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Background: Chronic and acute inflammation of the mucosa-associated
lymphoid tissue have been positively linked to the development of psychiatric
disorders in observational studies. However, it remains unclear whether this
association is causal. In the present study, we investigated this association, using
as proxies genetically predicted tonsillectomy, appendectomy and appendicitis
on psychiatric disorders including major depressive disorder (MDD),
schizophrenia (SCZ), bipolar depression (BD) and anxiety (ANX) via a two-
sample Mendelian randomization (MR) analysis.

Methods: Genetic association summary statistics for tonsillectomy, appendectomy
and appendicitis were sourced from FinnGen Consortium, comprising data from
342,000 participants. Genetic correlations between all exposures and outcome were
calculated with Linkage Disequilibrium Score (LDSC) Regression analysis. MR estimates
were then calculated to assess their impact on the risk of developing psychiatric
disorders. Sensitivity analysis was employed to test for any directional pleiotropy.

Results: Our results suggest that there is no direct causal association between
tonsillectomy, appendectomy or appendicitis with a heightened risk for
development of psychiatric disorders. The robustness of the results of the
main MR analysis was further confirmed with additional sensitivity analyses.
However, a moderate inverse genetic correlation was observed between
tonsillectomy and MDD traits (rg=-0.39, p-value (P)=7.5x1075).

Conclusion: Our findings provide, for the first time, evidence that there is no
causal association between tonsillectomy or appendectomy on subsequent
vulnerability of developing psychiatric disorders. Future studies using larger
sample size GWAS should focus on unraveling the confounding factors and
mediators to investigate this relationship further.

KEYWORDS

tonsillectomy, appendectomy, appendicitis, mucosa-associated lymphoid tissue
inflammation, psychiatric disorders, Mendelian randomization

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpsyt.2024.1379922/full
https://www.frontiersin.org/articles/10.3389/fpsyt.2024.1379922/full
https://www.frontiersin.org/articles/10.3389/fpsyt.2024.1379922/full
https://www.frontiersin.org/articles/10.3389/fpsyt.2024.1379922/full
https://www.frontiersin.org/articles/10.3389/fpsyt.2024.1379922/full
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2024.1379922&domain=pdf&date_stamp=2024-04-29
mailto:Andreas.chatzittofis@umu.se
https://doi.org/10.3389/fpsyt.2024.1379922
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2024.1379922
https://www.frontiersin.org/journals/psychiatry

Georgiou et al.

1 Introduction

Chronic inflammation is hypothesized to be an underlying
pathophysiological risk factor for the development of psychiatric
disorders, including, anxiety (ANX), major depressive disorder
(MDD) and schizophrenia (SCZ) (1, 2). There are several
indications for an association between inflammation and
increased susceptibility for the development of psychiatric
disorders (3). Through activation of microglia and astrocytes,
inflammation is moderated by the immune system through a
number of inflammation-related factors including cytokines (4).
These neuroinflammatory processes are believed to disrupt
neurotransmitter signaling, synaptic plasticity, and neuronal
function, thereby contributing to the pathogenesis of disorders
such as obsessive-compulsive disorder (OCD), MDD and SCZ
(5-8). Brain structure and function alternations have also been
reported in individuals with chronic inflammation and psychiatric
disorders, suggesting a neural basis related to inflammation for the
observed behavioral and affective symptoms (9, 10). A meta-
analysis showed that drugs targeting cytokines treated psychiatric
disorders in a subset of patients with chronic inflammation (11).
However, studies investigating the anti-inflammatory effects of
psychotropic drugs had inconsistent findings (4, 12).

