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Objective: Carcinoid syndrome (CS) commonly results from neuroendocrine
tumors. While active substances are recognized as the main causes of the
typical symptoms such as diarrhea and skin flush, the cause-and-effect
relationship between gut microbiota abundance and CS remains unclear.

Methods: The Single Nucleotide Polymorphisms (SNPs) related to gut
microbiota abundance and CS were obtained from the GWAS summary
data. The inverse variance weighted (IVW) method was used to assess
the causal relationship between gut microbiota abundance and CS.
Additionally, the MR-Egger, Weighted Median model, and Weighted
model were employed as supplementary approaches. The heterogeneity
function of the TwoSampleMR package was utilized to assess whether
SNPs exhibit heterogeneity. The Egger intercept and Presso test were
used to assess whether SNPs exhibit pleiotropy. The Leave-One-Out
test was employed to evaluate the sensitivity of SNPs. The Steiger test
was utilized to examine whether SNPs have a reverse causal relationship.
A bidirectional mendelian randomization (MR) study was conducted
to elucidate the inferred cause-and-effect relationship between gut
microbiota abundance and CS.

Results: The IVW results indicated a causal relationship between 6 gut
microbiota taxa and CS. Among the 6 gut microbiota taxa, the genus
Anaerofilum (IVW OR: 0.3606, 95%Cl: 0.1554-0.8367, p-value: 0.0175)
exhibited a protective effect against CS. On the other hand, the family
Coriobacteriaceae (IVW OR: 34572, 95%Cl: 1.0571-11.3066, p-value:
0.0402), the genus Enterorhabdus (IVW OR: 4.2496, 95%Cl: 1.3314-
13.5640, p-value: 0.0146), the genus Ruminiclostridium6 (IVW OR: 4.0116,
95%Cl: 1.2711-12.6604, p-value: 0.0178), the genus Veillonella (IVW OR:
3.7023, 95%Cl: 1.0155-13.4980, p-value: 0.0473) and genus Holdemanella
(IVW OR: 2.2400, 95%ClI: 1.0376-4.8358, p-value: 0.0400) demonstrated

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1291699%EF%BB%BF&domain=pdf&date_stamp=2023-12-22
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1291699/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1291699/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1291699/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1291699/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1291699/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1291699/full
mailto:haibozh@gzucm.edu.cn
https://doi.org/10.3389/fmicb.2023.1291699
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1291699

Zhang et al.

10.3389/fmicb.2023.1291699

a detrimental effect on CS. The CS was not found to have a reverse causal
relationship with the above 6 gut microbiota taxa.

Conclusion: Six microbiota taxa were found to have a causal relationship
with CS, and further randomized controlled trials are needed for verification.

KEYWORDS

cause-and-effect relationship, gut microbiota abundance, carcinoid syndrome,
active substances, Mendelian randomization study

Background

Carcinoid syndrome (CS) refers to a series of symptoms
mediated by various biologically active substances secreted by
neuroendocrine tumors (NETs), which mainly located in the
gastrointestinal tract and lungs. The two most common
manifestations of this syndrome are diarrhea and facial flushing
(Vitale, et al., 2023). While some researchers have uncovered that the
release of active substances such as serotonin (5-hydroxytryptamine,
5-HT), histamine, kinins, prostaglandins, and tachykinins was a
significant factor in causing CS, the mechanisms behind the
occurrence of CS remain unclear (Gade et al., 2020). According to
relevant reports, the frequency of CS in NETs patients has increased
from 11 to 19% (Halperin et al., 2017). Among the population of
patients experiencing CS, those who experience diarrhea and facial
flushing can reach as high as 80 to 85% (von der Ohe et al., 1993).
Diarrhea is typically the initial symptom in patients with CS,
sometimes occurring dozens of times per day. It is often the most
distressing symptom experienced by CS patients, significantly
reducing their quality of lives and increasing healthcare costs
(Kimbrough et al., 2019; Perrier et al., 2023). Therefore, early
management and intervention for CS are important.

