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Abstract

Background. Serum levels of C-reactive protein (CRP) and interleukin-6 (IL-6) have been
associated with anxiety and depression in cross-sectional and Mendelian randomisation stud-
ies, but results regarding the effect size and direction have been mixed. A recent Mendelian
Randomisation (MR) study suggested that CRP may decrease and IL-6 may increase anxiety
and depression symptoms.

Methods. Among 68769 participants of the population-based Trondelag Health Study
(HUNT), we performed cross-sectional observational and one-sample MR analyses of
serum CRP and two-sample MR analysis of serum IL-6. The main outcomes were symptoms
of anxiety and depression assessed using the Hospital Anxiety and Depression Scale (HADS)
and life satisfaction assessed using a seven-level ordinal questionnaire where higher scores
indicate lower life satisfaction.

Results. In cross-sectional observational analyses, a doubling in serum CRP level was asso-
ciated with 0.27% (95% CI —0.20 to 0.75) difference in HADS depression score (HADS-D),
—0.77% (95% CI —1.24 to —0.29) difference in HADS anxiety score (HADS-A) and
—0.10% (95% CI —0.41 to 0.21) difference in life satisfaction score. In one-sample MR ana-
lyses, a doubling in serum CRP was associated with 2.43% (95% CI —0.11 to 5.03) higher
HADS-D, 1.94% (95% CI —0.58 to 4.52) higher HADS-A, and 2.00% (95% CI 0.45 to
3.59) higher life satisfaction score. For IL-6, causal point estimates were in the opposite dir-
ection, but imprecise and far from conventional criteria for statistical significance.
Conclusions. Our results do not support a major causal role of serum CRP on anxiety and
depression symptoms and life satisfaction, but provides weak evidence that serum CRP
may modestly increase anxiety and depression symptoms and reduce life satisfaction. Our
findings do not support the recent suggestion that serum CRP may lower anxiety and depres-
sion symptoms.

Introduction

Depression and anxiety are common contributors to population ill health. Clinical depression
and anxiety disorders are responsible for an estimated 8.8% of the total years lived with dis-
ability globally (Global Burden of Disease Collaborative Network, 2019). Prevention of depres-
sion and anxiety requires sound knowledge about their aetiology. Elevated serum levels of
C-reactive protein (CRP) and the biologically linked interleukin-6 (IL-6), as seen in low-grade
inflammation, are among the many proposed causes, and observational studies have reported
higher serum CRP levels among people with depression (Gimeno et al., 2009; Howren,
Lamkin, & Suls, 2009; Miller & Raison, 2016; Osimo, Baxter, Lewis, Jones, & Khandaker,
2019) and anxiety (Michopoulos, Powers, Gillespie, Ressler, & Jovanovic, 2017; Pitsavos
et al,, 2006; Vogelzangs, Beekman, de Jonge, & Penninx, 2013). However, it is uncertain
whether these associations reflect causal effects of serum CRP, causality in the reverse direction
(i.e. depression and anxiety causing increased serum CRP levels), or confounding due to com-
mon causes of elevated serum CRP and anxiety and depression.

Mendelian Randomisation (MR) may resolve the causal nature of these associations, by
using genetically determined variation in serum CRP and serum IL-6 levels as instrumental
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variables to inform about their causal effects, while avoiding con-
founding and reverse causation bias (Haycock et al, 2016).
However, MR studies have yielded inconsistent evidence, suggest-
ing that higher genetically predicted serum CRP levels may either
increase (Khandaker et al, 2020) or have no effect (Kim
Wium-Andersen, Dynnes Orsted, & Grenne Nordestgaard,
2014) on the risk of depression. In apparent contrast to those
results, a recent MR study in the UK Biobank population by Ye
et al,, yielded evidence that serum CRP may reduce, whereas
serum IL-6 may increase anxiety and depression symptoms
(Ye et al., 2021). However, UK Biobank has a participation rate
of only 5.5% (Fry et al.,, 2017), and is therefore prone to collider
bias (Munafo, Tilling, Taylor, Evans, & Davey Smith, 2017). We
aimed to investigate the effects of serum CRP and serum IL-6
on anxiety and depression symptoms and life satisfaction by
using MR analyses in a study population less prone to collider
bias, the population-based Trendelag Health Study (HUNT) in
Norway with 54% (HUNTS3, 2006-08) to 69% (HUNT2, 1995-97)
participation rates (Krokstad et al., 2013).