Mendelian randomization (MR) has gained attention as a robust
method to infer causal association while addressing some of the
inherent limitations of observational studies. This methodology can
be utilized to investigate the association between outcomes of chronic
and acute inflammation with the propensity of developing psychiatric
disorders. Tonsillectomy and acute appendicitis are used, respectively,
as proxies for chronic and acute inflammation within the mucosa-
associated lymphoid tissue (13). A number of studies examined the
relationship of both tonsillectomy and acute appendicitis with the risk
for developing psychiatric diseases. For example, a Swedish population-
based cohort study indicated that individuals exposed to childhood
appendectomy had an increased relative risk of developing mood and
anxiety disorders, while this association was not observed in individuals
with conservatively-treated childhood appendicitis leaving the
appendix intact (14). Streptococcus is considered amongst the most
common bacterial infections causing tonsillitis (15); however,
tonsillectomy has not been reported to successfully prevent the
development of pediatric autoimmune neuropsychiatric disorders
associated with streptococcal infection (PANDAS) (16, 17).
Therefore, the positive association between tonsillectomy and the
development of PANDAS that has been reported in case studies
might in fact be influenced by the use of postoperative medication,
and is currently not supported by the results of larger-scale studies (18).

Importantly, Isung et al., 2019, investigated a Swedish cohort,
including 210,686 individuals exposed to tonsillectomy, 86,928
individuals exposed to acute appendectomy, 317,214 clusters of
siblings discordant for tonsillectomy, and 160,079 sibling clusters
discordant for appendectomy. Their findings indicated that
persistent inflammation of mucosa-associated lymphoid tissue is
associated with an increased risk for the development of psychiatric
disorders. OCD, Tourette Disorder, autism spectrum disorder,
attention-deficit/hyperactivity disorder, bipolar disorder, major
depression disorder and other mood disorders, generalized
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anxiety disorder, social anxiety disorder, agoraphobia and
substance use disorders were associated with tonsillectomy, The
same disorders with the addition of anorexia nervosa but not autism
spectrum disorder nor agoraphobia were associated with acute
appendicitis (13). Possible mechanisms might include an increase
in pro-inflammatory cytokines by innate immune cells in response
to the resulting tonsillitis and appendicitis. In turn, cytokines act
within the brain to induce symptoms ranging from impaired
attention and irritability to anhedonia and disturbed sleep
patterns (19, 20).

Observational studies have their limitations such as the
influence of confounding factors such as age, gender, and
antibiotic exposure. Mendelian randomization has gained
attention as a robust approach for inferring causality. It achieves
this by utilizing genetic variants as instrumental variables for the
exposure under investigation. These genetic variants are
characterized by random allocation of alleles, ensuring they are
not influenced by reverse causation and possible confounders (21).
The aim of the present study was to perform a two-sample MR
analysis to investigate the exact association between genetically
predicted tonsillectomy, appendicitis and appendectomy with the
risk of developing depressive disorder, schizophrenia, bipolar
depression and anxiety.

2 Materials and methods

We conducted a two-sample MR study to investigate the causal
relationship between two risk factors (tonsillectomy, appendectomy
and appendicitis (yes vs no)) and psychiatric disorders (i.e., major
depressive disorder (MDD), schizophrenia (SCZ), bipolar
depression (BD) and anxiety (ANX). SNPs associated with the
two risk factors were utilized as the instrumental variables
(IVs) (Figure 1).

2.1 Data source and election of IVs

We used summary-level data for tonsillectomy and appendicitis
from the FinnGen GWAS Consortium release 8 (R8). Summary
association estimates for genome widely associated SNPs (p-value
(P)<5 x 10°®) were obtained in up to 24,544 cases and 317,955
controls for tonsillectomy, up to 23,191 cases and 319,308 controls
for appendectomy and in up to 27,523 cases and 314,763 controls
for appendicitis (22). To retain the independent IVs, SNPs were
clumped and discarded at linkage disequilibrium r* < 0.001 within a
10,000 kb window, which was based on European ancestry
reference data from the 1000 Genomes Project.

Genetic association summary statistics for major depressive
disorder, schizophrenia, bipolar depression and anxiety were
retrieved from the four most recent and largest in terms of
participants GWAS meta-analysis studies (23-26) (Table S1). The
substantial participant numbers contributed to the enhanced
statistical power of the study. All selected GWAS from the
Finngen Biobank obtained ethical approval from FinnGen
Steering Committee, and individuals provided informed consent.
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FIGURE 1

Schematic representation of our two-sample MR study design. The diagram includes the three MR assumptions and the data sources used in the
present study for both the exposures and the outcomes (PGC, Psychiatric Genomics Consortium).

