), these associations were not
significant in diabetic individuals (Supplemental Table
8). The addition of more covariates (including the use of
proton pump inhibitors, physical activity, alcohol con-
sumption, income level, education level, and geographi-
cal area) did not have a major effect on the detected
associations (Supplemental Table 9). Four out of the five
significant species-CRP associations identified by linear

regression were replicated with ANCOM-BC2 (Supple-
mental Table 10).

Functional analysis

No significant association was detected between species-
specific predicted MetaCyc pathways (using all prevalent
pathways) and cytokines or CRP using dichotomized
(Supplemental Table 11) or inverse-rank normalized
count data (Supplemental Table 12). When analysis was
performed only in pathways associated with the signifi-
cant taxa, we observed positive associations between B.
thetaiotaomicron predicted pathways and CRP using
inverse-rank normalized count data (5 positive associa-
tions) and dichotomized count data (one positive associ-
ation) (Supplemental Fig. 3, Supplemental Tables 13—14).



Diab et al. Gut Pathogens (2025) 17:66

The majority of these pathways were related to purine
synthesis.

Discussion

In the present study, we investigated the association of
gut microbiome with 45 circulating cytokines and CRP in
a large population-based study. We detected 8 significant
associations of specific gut microbiome taxa (species-
level) with cytokines and CRP using linear models. The
significant taxa belonged to class Clostridia 258483 (4
positive associations and 1 inverse association), class Bac-
teroidia (2 positive associations) and class Bacilli (1 posi-
tive association). Additionally, we identified an inverse
association of IL-8, CRP, and IP-10 with gut microbiome
alpha diversity, while for microbial beta diversity, we
observed an inverse association between CRP and the
first PCA axis (driven mainly by taxa belonging to class
Bacilli) and an inverse association of MIP-1B and MIG
with the second PCA axis (driven mainly by taxa belong-
ing to class Gammaproteobacteria). We did not detect
any significant associations between species-specific
predicted MetaCyc pathways (using all prevalent path-
ways) and cytokines or CRP. When we limited the analy-
sis to pathways associated with significant taxa only, we
observed 5 positive associations between B. thetaiotao-
micron pathways and CRP, the majority of which were
related to purine synthesis.

Linear regression revealed a positive association
between MIP-1B and A. sp007559425. MIP-1B was also
linked to beta diversity as revealed by PCA. MIP-1B is
a chemokine involved in the recruitment of immune
cells and its expression is induced by bacterial endotox-
ins [29, 30]. The studies on the association of MIP-1B
with gut microbiome taxa are currently limited. Never-
theless, a previous work aimed at studying the relation-
ship between gut microbiome changes and cytokines in
patients with post-COVID syndrome reported an inverse
association between MIP-1B and Eubacterium hallii [31].
Moreover, a previous animal study has reported a sig-
nificant role of MIP-1B in shaping the gut microbiome
composition in high-fat-diet-induced diabetes mellitus
mice [32]. It was observed that after MIP-1B inhibition,
the relative abundance of family Muribaculaceae was
reduced, while that of family Atopobiaceae increased.
More studies are required to understand the relationship
between gut microbiome and MIP-1B.

We also observed a positive association of A. senega-
lensis with CTACK, a chemokine produced by skin cells
and functions in attracting memory T cells [33]. Recent
Mendelian Randomization studies have shown that A.
senegalensis is positively linked to longevity [34], and
inversely associated with marginal zone lymphoma [35]
and cervical disc disorders [36]. Moreover, animal stud-
ies have identified a positive effect of A. senegalensis on
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locomotion in mice [37]. Our study adds more evidence
to the importance of A. senegalensis as a member of
the gut microbiome, and its possible connection to the
immune system, which requires further investigation.