Both 5-HT and the 5-HT pathway play a crucial role in the
pathogenesis of CS (Fanciulli et al., 2020). Most CS patients exhibit
alterations in tryptophan metabolism, which typically results in
elevated concentrations of 5-HT, thereby activating the 5-HT
pathway (Kvols and Reubi, 1993). Consequently, telotristat ethyl, an
inhibitor of 5-HT synthesis, has been approved for treating refractory
diarrhea in CS, highlighting the significance of the 5-HT pathway in
CS (Fanciulli et al., 2020). In CS patients, 5-HT can stimulate
intestinal motility and secretion, leading to increased bowel
frequency and reduced stool viscosity (Hendrix et al., 1957; von der
Ohe et al,, 1993). Additionally, other bioactive substances such as
prostaglandins also induce intestinal motility and enhance fluid
secretion in the gastrointestinal tract, causing diarrhea (Metz et al.,
1981). Researchers indicated that substances like prostaglandins,
histamine, and substance P can disrupt intestinal secretion and
motility, leading to the release of gastrin from enterochromaffin cells
in the small intestine. Elevated levels of gastrin can contribute to the
cyclic nature of diarrhea (de Celis Ferrari et al., 2018). Moreover,
histamine and substance P can cause vasodilation of skin capillaries,
resulting in flushing of the skin (Grahame-Smith, 1987). In
observations of skin flushing in CS, Schaffalitzky De Muckadell et al.
(1986) found increasing concentrations of neurokinin A, neurokinin
K, and tachykinin-like peptides. This finding underscored the role of
tachykinins in CS. Researchers have reported the presence of
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substance P, a potent vasodilator, in carcinoid tumor tissue
(Ratzenhofer et al., 1981). Evidence also suggested that injecting
substance P into healthy individuals can cause transient facial
flushing (Schaffalitzky De Muckadell et al., 1986). This finding
implied that substance P might be one of the underlying factors
contributing to skin flushing in CS. Currently, tryptophan
hydroxylase inhibitors and somatostatin analogs are widely used for
CS treatment. However, drug resistance and poor tolerability are
frequently reported (de Celis Ferrari et al., 2018; Gade et al., 2020).
Therefore, there is an urgent need to establish the potential causative
relationships in CS, to offer more comprehensive strategies for
its treatment.

The intestinal microbiota refers to the community of bacteria,
viruses, archaea, fungi, and protozoa that inhabit in the
gastrointestinal tract. Numerous studies indicated that tryptophan
metabolites play a significant role in regulating gastrointestinal
function (Bosi et al., 2020). On the other hand, the intestinal
microbiota plays a crucial role in promoting the production of
5-HT. Research has found that metabolites of Clostridium species can
upregulate the expression of tryptophan hydroxylase (Tph) gene in
enterochromaffin cells, thereby promoting the production of
5-HT. Microbiota-specific metabolites such as short-chain fatty acids,
alpha-tocopherol, tyramine, and p-aminobenzoate can stimulate the
expression of TPHI and the release of 5-HT (Yano et al,, 2015). In
addition, microbes within the human intestines can also produce and
degrade histamine (Sanchez-Perez et al., 2022). The gut microbiota
and its metabolic product, acetate, can activate the innate immune
pathway in intestinal endocrine cells, thereby increasing the secretion
of endocrine peptides such as tachykinins (Tumurkhuu et al., 2018).
All these findings indicated a potential correlation between gut
microbiota and CS, yet currently, there is scarce research focused on
this aspect.

Mendelian randomization (MR) study is an analytical method
that utilizes genetic variations associated with exposure as
instrumental variables to assess potential causal relationships
between exposures and outcomes. MR takes advantage of alleles that
are randomly segregated during meiotic gamete formation. Since
genetic variations precede disease progression and are not influenced
by postnatal lifestyle and environmental factors, MR can minimize
the impact of confounding factors to a great extent (Sekula
etal., 2016).

In this study, a large-scale genome-wide association study
(GWAYS) dataset was employed to conduct a bidirectional MR analysis,
investigating the potential causal relationship between gut microbiota
and CS. This approach addresses the existing research gaps in the field
and the results will offer novel strategies for the treatment of CS.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1291699
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhang et al.

Materials and methods
Data sources

The gut microbiota abundance data in relation to CS were sourced
from the IEU Open GWAS project database,' a database of
246,376,709,462 genetic associations from 42,351 GWAS summary
datasets, for querying or download. An exploration was undertaken
within the GWAS summary data, utilizing the search query “gut
microbiota abundance,” which yielded a total of 211 outcomes. After
excluding 15 records that were categorized as “unknown,” 196 relevant
results were finally used.