2.2 Genetic correlation analysis

Genetic correlation (rg) analysis quantifies the shared genetic
architecture between two traits, independent of environmental
confounders. We utilized linkage disequilibrium score regression
(LDSC) to estimate the global genetic correlations between
tonsillectomy, appendectomy and appendicitis using GWAS
summary data. LDSC leverages GWAS effect size estimates for each
locus, encompassing the effects of all variants in linkage disequilibrium
(LD) with that locus (27, 28). We considered a Bonferroni-corrected
significance threshold of P<0.004 (0.05/12) for statistical significance.

2.3 Mendelian randomization analysis

The inverse variance weighted (IVW) method was used as the
main MR analysis and the weighted median (WM) and MR-Egger
methods as sensitivity analyses. The three methods were based on three
different assumptions: (1) the selected SNPs are associated with the
exposure; (2) the selected SNPs are not associated with confounders;
and (3) the selected SNPs are associated with the outcome exclusively
through their effect on the exposure (29). MR-PRESSO and Cochran’s
Q statistics were used to evaluate pleiotropy and heterogeneity,
respectively. The F-statistic was calculated to evaluate genetic
instrument strength. MR odds ratio (OR) for the two exposures for
which we obtained a statistical power of 80%, setting the alpha level at
0.05 and using the variance explained for each exposure (R2), was
calculated. All MR analyses were conducted using the R (version 4.3.0)
statistical environment and TwoSampleMR package (30).

3 Results
3.1 Genetic correlation

Figure 2 and Table S5 present the genetic correlation results
between exposures and outcomes, with tonsillectomy exhibiting a
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weak to moderate inverse correlation with all four outcomes. Only
the genetic correlation between tonsillectomy and MDD surpasses
multiple testing correction (MDD: rg=-0.39, P=7.5x10", SCZ: rg=-
0.13, P=0.01, BD: rz=-0.10, P=0.03, ANX: rz=-0.22, P=0.006).

3.2 Mendelian randomization

A two-sample MR analysis was conducted, without overlap
between the exposure and outcome samples, including three
potential risk factors (tonsillectomy, appendectomy and
appendicitis) for four psychiatric diseases. IVW Cochran’s Q
analysis of p < 0.05, indicates that there is heterogeneity between
SNPs, therefore IVW random effect model was used as a main
analysis method. MR analysis did not support any causal
association between any exposure and outcome (Figure 2). We

ANX
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Q) I G R SR o
\\Q 60
& & &K
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FIGURE 2
Heatmap depicting the genetic correlation between tonsillectomy,
appendectomy, and appendicitis, and MDD, SCZ, BD, and ANX. Genetic
correlation was computed using LDSC analysis. rg, genetic correlation;
LDSC, Linkage Disequilibrium Score Regression; MDD, major depressive
disorder; SCZ, schizophrenia; BD, bipolar disorder; ANX, anxiety.
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observed non-significant estimates for tonsillectomy on MDD
(IVW OR=0.94, 95% confidence interval (CI): 0.87 to 1.01,
P=0.08), SCZ (IVW OR =0.93, 95% CI: 0.83 to 1.07, P=0.29), BD
(IVW OR=0.97, 95% CI: 0.85 to 1.12, P=0.70) and ANX (IVW
OR =1, 95% CI: 0.99 to 1.01, 0.99, P=0.99) and for appendicitis on
MDD (IVW OR=0.98, 95% CI: 0.92 to 1.05, P=0.64), SCZ IVW
OR =1.05, 95% CI: 0.96 to 1.15, P=0.31), BD (IVW OR = 1.09, 95%
CI: 0.98 to 1.21, P=0.12) and ANX (IVW OR =1, 95% CI: 0.99 to
1.01, P=0.57) (Figure 3). No evidence of association was observed
between appendectomy and any of the psychiatric disorders either
(MDD (IVW OR = 0.95, 95% CI: 0.82 to 1.09, P=0.44), SCZ (IVW
OR =0.99, 95% CI: 0.85 to 1.17, P=0.96), BD (IVW OR =0.98, 95%
CL 0.82 to 1.16, P=0.80)).