Method
Study design and study population

Using data from the HUNT Study, we estimated the cross-
sectional associations of serum CRP with symptoms of depression
and anxiety and life satisfaction and performed one-sample MR
analyses to estimate the causal effects of serum CRP levels on
these mental health outcomes. We used a two-sample MR
approach to examine the corresponding causal effects of serum
IL-6. For details about the HUNT study and its variables, see sup-
plementary data, section ‘1. The HUNT study and variables’.

For our main analyses, we used similar genetic instruments for
serum CRP as applied by Hartwig et al., in 2017 (Hartwig, Borges,
Horta, Bowden, & Davey Smith, 2017). This included two instru-
ments: ‘CRP-conservative’ contains single nucleotide polymorph-
isms (SNPs) in the CRP gene that showed strong associations with
serum CRP levels in a meta-analysis of 194418 individuals
(Wensley et al., 2011). ‘CRP-liberal’ includes all other SNPs that
were genome-wide significantly associated with serum CRP levels
in a meta-analysis of 80000 participants of European descent
(Dehghan et al, 2011). We included the ‘CRP-conservative’
SNPs in our ‘CRP-liberal’ instrument. We put most emphasis on
the results using the conservative instrument, as the restriction to
the CRP gene makes horizontal pleiotropy less likely. The advan-
tage of the liberal instrument is that the higher number of variants
across the genome may increase statistical power, though at the cost
of higher possibility of horizontal pleiotropy. As instruments for
serum IL-6 levels we selected 3 SNPs within 55kb of the IL6R
gene that have been used in a recent MR study (Ye et al,, 2021),
originating from a 2012 genetic association study (Swerdlow
et al,, 2012) where HUNT was not a part of the meta-analysis.

As part of the sensitivity analyses, we conducted one-sample MR
with an alternative CRP-instrument (denoted as ‘CRP-sensitivity’).
This instrument has recently been used in several MR studies
(Georgakis et al, 2020; Kappelmann et al,, 2021; Ye et al., 2021)
and contains 24 SNPs in the CRP region, based on a GWAS by
Ligthart et al. (Ligthart et al. 2018). For more details about SNPs
and genetic instruments, see supplementary data, section 2.
Genetic instruments’.

Among 78962 participants in HUNT2 or HUNT3, we
excluded 9751 participants without genotype information and
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442 participants with no information on either serum CRP,
Hospital Anxiety and Depression Scale (HADS) or life satisfac-
tion, leaving 68769 participants of European decent for the
MR-analysis. However, since we calculated SNP-exposure and
SNP-outcome associations separately the population size differs
for each phenotype according to how many missing values
there were for that particular phenotype, see the ‘n exposure’
and ‘n outcome’ column in online Supplementary Figs S3-S6.
In the cross-sectional analysis, we required that all variables and
covariates for each individual were collected at the same time
point. Therefore we additionally excluded 29 935 participants
that did not have data on serum CRP, HADS, life satisfaction,
BMI, diabetes, alcohol use, cardiovascular disease and smoking
status from the same survey (HUNT2 or HUNTS3), leaving 38
834 participants for analysis.

Statistical methods

HADS and life satisfaction scores were natural log transformed
due to skewed distributions, and serum CRP was log transformed
with base 2 so that all outcomes are reported per doubling in CRP.
We added 0.1 to all serum CRP values and 1 to all HADS values
before transformation to avoid log(0) values. For participants with
data from both HUNT2 and HUNT3 we used the earliest meas-
urement, as these measurements were likely less influenced by
confounding factors occurring more commonly in older age.