CRP was positively associated with B. thetaiotaomi-
cron, D. welbionis, S. intestinalis, R. gnavus, and F. plautii
as detected using linear regression. Most of the detected
associations (4/5) were replicated when analyses were
performed using ANCOM-BC2. Chen et al. detected
an interaction between CRP and genus Ruminococcus
with suggestive significance for Generalized Anxiety
Disorder-7 score, a measure of anxiety [38]. Moreover,
in a study aimed at evaluating the relationship between
gut microbiome and the development of type 2 dia-
betes, Brown et al. reported that high-sensitivity CRP
was positively correlated with order Bacteroidales and
inversely correlated with order Lachnospirales [39]. The
study included a cohort of 616 participants, consisting of
152 with normal glycemia, 368 with prediabetes and 96
with newly identified diabetes. CRP was also positively
associated with Bacteroides co-abundance group in a
study that involved 178 older adult participants [40]. In
our study, B. thetaiotaomicron, which belongs to order
Bacteroidales and R. gnavus and S. intestinalis, both of
which belong to order Lachnospirales, were all positively
associated with CRP. We also observed a positive asso-
ciation between purine synthesis in B. thetaiotaomicron
and CRP when analysis was limited to pathways associ-
ated with significant taxa only. B. thetaiotaomicron, is an
important member of the gut microbiome that was pre-
viously reported to regulate immune response through
promoting the secretion of IL-10, an anti-inflammatory
cytokine [41]. In addition to B. thetaiotaomicron, animal
studies have shown that F plautii (which was positively
associated with CRP in our study) administration has
an effect on the regulation of immune response and gut
inflammation [42, 43]. The relationship of each of B. the-
taiotaomicron and E plautii with CRP, however, requires
further investigation.

We observed that CRP is inversely associated with gut
microbiome alpha diversity (Shannon index). The study
by Brown et al. also reported an inverse association
between high sensitivity CRP (hsCRP) and gut micro-
biome alpha diversity (Shannon index) [39]. However,
another study on overweight and obese pregnant women
did not observe a significant correlation between gut
microbiome diversity (Shannon index) and hsCRP lev-
els [44]. Similarly, no association between CRP and gut
microbiota diversity (Shannon index) was detected in a
study that involved a sample of 115 COVID-19 patients
[45]. It should be noted that all of these studies focused
on populations with specific traits and had a limited
number of participants. CRP is an important down-
stream inflammatory marker that is known to exhibit
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both pro-inflammatory and anti-inflammatory func-
tions and is associated with different diseases including
cardiovascular disease and cancer [46, 47]. Specific gut
microbes can reduce the level of CRP through the release
of anti-inflammatory metabolic molecules [48]. One
important group of gut metabolites is short-chain fatty
acids which play an important role in different processes
including the regulation of the immune system [49].
Short-chain fatty acids can reduce the enzymatic syn-
thesis of CRP by the liver [50]. CRP levels could also be
lowered due to a decreased expression of IL-6, and it has
been reported that probiotic consumption lowers IL-6
expression in ulcerative colitis patients [50, 51].

IL-8 and IP-10 were both linked to alpha diversity. A
previous large-scale Mendelian randomization study
that used summary statistics from previous genome-
wide association studies on microbial taxa and cytokines
demonstrated that IL-8 was putatively causally associated
with nearly all significant taxa and was also involved in
host-taxa interactions [5]. The authors concluded that
many taxa influence IL-8. In that study and another, gut
microbiome taxa such as phylum Actinobacteria and
phylum Euryarchaeota have been reported to be puta-
tively causally associated with levels of IL-8 [5, 52]. In our
study, however, no significant associations between IL-8
and common taxa were detected. IL-8 is an inflammatory
chemokine that plays an important role in the recruit-
ment and activation of neutrophils to inflammation sites
[53]. The gut microbiome has been previously shown
to stimulate the secretion of IL-8 by intestinal epithelial
cells through the production of butyrate [54]. IP-10, on
the other hand, is a chemokine that attracts several types
of immune cells and plays a role in stimulating apoptosis,
controlling cell growth, and regulating angiogenesis [55].
A previous study has reported a regulatory role of IP-10
in the gut microbiome of rheumatoid arthritis patients
[56]. Moreover, alterations in the gut microbiome induce
islet-autoimmunity through increasing the production of
IP-10 [57]. The association of IL-8 and IP-10 with micro-
bial alpha diversity as discovered in this study, and their
links to the gut microbiome observed in prior research,
highlight the importance of additional research that
focuses on further understanding such associations.