In the sensitivity analysis, there was no evidence of pleiotropy
(MR-Egger intercept p > 0.05, MR-PRESSO Global Test p > 0.05),
with the exception of the tonsillectomy and SCZ association (MR-
Egger intercept P = 0.28, MR-PRESSO Global Test P < 0.001) The
estimates provided by sensitivity analyses were consistent with the
main findings. High heterogeneity was observed for all associations
between tonsillectomy and psychiatric diseases (Cochran Q >31.25,
P < 0.05), whereas no heterogeneity was observed for appendicitis
or appendectomy and psychiatric diseases (Cochran Q < 12, P >
0.05) (Table 1).

All retained SNPs exhibited F-statistics greater than 10,
indicating a strong association between the instrumental variables
and tonsillectomy, appendicitis and appendectomy (Tables S2-54).
Based on sample sizes of 342,499 and 342,486 individuals
for tonsillectomy and appendicitis, respectively, and setting
significant level alpha at 0.05, our MR study had 80% statistical
power to detect effects on psychiatric diseases of an OR ranging

10.3389/fpsyt.2024.1379922

from 1.25 to 1.30 per unit of each exposure. Appendectomy only
comprises by three IVs and hence the power to detect any
association for this exposure is considerably smaller (OR > 1.7).

4 Discussion

Leveraging data from the largest available GWAS consortia, this
MR study shows, for the first time, no evidence for a direct causal
association between genetically predicted tonsillectomy and
appendicitis and heightened risk for developing psychiatric
disorders. Our findings were consistent using different MR
sensitivity methods testing for violations of assumptions. There is
evidence for a moderate inverse correlation between the genetic
architecture of tonsillectomy and MDD. Therefore, individuals with
a genetic predisposition to tonsillectomy may have a lower genetic
risk for major depression, and vice versa. However, the above does
not imply a causal relationship between tonsillectomy and major
depression. Other factors, such as environmental influences and
shared biological pathways, may also contribute to both traits. Our
findings contribute towards the current body of evidence and
highlights that the association between tonsillectomy or
appendicitis on MDD, SCZ, bipolar depression and anxiety is
more likely to be indirect and not of a genetic cause. Prior
research concerning this relationship is limited, and only
observational studies exist to report such associations. Therefore,
our study provides critical insights by addressing this research gap.

The tonsils and appendix are part of the mucosa-associated
lymphoid tissue, which provides a defensive barrier against
pathogens. Surgical procedures to remove these organs in early

N vw B wMm B Egger
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FIGURE 3

Forest plots for the MR Inverse variance weighted (IVW) analysis and sensitivity results. Investigating the association of genetic susceptibility to
tonsillectomy and appendicitis with a number of psychiatric diseases (MDD, Major Depressive Disorder; SCZ, Schizophrenia; BD, Bipolar disorder;
ANX, Anxiety disorder; OR, odds ratio; Cl, confidence interval; WM, Weighted Median).
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TABLE 1 Results of inverse variance-weighted MR and sensitivity analysis for exposures and risk of outcomes.

Exposure Outcome IVV\!: OR MR;Egger: OR MR-PRESSO Cochran’s Q
(95%Cl) (95%Cl) p-value p-value