To estimate the cross-sectional associations of the measured
serum CRP levels with HADS and life satisfaction, we used multi-
variable linear regression to estimate the percentage difference in
HADS and life satisfaction scores per doubling in serum CRP, and
used logistic regression to estimate the odds ratio (OR) of elevated
HADS-A or HADS-D per doubling in serum CRP. We adjusted
for age, sex, BMI, alcohol use, cardiovascular disease, smoking
status and diabetes.

For the one-sample MR analysis we estimated the SNP-CRP
and SNP-outcome associations using individual-level HUNT
information on genotypes, serum CRP and HADS/life satisfac-
tion. To account for relatedness in the HUNT population, we
used a linear mixed effects model, with BOLT-LMM software
(Loh et al,, 2015), to control for sex, birth year, genotyping
batch and the first 4 genetic principal components. The output
from BOLT-LMM represents the linear relationship between dos-
age of the individual SNP and the phenotype. Since the outcome-
scores were log transformed, we converted the beta estimate to
percentage change by the following formula:

Percentage change = 100 x (ef — 1)

For the binary phenotypes we used the following formula from
the BOLM-LMM User manual to approximate the log (OR):
logOR = B/(m x (1 — w)), where u = case fraction

The standard errors for the log (OR) were approximated by the
following formula:

SElog(or) = SEpeta/ (1 X (1 — )

For the one-sample MR we used the SNP-exposure and
SNP-outcome associations from the BOLT-LMM software and
calculated inverse variance weighted (IVW) MR estimates using
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the “TwoSampleMR’ package (Hemani et al., 2018) version 0.5.6,
combined with the ‘MendelianRandomisation’ package (Olena
Yavorska, 2021) version 0.5.1, which allowed us to account for
linkage disequilibrium between the SNPs.

For the two-sample MR analyses we used SNP-IL-6 associa-
tions as reported in Ye et al. (Ye et al. 2021), and SNP-outcome
associations from the BOLT-LMM analysis using individual geno-
type and outcome information from HUNT. In the same manner
as for the one-sample MR we combined the ‘TwoSampleMR’
package (Hemani et al, 2018) and the
‘MendelianRandomisation’ package (Olena Yavorska, 2021) to
obtain IVW MR estimates accounting for linkage disequilibrium.

Except for the mixed effect model analysis, all statistical ana-
lyses were performed in R (R Core Team, 2021) version 4.0.5.
Mixed effect model analysis was performed with the
BOLT-LMM software (Loh et al., 2015) (version 2.3.4).

Assessment of MR assumptions and other sensitivity analyses

MR builds on three main assumptions: (1) the relevance assump-
tion that the genetic instrument is associated with the exposure;
(2) the exclusion restriction assumption that there should be no
other mechanism in which the SNP affects the outcome other
than through the exposure (a violation of which would cause hori-
zontal pleiotropy), and (3) the independence assumption that the
SNP should be independent from any confounder of the
exposure-outcome association. To evaluate the plausibility of
these assumptions we used several different methods including cal-
culation of F-statistics and R?, Phenoscanner, regression analyses
between SNPs and possible confounders, Cochran Q-statistic, MR
Egger, median weighted MR, weighted mode MR and MR with
an alternative genetic instrument. For details on how this was con-
ducted, see supplementary data, section ‘3. Method for assessment
of MR assumptions and other sensitivity analyses’.

Results
Descriptive data

The characteristics of the study population are described in
Table 1.

Cross-sectional analysis

Adjusted for age, sex, BMI, alcohol use, cardiovascular disease,
smoking status and diabetes, each doubling in serum CRP was
associated with —0.14% difference in HADS-T (95% CI —0.64
to 0.37, p value: 0.599), 0.27% difference in HADS-D (95% CI
—0.20 to 0.75; p value: 0.260) and —0.77% difference in
HADS-A (95% CI —124 to —0.29; p value: 0.002) (Fig. 1).
For binary outcomes, each doubling in serum CRP was associated
with an OR of 1.03 (95% CI 0.996 to 1.06; p value: 0.085) for
HADS-D > 8 and an OR of 0.996 (95% CI 0.97 to 1.02, p value:
0.701) for HADS-A >8 (Fig. 2). There was a difference of
—0.10% in life satisfaction score per doubling in CRP (95% CI
—0.41 to 0.21; p value: 0.523) (Fig. 1).