The study of large-scale association analyses identified host factors
influencing human gut microbiome composition was curated and
analyzed by MiBioGen consortium. This study included genome-wide
genotypes and 168 fecal microbiome data from 18,340 individuals (24
cohorts). This study included a total of 211 bacterial taxonomic units,
involving 131 genera, 35 families, 20 orders, 16 classes, and 9 phyla
(Kurilshikov et al., 2021; MiBioGen consortium, 2023).

The summary data for Genome-Wide Association Study (GWAS)
on CS was obtained from the FinnGen biobank analysis round 5. The
dataset comprised 16,380,446 SNPs, with 211,123 controls and 161
cases, as reported in the 2021 publication. The participants included
individuals of European descent, encompassing both males
and females.

Screening of instrumental variables

In the context of MR study, it is generally required to adhere to
three foundational prerequisite assumptions, specifically: (1) the
assumption of associativity, (2) the presumption of independence, and
(3) the principle of exclusivity (Smith and Ebrahim, 2003).

The assumption of associativity entails that the selected
instrumental variables are closely correlated with the exposure of
interest, allowing us to confidently employ them as substitutes for the
exposure. Typically, we use criteria such as p<1e™, ¥*=0.001, and
Kb=10,000 as three fundamental thresholds (Sanna et al., 2019).
Furthermore, in order to ensure the reliability of these screened
instrumental variables, the application of an F-test can be employed
to eliminate weak instruments. Weak instruments are commonly
defined by an F-statistic value of less than 10. The formula to calculate
F-statistic value is as follow:

2
Bet.
[ eEa] (Casas et al., 2006).

Among them, Beta refers to the effect size of the SNP on the
exposure, and SE (Standard error) refers to the standard error of Beta.
The assumption of independence in MR refers to the genetic variants
(genotypes or genetic variations) being unrelated to other factors that
could potentially affect the outcomes when they are randomly
allocated. The assumption of independence necessitates that the
distribution of genotypes among participants is random and not
influenced by other possible confounding factors.

1 https://gwas.mrcieu.ac.uk/
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The assumption of exclusivity refers to the genetic variants
(genotypes or genetic variations) being allocated among participants
in a mutually exclusive manner, with each participant being assigned
to a specific genotype only. This assumption ensures that genotypes
do not overlap or coexist among participants, thereby allowing the
association between genotypes and exposure to be accurately
interpreted and assessed.

To ensure the enforcement of the aforementioned-assumptions,
we subjected the selected instrumental variables (IVs) to tests for
horizontal pleiotropy and heterogeneity. For the assessment of
pleiotropy, we utilized the Egger intercept and MR Presso test.
Heterogeneity assessment was carried out using the heterogeneity
function of the TwoSampleMR package in R language 4.3.1.
Furthermore, we conducted Steiger test to ascertain the exclusion of
SNPs with reverse causal relationships. Leave-one-out sensitivity
analysis was employed to evaluate the stability of each SNP’s influence
on the outcome.

Statistical analysis

IVW is used as the primary method to assess the causal
relationship between gut microbiota abundance and CS. The strength
of IVW lies in its ability to provide a more robust outcome; if a SNP
in the instrumental variables is invalid, it can introduce bias to the
results (Burgess et al., 2016). Additionally, we employed three
alternative methods: MR-Egger regression, weighted median model,
and weighted mode. MR-Egger regression is a technique that refines
the IVW method. It takes into consideration the intercept term in the
regression model to detect and correct for pleiotropy effects. It relies
on the assumptions of the InSIDE (Instrument Strength Independent
of Direct Effect) and NOME (No Measurement Error) principles
(Bowden et al., 2015). Weighted median model and weighted mode
share similarities in using the reciprocal of outcome variance as
weights. The difference lies in their methods of aggregation. The
weighted median model employs a weighted median approach, while
the weighted mode employs a weighted mode approach.

Results

Characteristics of SNPs

According to the filtering criteria of p<1le™®, ¥*=0.001, and
Kb=10,000, a total of 224, 434, 512, 486, 498, 280, and 125 SNPs were,
respectively, obtained from the class, family, genusl, genus2, genus3,
order, and phylum of the gut microbiota. Additionally, from the
outcome “Carcinoid symptom,” 179, 339, 413, 395, 391, 217, and 103
SNPs were extracted for analysis. The F-values of all instrumental
variables were greater than 10, indicating no weak instrumental
variables in this study. The detail of the characteristics of SNPs were
shown in Supplementary Table S1.