Tonsillectomy MDD 15 0.94 (0.87 - 1.01) 0.88 (0.66 - 1.18) 0.31 0.29

scz 14 0.93 (0.81 - 1.07) 0.71 (043 - 1.16) <0.001 <0.001

BD 14 0.97 (0.85 - 1.12) 0.87 (0.52 - 1.45) 0.001 0.001

ANX 16 1.00 (0.99 - 1.01) 0.98 (0.94 - 1.02) 0.003 0.008
Appendectomy =~ MDD 3 0.95 (0.82 - 1.09) 1.08 (0.40 - 2.05) NA 0.73

sz 3 0.99 (0.85 - 1.17) 0.65 (0.02 - 179) NA 0.41

BD 3 0.98 (0.82 -1.16) 2.8 (0.03 - 270) NA 0.89
Appendicitis MDD 13 0.98 (0.92 - 1.05) 0.96 (0.80 - 1.16) 0.69 0.6

scz 12 1.05 (0.96 - 1.15) 0.99 (0.69 - 1.44) 0.44 04

BD 12 1.09 (098 - 121) 125 (0.83 - 1.88) 0.32 033

ANX 12 1.00 (0.99 - 1.01) 1.01 (0.98 - 1.04) 0.98 0.98

CI, confidence interval; IVW, inverse variance-weighted; MR, Mendelian randomization; SNP, single nucleotide polymorphism.

NA, Not applicable.

childhood or adolescence, may cause long-term alteration in
immune function, and in turn, they influence the risk for
developing chronic diseases (31). Although chronic inflammation
is known to be a risk factor for psychiatric diseases, the exact
pathophysiology mechanism still remains unknown.

Much of the existing data regarding the role of immune
dysfunction in neurodegenerative diseases yields conflicting or
inconclusive results, probably due to the methodological variability
across studies and in some cases due to small sample sizes. For
example, patient groups in these studies are highly heterogeneous,
which can affect the results; since the immune system varies between
males and females and its response is more robust in younger than in
older groups (32, 33). Another MR study explored the causal
association between 731 immune cell signatures and SCZ risk,
revealing that only four immunophenotypes exhibited a significant
association with SCZ (34). In addition, patients undergoing
tonsillectomy have often been exposed to prior antibiotics treatment
(35). By utilizing MR in our study, we avoid bias due to residual
confounders such as age, gender or even exposure to antibiotics that
exists in observational studies. In addition, circulatory inflammatory
cytokine levels are significantly elevated in patients with psychotic and
affective disorders, with significant heterogeneity in study findings (36).
Therefore, mediators such as cytokines probably exist within the
pathway from the investigated exposure to outcome. A possible
explanation of our results could be the moderating effects of gut
microbiota. The microbiota-gut-brain axis, has an important role in
homeostasis and regulation of peripheral and central inflammation
with important effects on the development of psychiatric disorders (5).
Additionally, epigenetic modifications are likely to be implicated in the
development of psychiatric phenotypes. The impact of childhood
adversity has been highlighted in the development of psychiatric
disorders through the modification of the neuroendocrine and
immune systems (37, 38).

The present study is not without limitations. Specifically, the
inability to perform mediation analysis owing to the limited number
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of instrumental variables for cytokines. Another limitation is regarding
the generalizability of our findings to non-European populations as
that GWAS data that were used for our study have all derived from
individuals of European ancestry. It is important to mention that our
MR study can confidently exclude effects larger than an OR of 1.3, and
hence smaller effects cannot be excluded. Therefore, future well-
powered MR studies are needed to investigate these effects.

In conclusion, our study uses MR analysis to explore the
potential causal relationship between tonsillectomy and
appendicitis and the risk of developing psychiatric disorders. It
provides robust evidence, for the first time, that the previous
reported associations are probably not of a genetic cause (13, 14).
These findings challenge previous assumptions and highlight the
importance of considering alternative explanations for the observed
associations in observational studies. The MR design has the
strength for reducing bias from environmental factors when
assessing associations to infer causal effects and is not affected by
reverse causality. In addition, the study identifies a moderate inverse
correlation between the genetic architecture of tonsillectomy and
major depression, suggesting a potential genetic link between those
two traits. While this does not imply a causal relationship, it
prompts further investigation into the shared genetic factors
underlying tonsillectomy and MDD. Notably, psychiatric
disorders are highly heterogenous with genetic, epigenetic, and
environmental factors underlying psychopathology that can
influence the outcome phenotype. Thus, it is important, in the era
of precision psychiatry to further investigate possible biomarkers
that hold promise in elucidating pathophysiological mechanisms
and applying personalized treatment.
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