The strengths of our study include the broad panel of
cytokines studied (45 cytokines and CRP), the use of
shotgun metagenome sequencing, and access to a large,
randomly selected population cohort. However, our
study should be interpreted within the context of its limi-
tations. Cytokine profiling was performed only for par-
ticipants above the age of 50. This exclusion both lowered
our study sample size and also restricted participants to
a certain age group. Despite this, the study sample size
remains high compared to previously published stud-
ies. Moreover, our study included missing (unmeasured)
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values for cytokines. However, the majority of the studied
cytokines (40/45) had only less than 10% of missing data
(unmeasured values), per cytokine. Another limitation
is the inability to generalize the results to other cohorts
because FINRISK cohort is composed of participants
with European or Finnish ancestry.

Conclusions

In the present work, we detected several significant asso-
ciations between circulating cytokines and CRP with
gut microbiome in a large population-based cohort. We
demonstrated that CRP is strongly associated with the
gut microbiome as we observed significant results in the
majority of the conducted statistical tests. The significant
taxa associated with CRP included B. thetaiotaomicron,
an important resident of the human gut that has been
previously linked to the immune response [41]. Func-
tional analysis with pathways associated with significant
taxa only showed a positive association between purine
synthesis in B. thetaiotaomicron and CRP. However, such
potential interaction requires further experimental inves-
tigation. Another key finding was the association of IL-8
and IP-10 with gut microbiome alpha diversity, which
shows the importance of these cytokines in the relation-
ship between the immune system and gut microbiome
diversity and composition. Moreover, we observed that
MIP-1B, a chemokine whose expression is induced by
bacterial endotoxins [29, 30], was associated with spe-
cific gut microbiome species and microbial beta diver-
sity. Our study provides key insights into the important
relationship of gut microbial diversity and composition
with cytokines and CRP. These findings could also lay
the groundwork for future experimental studies to verify
the potential causality of these associations. Future work
should focus on understanding the mechanisms by which
the gut microbiome impacts CRP, MIP-1B, and IL-8
expression during diseases development and progression,
as targeting this interaction could provide a potential
therapeutic approach.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/513099-025-00742-z.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
Not applicable.

Author contributions

HD, TN, JP, and LL contributed to study conception and design; TN, LL, AH,
RK, SJ, MS, VS, and KP acquired the data. HD, TN, JP, VL, and L-FY analyzed the
data. The first draft was written by HD, TN, and JP. All authors reviewed and
approved the final version of the manuscript.


https://doi.org/10.1186/s13099-025-00742-z
https://doi.org/10.1186/s13099-025-00742-z

Diab et al. Gut Pathogens (2025) 17:66

Funding

HD has received a grant from The ImmuDocs Doctoral Education Pilot. L-FY
has received a research grant co-funded by the European Union’s Horizon
Europe Framework programme for research and innovation 2021-2027 under
the Marie Sktodowska-Curie grant agreement No 101126611.VS has received
a research grant from the Juho Vainio Foundation. AH has received grants
from the Research Council of Finland, ERC and MSCA Doctoral Network 2023
and is a partner in the "HoloGen" network. KP has received a postdoctoral
grant [348439] from the Research Council of Finland. SJ has received a grant
from the Finnish Research Council. TN has received funding for this work

from the Research Council of Finland (grants 321351 and 354447), Sigrid
Jusélius Foundation, Finnish Foundation for Cardiovascular Research and The
Wellbeing Services County of Southwest Finland. JP has received research
grants from the Paavo Nurmi Foundation and the Finnish Medical Foundation.

Data availability

The FINRISK data is available through submitting a request to THL biobank (htt
ps://thlfi/en/research-and-development/thl-biobank/for-researchers/applicati
on-process). The underlying code for this study is publicly available and can be
accessed via this link https://zenodo.org/records/16793433.

Declarations

Ethics approval and consent to participate

The FINRISK 2002 study complies with the Declaration of Helsinki. The
Coordinating Ethics Committee of the Helsinki and Uusimaa University
Hospital District approved the FINRISK 2002 study. All participants provided
written informed consent.

Consent for publication
Not applicable.