One-sample MR analysis of CRP serum levels

In one-sample MR analysis using the conservative genetic instrument
for CRP, each doubling in genetically predicted serum CRP was asso-
ciated with 2.63% (95% CI —0.02 to 5.35, p value: 0.051) higher
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Table 1. Characteristics of study populations

Observational
population
(n=38834)

MR population

Characteristics (n=68769)

Birthyear, median (IQR) 1951 (1937-1965) 1953 (1942-1964)

Sex, % males 47.0 45.3
BMI (kg/m"z), mean (s.pn.) 26.4 (4.2) 27.0 (4.3)
Diabetes, % 3.0 4.0
History of stroke, % 1.8 2.3
History of myocardial infarction, % 2.7 3.0
Current smokers, % 29.0 24.4
Total alcohol units per week, 1 (0-3) 2 (1-3)
median (IQR)

CRP, median (IQR) mg/L 1.2 (0.6-2.7) 1.2 (0.5-2.6)
HADS-anxiety score > 8, % 15.5 14.4
HADS-anxiety score, median (IQR) 4 (2-6) 3 (2-6)
HADS-depression score > 8, % 10.4 9.4
HADS-depression score, median 3 (1-5) 3 (1-5)
(IQR)

Total HADS score, median (IQR) 6.5 (3.2-10.8) 6 (3-10)
Life satisfaction score, median 3 (2-3) 2 (2-3)
(IQR)

Missing information on CRP, n 17423 0
Missing information on HADS-A, n 5394 0
Missing information on HADS-D, n 4716 0
Missing information on total 5408 0
HADS, n

Missing information on life 417 0

satisfaction, n

IQR, interquartile range; s.o., standard deviation; n, number.

HADS-T score, 2.43% (95% CI —0.11 to 5.03, p value: 0.061) higher
HADS-D score, 1.94% (95% CI —0.58 to 4.52, p value: 0.132)
higher HADS-A score, and 2.00% (95% CI 0.45-3.59, p value:
0.011) higher life satisfaction score. The associations were in the
same direction, but weaker for the liberal instrument (Fig. 3). A doub-
ling in genetically predicted serum CRP gave an OR of 0.94 (95% CI
0.82-1.08, p value: 0.392) for HADS-D > 8, and 1.03 (95% CI 0.92-
1.15, p value: 0.591) for HADS-A > 8 (Fig. 4).

Two-sample MR analysis of IL-6 serum levels

Genetically predicted higher serum IL-6 were associated with
slightly lower HADS-T, HADS-D, HADS-A and life satisfaction
scores, but all estimates were hampered by large imprecision
(Fig. 5). For clinical depression and anxiety, signs of an inverse
association were only seen for depression (Fig. 6); however, no
association with IL-6 reached conventional criteria for statistical
significance.

Assessment of assumptions

Relevance assumption
F-statistics for the SNP-exposure associations were >214 for all
SNPs included in the conservative CRP instrument, >10 for 14
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Exposure  Outcome Estimate(Percentchange) 95% Cl(minmax) P-value n

CRP HADS-A e -0.767 -1.244 ,-0.288 0.001729 38834
CRP HADS-D f——— 0.274 -0.203,0.754 0.260491 38834
CRP HADS-T e -0.135 -0.635,0.368 0.598565 38834
CRP Life satisfaction = -0.101 -0.41,0.209 0.522679 38834

T T T T
05 ] (1]

-1
Percent change in outcome per doubling in CRP

1
1

Figure 1. Results from cross-sectional analysis with continuous outcomes. Adjusted for age, sex, BMI, alcohol use, cardiovascular disease, smoking status and
diabetes. CRP, C-reactive protein; HADS, hospital anxiety and depression scale; HADS-A, HADS-anxiety score; HADS-D, HADS-depression score; HADS-T, total

HADS score; 95% Cl, 95% confidence interval; n, number of participants.