Mendelian randomization analysis

The IVW results indicated that a total of 8 types of gut
microbiota are associated with CS. As the IVW results of Gut
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microbiota abundance (class Coriobacteriia id.809), Gut microbiota
abundance (family Coriobacteriaceae id.811), and Gut microbiota
abundance (order Coriobacteriales id.810) were consistent, for a
more precise outcome, we retained only the lowest taxonomic level,
Gut microbiota abundance (family Coriobacteriaceae id.811), for
presentation. This yielded a total of 6 gut microbiota types that are
correlated with CS.

Specifically, we found that genus Anaerofilum (IVW odds ratio
[OR]=0.3606, 95% confidence interval [CI]: 0.1554-0.8367,
p=0.0175) had a protective effect on CS. While family
Coriobacteriaceae (IVW OR=3.4572, 95%CI: 1.0571-11.3066,
p=0.0402), genus Enterorhabdus (IVW OR =4.2496, 95%CI: 1.3314-
13.5640, p value: 0.0146), genus Ruminiclostridiumé6 (IVW OR:
4.0116, 95%CI: 1.2711-12.6604, p value: 0.0178), genus Veillonella
(IVW OR: 3.7023, 95%CI: 1.0155-13.4980, p value: 0.0473) and genus
Holdemanella (IVW OR: 2.2400, 95%CI: 1.0376-4.8358, p value:
0.0400) demonstrated a detrimental effect on CS (Figure 1 and
Supplementary Table S2). The forest plot displayed the odds ratio
(OR) and 95% confidence interval for each SNP, followed by the
of all SNPs IVW and MR Egger
(Supplementary Figure S1). The scatter plot illustrated the effect
distribution of all SNPs, demonstrating trends for four different MR
analysis methods (Supplementary Figure S2).

aggregation using

The heterogeneity test indicated that there was no heterogeneity
in the above results for the SNPs. The funnel plot showed that all SNPs
are distributed evenly on both sides of a straight line, which confirms
this S3
Supplementary Figure S3). The Egger intercept and MR presso test

observation (Supplementary Table and
indicated the absence of pleiotropy in the above results for the SNPs,
demonstrating the reliability of this study (Supplementary Tables 54, S5).
The Leave-one-out sensitivity analysis was conducted by excluding
individual SNPs to assess the overall effect change, and no single SNP
was found to have a significant impact on the outcome
(Supplementary Figure S4). Lastly, we did not observe a reverse causal

relationship between CS and the afore-mentioned gut microbiota.

Discussion

This study represented the inaugural attempt to investigate the
causal relationship between gut microbiota and carcinoid syndrome

10.3389/fmicb.2023.1291699

(CS) utilizing a bidirectional MR analysis. The findings indicated the
presence of causal associations between 6 specific gut microbiota taxa
and CS, while no reverse causal relationship exists between CS and gut
microbiota. At present, there was no prior research delved into the
relationship between gut microbiota and CS.

CS is a collection of clinical symptoms caused by excessive
secretion of mediators such as serotonin (5-HT), substance P,
histamine, and prostaglandins (Yano et al., 2015). Research has shown
a close correlation between gut microbiota and certain bioactive
substances, but the relationship between gut microbiota and CS
remains unclear. A prior study indicated that microbial metabolites in
the gut, such as short-chain fatty acids, a-tocopherol, tyramine, and
p-aminobenzoate, can stimulate the release of 5-HT (Yano et al,
2015). Moreover, the human gut microbiota can both produce and
degrade histamine (Sanchez-Perez et al, 2022). These studies
highlighted a potential correlation between gut microbiota and CS;
however, further evidence is needed to confirm this association. This
study employed MR analysis to reveal causal relationships between 6
specific gut microbiota taxa and CS, addressing the gaps in existing
research and contributing to the refinement of therapeutic
approaches for CS.