Competing interests

RKis a scientific advisory board member, and consultant for BiomeSense, Inc.,,
has equity and receives income. He is a scientific advisory board member
and has equity in GenCirg. He has equity in and acts as a consultant for
Cybele. He is a co-founder of Biota, Inc,, and has equity. He is a cofounder of
Micronoma and has equity and is a scientific advisory board member. He is
a board member of Microbiota Vault, Inc. He is a board member of N=1 1BS
advisory board and receives income. He is a Senior Visiting Fellow of HKUST
Jockey Club Institute for Advanced Study. The terms of these arrangements
have been reviewed and approved by the University of California, San Diego
in accordance with its conflict of interest policies. TN has received consulting
or lecturing fees from AstraZeneca and Orion Corporation.

Author details

'Division of Medicine, Turku University Hospital, Turku, Finland
2Depar‘[ment of Geriatrics, Turku City Hospital and University of Turku,
Turku, Finland

3Depar‘[ment of Internal Medicine, University of Turku, Turku, Finland
“Department of Public Health, Finnish Institute for Health and Welfare,
Helsinki, Finland

*Institute for Molecular Medicine Finland, FIMM-HILIFE, Helsinki, Finland
6Depar‘[ment of Computing, University of Turku, Turku, Finland
"Department of Pediatrics, University of California San Diego, La Jolla, San
Diego, CA, USA

8Center for Microbiome Innovation, Joan and Irwin Jacobs School of
Engineering, University of California San Diego, La Jolla, San Diego, CA,
USA

“Department of Bioengineering, University of California San Diego, La
Jolla, San Diego, CA, USA

'%Department of Computer Science and Engineering, University of
California San Diego, La Jolla, San Diego, CA, USA

""Halicioglu Data Science Institute, University of California San Diego, La
Jolla, San Diego, CA, US

leediCity Research Laboratory, University of Turku, Turku, Finland
BInstitute of Biomedicine, University of Turku, Turku, Finland
"4InFLAMES Research Flagship Centre, University of Turku, Turku

20014, Finland

Received: 21 May 2025 / Accepted: 14 August 2025

Page 9 of 10

Published online: 26 August 2025

References

1.

2.

20.

21.

22.

Liu C, Chu D, Kalantar-Zadeh K, George J, Young HA, Liu G. Cytokines: from
clinical significance to quantification. Adv Sci (Weinh). 2021,8:2004433.

ter Horst R, Jaeger M, Smeekens SP, Oosting M, Swertz MA, LiY, et al. Host and
environmental factors influencing individual human cytokine responses. Cell.
2016;167:1111-e112413.

Schirmer M, Smeekens SP, Vlamakis H, Jaeger M, Oosting M, Franzosa EA, et
al. Linking the human gut Microbiome to inflammatory cytokine production
capacity. Cell. 2016;167:1125-e11368.

Li G, Lin J, Zhang C, Gao H, Lu H, Gao X, et al. Microbiota metabolite butyrate
constrains neutrophil functions and ameliorates mucosal inflammation in
inflammatory bowel disease. Gut Microbes. 2021;13:1968257.

Xue F, He Z, Zhuang DZ, Lin F. The influence of gut microbiota on Circulating
inflammatory cytokines and host: A Mendelian randomization study with
meta-analysis. Life Sci. 2023;332:122105.

Jiang P Yu F, Zhou X, Shi H, He Q, Song X. Dissecting causal links between gut
microbiota, inflammatory cytokines, and DLBCL: a Mendelian randomization
study. Blood Adv. 2024,8:2268-78.

Shen, Li C, Zhang X, Wang Y, Zhang H, Yu Z, et al. Gut microbiota linked to
hydrocephalus through inflammatory factors: a Mendelian randomization
study. Front Immunol. 2024;15:1372051.

Zhao M, Chu J, Feng S, Guo C, Xue B, He K; et al. Immunological mechanisms
of inflammatory diseases caused by gut microbiota dysbiosis: A review.
Biomed Pharmacother. 2023;164:114985.

JiD, ChenWZ, Zhang L, Zhang ZH, Chen LJ. Gut microbiota, Circulating cyto-
kines and dementia: a Mendelian randomization study. J Neuroinflammation.
2024;21:2.