Exposure Outcome Odds ratio 95% Cl(min,max) P-value n
CRP Anxiety (HADS-A=8) a—i 0.996 0.974,1.018 0.701 38834
CRP Depression (HADS-D=z8) —=—i 1.026 0.996 ,1.055 0.085 38834

080

090 10 11
Odds ratio per doubling in CRP

12

Figure 2. Results from cross-sectional analysis with binary outcomes. Adjusted for age, sex, BMI, alcohol use, cardiovascular disease, smoking status and diabetes.
CRP, C-reactive protein; HADS, hospital anxiety and depression scale; HADS-A, HADS-anxiety score; HADS-D, HADS-depression score; HADS-T, total HADS score; 95%

Cl, 95% confidence interval; n, number of participants.

of the 18 SNPs additionally included in the liberal CRP instru-
ment, and >22 for all SNPs used in the IL-6 instrument (online
Supplementary Tables S5-S7). This indicates that 4 of the SNPs
in the liberal instrument were too weak, which in a one-sample
setting would bias the MR estimate towards the cross-sectional
estimate (Davies, Holmes, & Davey Smith, 2018).

To investigate this further, we ran linear regression with the
allele count for the conservative and the liberal CRP-instrument.
This yielded an adjusted R*> of 0.019 for the conservative and
0.038 for the liberal instrument. The F-statistics were 989.9 and
2025.2 respectively (online Supplementary Table S8). This indicates
that even if some SNPs may be too weak, the general strength of the
liberal instrument is satisfactory and the risk for weak instrument
bias is small.

Exclusion restriction assumption and independence assumption
Using the R-package Phenoscanner (Kamat et al.,, 2019; Staley
et al,, 2016) to search through the NHGRI-EBI GWAS-catalog
(Buniello et al., 2019), we found no genome-wide significant asso-
ciations between the four SNPs in the conservative CRP instru-
ment and other phenotypes than CRP (online Supplementary
Table S9). However, many of the 18 additional SNPs in the liberal
CRP instrument were associated with traits that could be potential
confounders or pleiotropic factors, in particular CVD and CVD
risk factors (online Supplementary Table S10). Among SNPs
used in the instrument for IL-6, we found a few associations
with potential confounders such as CVD, eczema and rheumatoid
arthritis (online Supplementary Table S11). These associations
may reflect that IL-6 may increase the risk of these diseases,
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which would not imply a violation of the independence assump-
tion. Analyses within the HUNT study population showed no
strong associations between the allele scores for the genetic instru-
ments for CRP and the potential pleiotropic factors such as BMI,
smoking status, or a history of myocardial infarction, heart failure
or rheumatoid arthritis (online Supplementary Tables S12 and
S$13). For the IL-6 instrument there were no statistically significant
associations between allele score and likely confounders or pleio-
tropic factors (online Supplementary Table S14).

The MR-Egger, weighted median MR and weighted mode MR
analyses were quite consistent with the IVW analysis in that they
did not point to large effects of serum CRP on the outcomes
(online Supplementary Figs S1 and S2). The MR Egger test (plei-
otropy p value) did not indicate any large directional pleiotropy.
The Q-statistics for the conservative and liberal CRP instruments
(online Supplementary Figs S3 and S4) indicated no strong het-
erogeneity, except for the liberal CRP instrument with HADS-D
as outcome, with a Q-statistic of 39.48 ( p value 0.009) suggesting
a violation of the exclusion restriction assumption. Since there
only were three SNPs in the IL-6 instrument, we did not run
MR-Egger, weighted median or weighted mode MR for IL-6.
The Q-statistics for the IL-6 SNPs were relatively small, all
below 5 with p values>0.120, suggesting little heterogeneity
(Figs 5 and 6).