Our study revealed the causal relationships between a total of 6
specific gut microbiota taxa and CS. Among them, genus
Anaerofilum was the only protective bacterial group identified in
CS. Research indicated that the expression of functional genes in
genus Anaerofilum effectively promoted the tryptophan-indole
metabolic pathway in the intestines (Sun M. et al, 2020; Sun
X. Z. et al,, 2020). In vitro experiments have demonstrated that
adding a certain concentration of indole induces the expression of
tight junction proteins in intestinal epithelial cells, thereby restoring
intestinal barrier function (Sun M. et al., 2020; Sun X. Z. et al., 2020).
Intestinal barrier function is primarily provided by the tight
junctions of adjacent epithelial cells (Camilleri et al., 2017), and
disruption of tight junction function has been observed to lead to
diarrhea in animal models (Halliez et al., 2016). Additionally, aside
from the indole pathway, tryptophan also participates in the
kynurenine pathway and the serotonin (5-HT) pathway. Prior
studies showed that nearly all CS patients experience abnormal
tryptophan metabolism, leading to a significant increase in blood
5-HT concentrations. 5-HT and its metabolites are believed to play
a crucial role in the development of typical symptoms in CS patients

id.exposure method pal

0dds Ratio(95%CI)

ebi-a-GCST90016933 Inverse variance weighted 0.0402

3.4572 (1.0571, 11.3066)

¢bi-a-GCST90016965 Inverse variance weighted 1 0.0175 ro— 0.3606 (0.1554, 0.8367)
¢bi-a-GCST90016992 Inverse variance weighted 6 0.0146 142496 (13314, 13.5640)
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FIGURE 1
The IVW results of 6 gut microbiota against CS.
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(Fanciulli et al., 2020). These symptoms include diarrhea (von der
Ohe et al., 1993; Boutzios and Kaltsas, 2015), intestinal obstruction,
and others (Connolly and Pellikka, 2006; Hannah-Shmouni et al.,
2016). Therefore, the protective effect of genus Anaerofilum in CS
may primarily exist in two aspects: On the one hand, genus
Anaerofilum directly reduces the occurrence of diarrhea by
promoting the tryptophan-indole metabolic pathway to repair the
intestinal barrier; On the other hand, the active tryptophan-indole
pathway effectively inhibits the tryptophan-5-HT pathway, reducing
intestinal motility and secretory reflex, thereby indirectly improving
diarrhea symptoms.

In addition to the genus Anaerofilum, we identified 5 other gut
microbial populations as risk factors for CS. In a murine model, it was
discovered that genus Enterorhabdus showed a positive correlation
with tryptophan levels and inhibited the indoleamine pathway of
tryptophan metabolism (Deng et al.,, 2021). As mentioned above,
inhibiting the indoleamine pathway of tryptophan metabolism can
indirectly increase the concentration of 5-HT. Additionally, the genus
Enterorhabdus is also associated with intestinal barrier function. A
study indicated that the genus Enterorhabdus can increase the
production of lyso-phosphatidylcholine, thereby promoting the
release of pro-inflammatory cytokines and damaging the intestinal
epithelial barrier of murine (Tang et al., 2021).

The family Coriobacteriaceae was a significant risk factor for
inducing CS. Research has shown that Coriobacteriaceae UCG-002
can produce cytotoxic compounds such as phenol and p-cresol,
consequently altering epithelial permeability and reducing epithelial
barrier function (Saito et al., 2018; Yu et al., 2023). Simultaneously,
Tian et al. (2023) also observed an increased relative abundance of
Coriobacteriaceae UCG-002 in cases of intestinal damage, and a
positive correlation between Coriobacteriaceae UCG-002 and the
inflammatory cytokine TNF-a. TNF-a, a type of tumor necrosis factor
(TNF), inhibits the Wnt/f-catenin pathway, thereby compromising
the stability of intestinal epithelium (Wu et al., 2020). Therefore, the
family Coriobacteriaceae may potentially exacerbate certain
symptoms in patients with carcinoid syndrome by inducing the
production of various harmful mediators that damage the epithelial
barrier function.