Ma Z, Zhao H, Zhao M, Zhang J, Qu N. Gut microbiotas, inflammatory factors,
and mental-behavioral disorders: A Mendelian randomization study. J Affect
Disord. 2025;371:113-23.

LiC LiuZ Yang S, LiW, Liang B, Chen H, et al. Causal relationship between
gut microbiota, plasma metabolites, inflammatory cytokines and abdominal
aortic aneurysm: a Mendelian randomization study. Clin Exp Hypertens.
2024,46:2390419.

Zou H, Xu N, Xu H, Xing X, Chen Y, Wu S. Inflammatory cytokines May medi-
ate the causal relationship between gut microbiota and male infertility: a
bidirectional, mediating, multivariate Mendelian randomization study. Front
Endocrinol (Lausanne). 2024;15:1368334.

LiY,Wang X, Zhang Z, Shi L, Cheng L, Zhang X. Effect of the gut microbi-
ome, plasma metabolome, peripheral cells, and inflammatory cytokines on
obesity: a bidirectional two-sample Mendelian randomization study and
mediation analysis. Front Immunol. 2024;15:1348347.

Borodulin K, Tolonen H, Jousilahti P, Jula A, Juolevi A, Koskinen S, et al. Cohort
profile: the National FINRISK study. Int J Epidemiol. 2018;47:696-i696.
Borschel CS, Ortega-Alonso A, Havulinna AS, Jousilahti P, Salmi M, Jalkanen S,
et al. Inflammatory proteomics profiling for prediction of incident atrial fibril-
lation. Heart. 2023;109:1000-6.

Salosensaari A, Laitinen V, Havulinna AS, Meric G, Cheng S, Perola M, et al.
Taxonomic signatures of cause-specific mortality risk in human gut Microbi-
ome. Nat Commun. 2021;12:2671.

Marotz1 L, Schwartz T, Thompson L, Humphrey G, Gogul G, Gaffney J et al.
Earth Microbiome Project (EMP) high throughput (HTP) DNA extraction
protocol Forked from EMP DNA Extraction Protocol. 2018.

McDonald D, Jiang Y, Balaban M, Cantrell K, Zhu Q, Gonzalez A, et al. Green-
genes2 unifies microbial data in a single reference tree. Nat Biotechnol.
2024,42:715-8.

Huang R, Soneson C, Ernst FGM, Rue-Albrecht KC, Yu G, Hicks SC, et al.
TreeSummarizedExperiment: a 54 class for data with hierarchical structure
[version 2; peer review: 3 approved)]. F1000Res. 2021,9:2-43.

Caspi R, Billington R, Keseler IM, Kothari A, Krummenacker M, Midford PE,

et al. The metacyc database of metabolic pathways and enzymes - a 2019
update. Nucleic Acids Res. 2020;48:D455-453.

Beghini F, Mclver LJ, Blanco-Miguez A, Dubois L, Asnicar F, Maharjan S, et al.
Integrating taxonomic, functional, and strain-level profiling of diverse micro-
bial communities with biobakery 3. Elife. 2021;10:¢65088.

Ritchie SC, Wirtz P, Nath AP, Abraham G, Havulinna AS, Fearnley LG, et al. The
biomarker glyca is associated with chronic inflammation and predicts Long-
Term risk of severe infection. Cell Syst. 2015;1:293-301.


https://thl.fi/en/research-and-development/thl-biobank/for-researchers/application-process
https://thl.fi/en/research-and-development/thl-biobank/for-researchers/application-process
https://thl.fi/en/research-and-development/thl-biobank/for-researchers/application-process
https://zenodo.org/records/16793433

Diab et al. Gut Pathogens

23.

24,

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

(2025) 17:66

Santalahti K, Havulinna A, Maksimow M, Zeller T, Blankenberg S, Vehtari A, et
al. Plasma levels of hepatocyte growth factor and placental growth factor
predict mortality in a general population: a prospective cohort study. J Intern
Med. 2017;282:340-52.

Santalahti K, Maksimow M, Airola A, Pahikkala T, Hutri-Kdhonen N, Jalkanen
S, et al. Circulating cytokines predict the development of insulin resis-

tance in a prospective Finnish population cohort. J Clin Endocrinol Metab.
2016;101:3361-9.