Sensitivity analysis

The results from IVW MR using the alternative genetic instru-
ment from Ligthart et al. (Ligthart et al. 2018) combined with
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Exposure Number of SNPs Qutcome Estimate(Percent change) 95% Cl(min,max) P-value Q-statistics P-Qstat nexposure n outcome
CRP-lib 22 HADS-A t — { 048 -1.01,2.00 0.528 17.99 0.650 51348 63377
CRP-con 4 HADS-A k - 1 1.94 -0.58 , 4.52 0.132 Al 0.774 51348 63377
CRP-ib 22 HADS-D I — { 0.73 -1.33,283 0.490 39.48 0.009 51348 64055
CRP-con 4 HADS-D [ - | 243 -0.11,5.03 0.061 0.55 0908 51348 64055
CRP-lib 22 HADS-T e 0.69 -0.87.2.28 0.389 18.11 0.642 51348 63363
CRP-con 4 HADS-T I | 2563 -0.02,5.35 0.051 0.14 0.987 51348 63363
CRP-lib 22 Life satisfaction —e—q 0.53 -0.53.1.61 0.328 27.92 0.142 51348 68354
CRP-con 4 Life satisfaction | 2.00 045,359 0.011 2.12 0.547 51348 68354

r T T T T T 1

-1 o 1 2 3 4 5
Percent change in outcome per doubling in CRP

Figure 3. Results from one-sample MR with continuous outcomes. CRP, C-reactive protein; CRP-lib, CRP-liberal genetic instrument; CRP-con, CRP-conservative gen-
etic instrument; SNP, single nucleotide polymorphism; HADS, hospital anxiety and depression scale; HADS-A, HADS-anxiety score; HADS-D, HADS-depression score;
HADS-T, total HADS score; 95% Cl, 95% confidence interval; p-Qstat, p value for Q-statistic; n exposure, number of participants in SNP-exposure analysis; n out-

come, number of participants in SNP-outcome analysis.

Exposure Number of SNPs Outcome

Odds ratio 95% Cl(min,max) P-value Q-Statistic P-Qstat nexposure noutcome

CRP-lib 22 Anxiety (HADS-A28) ——
CRP-con 4 Anxiety (HADS-A28) e
CRP-lib 22 Depression (HADS-D28) ey
CRP-con 4 Depression (HADS-Dz8) | - i

0.99 0.93, 1.06 0.805 14.24 0.859 51348 63377
1.03 0.92,1.15 0.591 2.74 0.433 51348 63377
0.99 0.91,1.09 0.909 2660  0.185 51348 64055
0.94 0.82,1.08 0.392 0.32 0.956 51348 64055

r T T T

090 1.0 1.1
Odds ratio per doubling in CRP

12

Figure 4. Results from one-sample MR with binary outcomes. CRP, C-reactive protein; CRP-lib, CRP-liberal genetic instrument; CRP-con, CRP-conservative genetic
instrument; SNP, single nucleotide polymorphism; HADS, hospital anxiety and depression scale; HADS-A, HADS-anxiety score; HADS-D, HADS-depression score; 95%
Cl, 95% confidence interval; p-Qstat, p value for Q-statistic; n exposure, number of participants in SNP-exposure analysis; n outcome, number of participants in

SNP-outcome analysis.

the CRP-conservative instrument were consistent with the main
results (online Supplementary Figs S3 and S4). The Q-statistics
for this instrument showed no strong signs of heterogeneity and
MR-Egger did not indicate any problems with pleiotropy with
all pleiotropy p values above 0.05 (online Supplementary Figs
S5 and S6). However, with F-statistics below 10 for 5 of the 26
SNPs and an overall F-statistic for the entire instrument of 723,
this instrument was weaker than the CRP liberal instrument in
HUNT (online Supplementary Tables S15 and S16).

Discussion
Key results

We observed weak cross-sectional associations where each doub-
ling in serum CRP was associated with approximately 0.3% higher

https://doi.org/10.1017/50033291723001290 Published online by Cambridge University Press

HADS-D score and —0.1% difference in life satisfaction score
(where lower scores indicate higher life satisfaction), but —0.8%
difference in HADS-A score. Only the association with
HADS-A reached conventional criteria for statistical significance.
MR analyses provided some evidence that serum CRP may mod-
estly increase anxiety and depression symptoms and reduce life
satisfaction, with ~2% higher scores per doubling in serum
CRP, but only the association with life satisfaction reached
conventional criteria for statistical significance. For IL-6, causal
estimates were in the opposite direction, but imprecise and far
from conventional criteria for statistical significance.

Limitations

Our sensitivity analyses indicate that the core MR assumptions are
held for the conservative CRP instrument, whereas associations to
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Exposure Number of SNPs Outcome Estimate(Percent change) 95% Cl{min,max) P-value Q-statistics P-Qstat nexposure noulcome
IL-6 3 HADS-A , - i -3.89 -11.77,4.70 0.364 167 0.435 4462104479 63377
IL-6 3 HADS-D I - ! -2.74 -10.75,5.99 0527 4.24 0.120 4462104479 64055
IL-6 3 HADS-T t | -4.49 -12.67,4.45 0314 2,63 0.268 4462104479 63363
IL-6 3 Life satisfaction A | 0.43 -5.54 ,4.95 0.872 2.56 0278 4462104479 68354

<14 -12 -10 8 6 -4 -2 0 2 4 L] 8
Percent change in outcome per unit (In{pg/mL)) increase in Interleukin-6

Figure 5. Results from two-sample MR with continuous outcomes. CRP, C-reactive protein; IL-6, interleukin-6; SNP, single nucleotide polymorphism; HADS, hospital
anxiety and depression scale; HADS-A, HADS-anxiety score; HADS-D, HADS-depression score; HADS-T, total HADS score; 95% Cl, 95% confidence interval; p-Qstat,
p value for Q-statistic; n exposure, number of participants in SNP-exposure analysis; n outcome, number of participants in SNP-outcome analysis.

Exposure Number of SNPs Cutcome Odds ratio 95% Cl(min,max) P-value Q-statistics P-Qstat nexposure noutcome
IL-6 3 Anxiety (HADS-A=B) | S | 0.98 067,143 0.922 1.16 0559 4462104479 63377
IL-6 3 Depression (HADS-D=8) e | 0.67 042,107 0.091 4.13 0127 4462104479 64055
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Odds ratio per unit (In(pg/ml)) increase in IL-6

Figure 6. Results from two-sample MR with binary outcomes. CRP, C-reactive protein; IL-6, interleukin-6; SNP, single nucleotide polymorphism; HADS, hospital
anxiety and depression scale; HADS-A, HADS anxiety score; HADS-D, HADS depression score; 95% Cl, 95% confidence interval; p-Qstat, p value for Q-statistic;
n exposure, number of participants in SNP-exposure analysis; n outcome, number of participants in SNP-outcome analysis.

possible confounders and signs of heterogeneity suggest that the
estimates for the liberal CRP instrument should be interpreted
with more caution. Applying a different set of SNPs from a recent
GWAS (Ligthart et al, 2018), the CRP-sensitivity instrument
revealed results consistent with the liberal CRP instrument. This
instrument showed no signs of heterogeneity or pleiotropy, but
had weaker F-statistics and R* than the CRP liberal instrument.
Weak instrument bias could potentially bias the estimates for the
CRP liberal and CRP sensitivity instruments towards the cross-
sectional estimate (Davies et al., 2018). Future studies could use a
two-sample design to avoid this, but also to gain more statistical
power to precisely estimate weak causal estimates like those we
observed. Another limitation of this study is that the measurement
of life satisfaction only included a single question, making it diffi-
cult to evaluate what aspects of life satisfaction were captured.