Gottschalk PG, Dunn JR. The five-parameter logistic: a characterization and
comparison with the four-parameter logistic. Anal Biochem. 2005;343:54-65.
Borman T, Ernst F, Shetty S, Lahti L, mia. Microbiome analysis. R package ver-
sion 1.15.33. https://github.com/microbiome/mia. 2025.

McCarthy DJ, Campbell KR, Lun ATL, Wills QF. Scater: pre-processing, quality
control, normalization and visualization of single-cell RNA-seq data in R.
Bioinformatics. 2017;33:1179-86.

Lin H, Peddada S, Das. Analysis of compositions of microbiomes with bias
correction. Nat Commun. 2020;11:3514.

O'Grady NP, Tropea M, Preas HL, Reda D, Vandivier RW, Banks SM, et al.
Detection of macrophage inflammatory protein (MIP)-1a and MIP-3 during
experimental endotoxemia and human sepsis. J Infect Dis. 1999;179:136-41.
A F-A, KB FJM, RK M, RM MS. Macrophage inflammatory protein-1beta
(MIP-1beta) produced endogenously in brain during E. coli fever in rats. Eur J
Neurosci. 1996;8:424-8.

Mussabay K, Kozhakhmetov S, Dusmagambetov M, Mynzhanova A, Nur-
gaziyev M, Jarmukhanov Z, et al. Gut Microbiome and cytokine profiles in
Post-COVID syndrome. Viruses. 2024;16:722.

Chang TT, Chen JW. Direct CCL4 Inhibition modulates gut microbiota,
reduces Circulating trimethylamine N-Oxide, and improves glucose and
lipid metabolism in High-Fat-Diet-Induced diabetes mellitus. J Inflamm Res.
2021;14:6237-50.

Morales J, Homey B, Vicari AP, Hudak S, Oldham E, Hedrick J, et al. CTACK, a
skin-associated chemokine that preferentially attracts skin-homing memory T
cells. Proc Natl Acad Sci U S A. 1999,96:14470-5.

Chen S, Chen W, Wang X, Liu S. Mendelian randomization analyses support
causal relationships between gut Microbiome and longevity. J Trans| Med.
2024;22:1032.

Li M, Wang L, Peng ZY, Jiang L, Yan YW, Xia YF, et al. Causal associations of gut
microbiota species with lymphoma: A Two-Sample Mendelian randomization
study. Hematol Oncol. 2025;43:e70046.

GeY,Yang H, FuY, Zhou J, Cheng Z, Fan X, et al. A Mendelian randomization
study to reveal gut-disc axis: causal associations between gut microbiota
with intervertebral disc diseases. Eur Spine J. 2025;34:2052-65.

Ahn JS, Choi YJ, Kim HB, Chung HJ, Hong ST. Identification of the intestinal
microbes associated with locomotion. Int J Mol Sci. 2023;24:11392.
ChenY,Meng P, Cheng S, Jia Y, Wen Y, Yang X, et al. Assessing the effect of
interaction between C-reactive protein and gut Microbiome on the risks of
anxiety and depression. Mol Brain. 2021;14:133.

Brown EL, Essigmann HT, Hoffman KL, Petrosino J, Jun G, Brown SA, et al.
C-Reactive protein levels correlate with measures of dysglycemia and gut
Microbiome profiles. Curr Microbiol. 2024;81:45.

Claesson MJ, Jeffery IB, Conde S, Power SE, O'connor EM, Cusack S et al. Gut
microbiota composition correlates with diet and health in the elderly. Nature
2012 488:7410. 2012;488:178-84.

Engelhart MJ, Glowacki RWP, Till JM, Harding CV, Martens EC, Ahern PP.The
NQR complex regulates the Immunomodulatory function of bacteroides
Thetaiotaomicron. J Immunol. 2023;211:767-81.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 10 of 10

Qgita T, Yamamoto Y, Mikami A, Shigemori S, Sato T, Shimosato T. Oral admin-
istration of flavonifractor plautii strongly suppresses Th2 immune responses
in mice. Front Immunol. 2020;11:379.