Interpretations

CRP has been suggested to influence mental health in previous
studies. Even though CRP does not pass the blood brain barrier
freely, CRP could affect the central nervous system via passage
through leaky regions, active uptake, activation of endothelial
cells and immunity cells or binding to receptors on peripheral
nerves (Felger et al., 2020). Our findings, however, do not support
a major causal role of serum CRP as a determinant of anxiety and
depression symptoms and life satisfaction. Nonetheless, our MR
analyses provide weak evidence that serum CRP may modestly
increase anxiety and depression symptoms and lower life satisfac-
tion, which would be in agreement with conventional observa-
tional studies showing serum CRP to be elevated in a quarter of
patience with depression (Osimo et al., 2019) and serum CRP
to be elevated in subgroups of patients with anxiety disorders
(Vogelzangs et al., 2013). Also, such a causal effect would be in
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agreement with the hypothesis that inflammation may increase
sickness behaviour and fatigue which again would affect mental
health (Miller & Raison, 2016).

Among MR studies, Khandaker et al. (Khandaker et al. 2020)
found increased risk of lifetime major depression at higher genet-
ically predicted levels of serum CRP and IL-6 in UK Biobank. In
contrast, Kappelman et al. (Kappelmann et al. 2021) and Wium
Andersen et al. (Kim Wium-Andersen et al. 2014) found no effect
of serum CRP on depression, whereas Perry et al. (Perry et al.
2021) found no effect of serum CRP, but evidence of an effect
of higher serum IL-6 on depression. In opposite direction of
our findings, evidence from the recent UK Biobank MR study
by Ye et al. (Ye et al. 2021) suggested that serum CRP may
lower, while serum IL-6 may increase anxiety and depression
symptoms. The reasons for the discrepancy between our results
and those of Ye et al., are not known, but the low participation
rate in UK Biobank could give rise to collider bias (Munafo
et al, 2017). Ye et al, comprehensively evaluated the risk for
potential collider bias with inverse probability weighting techni-
ques and found no evidence of bias. However, the ability of
such analyses to detect and correct for selection bias depends
on how accurately the probability of selection can be modelled
(Gkatzionis & Burgess, 2019). We also note that Ye et al., assessed
symptoms using the Patient Health Questionnaire (PHQ-9) and
the Generalised Anxiety Disorder (GAD-7) Questionnaire,
whereas we used HADS-D and HADS-A. PHQ-9 assesses 9
symptoms from the Diagnostic and Statistical Manual of Mental
Disorders (DSM-1V) criteria for depression, while GAD-7 asseses
7 symptoms related to general anxiety disorder based on the
DSM-1V criteria (Spitzer, Kroenke, Williams, & Loéwe, 2006).
One important difference between these questionaires and
HADS, is that HADS does not meassure somatic symptoms of
depression and anxiety such as dizziness, headaches, insomnia
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and fatigue. HADS also excludes symptoms related to serious
mental disorders (Bjelland, Dahl, Haug, & Neckelmann, 2002).
However, studies show that HADS-D and HADS-A are compar-
able with PHQ-9 and GAD-7 in their psychometric properties
(Esser et al., 2018; Hansson, Chotai, Nordstom, & Bodlund,
2009). Hence, comparing our results from HADS with PHQ-9
and GAD-7 is sensible.

Generalisability

Our study is based on a Norwegian population from Trendelag
County with low ethnic diversity. However, it seems unlikely
that serum CRP and serum IL-6 should have major different
effects on anxiety and depression symptoms in this group com-
pared with other populations.

Conclusion

In conclusion our findings do not support a major causal role of
serum CRP on anxiety and depression symptoms and life satisfac-
tion, but provide weak evidence that serum CRP may modestly
decrease life satisfaction and increase anxiety and depression
symptoms. For IL-6, causal estimates were in the opposite direc-
tion, but impresise and therefore inconclusive. Our results do not
support the recent suggestion that serum CRP may lower anxiety
and depression symptoms.
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