Mikami A, Ogita T, Namai F, Shigemori S, Sato T, Shimosato T. Oral administra-
tion of flavonifractor plautii, a bacteria increased with green tea consump-
tion, promotes recovery from acute colitis in mice via suppression of IL-17.
Front Nutr. 2021;7:610946.

Mokkala K, Houttu N, Koivuniemi E, Serensen N, Nielsen HB, Laitinen K. GlycA,
a novel marker for low grade inflammation, reflects gut Microbiome diversity
and is more accurate than high sensitive CRP in reflecting metabolomic
profile. Metabolomics. 2020;16:76.

Moreira-Rosario A, Marques C, Pinheiro H, Aradjo JR, Ribeiro P, Rocha R, et

al. Gut microbiota diversity and C-Reactive protein are predictors of disease
severity in COVID-19 patients. Front Microbiol. 2021;12:705020.

Boncler M, Wu'Y, Watala C. The multiple faces of C-Reactive Protein—Physi-
ological and pathophysiological implications in cardiovascular disease.
Molecules. 2019;24:2062.

Hart PC, Rajab IM, Alebraheem M, Potempa LA. C-Reactive protein and Can-
cer—Diagnostic and therapeutic insights. Front Immunol. 2020;11:595835.
Bander Z, Al, Nitert MD, Mousa A, Naderpoor N. The gut microbiota and
inflammation: an overview. Int J Environ Res Public Health. 2020;17:7618.
Mann ER, Lam YK, Uhlig HH. Short-chain fatty acids: linking diet, the Microbi-
ome and immunity. Nat Rev Immunol. 2024;24:577-95.

Asemi Z, Zare Z, Shakeri H, Sabihi SS, Esmaillzadeh A. Effect of multispecies
probiotic supplements on metabolic profiles, hs-CRP, and oxidative stress in
patients with type 2 diabetes. Ann Nutr Metab. 2013;63:1-9.

Hegazy SK, El-Bedewy MM. Effect of probiotics on pro-inflammatory cyto-
kines and NF-kB activation in ulcerative colitis. World J Gastroenterology:
WIG. 2010;16:4145-51.

Zhang W, Zhang S, Zhao F, Du J, Wang Z. Causal relationship between gut
microbes and cardiovascular protein expression. Front Cell Infect Microbiol.
2022;12:1048519.

Cambier S, Gouwy M, Proost P. The chemokines CXCL8 and CXCL12: molecu-
lar and functional properties, role in disease and efforts towards Pharmaco-
logical intervention. Cell Mol Immunol. 2023;20:217-51.

Fusunyan RD, Quinn JJ, Ohno Y, MacDermott RP, Sanderson IR. Butyrate
enhances Interleukin (IL)-8 secretion by intestinal epithelial cells in response
to IL-1 and lipopolysaccharide. Pediatr Res. 1998;43:84-90.

Liu M, Guo S, Hibbert JM, Jain V, Singh N, Wilson NO, et al. CXCL10/IP-10 in
infectious diseases pathogenesis and potential therapeutic implications.
Cytokine Growth Factor Rev. 2011;22:121-30.

GuanY, Zhang Y, Zhu Y, Wang Y. CXCL10 as a shared specific marker in rheu-
matoid arthritis and inflammatory bowel disease and a clue involved in the
mechanism of intestinal flora in rheumatoid arthritis. Sci Rep. 2023;13:9754.
Poysti S, Silojérvi S, Brodnicki TC, Catterall T, Liu X, Mackin L, et al. Gut dysbio-
sis promotes islet-autoimmunity by increasing T-cell attraction in Islets via
CXCL10 chemokine. J Autoimmun. 2023;140:103090.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://github.com/microbiome/mia

	﻿Associations between gut microbiome and circulating cytokines: a cross-sectional analysis in the FINRISK 2002 population cohort
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study sample
	﻿Questionnaire and health examination
	﻿Microbiome sequencing from stool samples
	﻿Measurements of cytokines and CRP
	﻿Variable definitions
	﻿Statistical methods

	﻿Results
	﻿Alpha and beta diversity
	﻿Differential abundance analysis
	﻿Functional analysis

	﻿Discussion
	﻿Conclusions
	﻿References