In a MR study exploring the relationship between gut microbiota
and asthma, genus Ruminiclostridium 6 was found to be associated
with the incidence of moderate to severe asthma (Li et al., 2023).
Bronchial asthma is a heterogeneous disease characterized by chronic
inflammation of the airways (Kaczynska et al., 2021). Certain cells
such as eosinophils, neutrophils, and endogenous inflammatory
mediators like leukotrienes and histamine participate in the
inflammatory processes in the airways (Barnes, 2008). Additionally,
many regulatory peptides such as kinins are shown to be involved in
the regulation of asthma-related inflammation and airway
hyperresponsiveness (Kaczynska et al., 2018; Pavon-Romero et al.,
2021). Interestingly, about 20% of CS patients also experience
bronchoconstriction mediated by kinins
(Cunningham et al., 2008).

In addition to the previously mentioned 5-HT and bradykinin,

and bradykinins

histamine also plays a significant role in CS. Researchers suggested
that histamine might be a potential mediator for the facial flushing
and bronchospasm symptoms observed in patients with colorectal CS
(de Celis Ferrari, et al., 2018). The pathogenic bacterium genus

Frontiers in Microbiology

10.3389/fmicb.2023.1291699

Veillonella was confirmed to have a strong ability to induce mast cells
to release histamine (Nygren and Dahlen, 1981). Furthermore, in
fecal samples from individuals with higher asthma frequencies, genus
Veillonella was found to be enriched, and metabolic profiling
indicated the importance of histidine metabolism in the asthma
process, which leads to the formation of histamine upon histidine
decarboxylation (Lee-Sarwar et al., 2022). Therefore, genus
Veillonella might exacerbate the development of CS by inducing
histamine production.

The genus Holdemanella is also identified as a risk factor for
CS. However, at present, there are no reports linking this genus to
endocrine mediators associated with CS. Hu et al. (2020) discovered
that the expression of tight junction proteins in the ileum was
significantly increased, and the relative abundance of genus
Holdemanella in the gut microbiota was reduced in a weaned piglet
model supplemented with catechin. Therefore, we speculated that
genus Holdemanella might exacerbate diarrhea symptoms in
patients with CS by potentially affecting intestinal mucosal
barrier function.

Conclusion

In conclusion, this study utilized a bidirectional mendelian
randomization analysis and identified 6 gut microbial populations that
are causally associated with carcinoid syndrome. This research
represented the first instance of uncovering a causal link between gut
microbiota and CS, offering a novel strategy for its treatment. Further
validation through additional randomized controlled trails are
warranted in the future to solidify these findings.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

ZZ: Conceptualization, Methodology, Writing — original draft.
DL: Writing - original draft. FX: Writing - original draft. GM:
Investigation, Writing — original draft. HZ: Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
funded by the Guangdong Provincial Science and Technology
Innovation Strategy Special Fund (Guangdong-Hong Kong-Macau
Joint Lab, grant number 2020B1212030006) and Guangzhou
University of Traditional Chinese Medicine’s “Double First Class” and
high-level university discipline collaborative innovation team:
Traditional Chinese Medicine Reverse Lung Cancer Resistance
Innovation Team (2021xk60).

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1291699
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhang et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Barnes, P. J. (2008). The cytokine network in asthma and chronic obstructive
pulmonary disease. J. Clin. Invest. 118, 3546-3556. doi: 10.1172/JCI36130

Bosi, A., Banfi, D., Bistoletti, M., Giaroni, C., and Baj, A. (2020). Tryptophan
metabolites along the microbiota-gut-brain Axis: an Interkingdom communication
system influencing the gut in health and disease. Int. J. Tryptophan. Res.
13:1178646920928984. doi: 10.1177/1178646920928984

Boutzios, G., and Kaltsas, G. (2015). Clinical syndromes related to gastrointestinal
neuroendocrine neoplasms. Front. Horm. Res. 44, 40-57. doi: 10.1159/000382053

Bowden, J., Davey Smith, G., and Burgess, S. (2015). Mendelian randomization with
invalid instruments: effect estimation and bias detection through egger regression. Int.
J. Epidemiol. 44, 512-525. doi: 10.1093/ije/dyv080

Burgess, S., Dudbridge, F, and Thompson, S. G. (2016). Combining information on
multiple instrumental variables in Mendelian randomization: comparison of allele score
and summarized data methods. Stat. Med. 35, 1880-1906. doi: 10.1002/sim.6835

Camilleri, M., Sellin, J. H., and Barrett, K. E. (2017). Pathophysiology, evaluation, and
Management of Chronic Watery Diarrhea. Gastroenterology 152, 515-532.e2. doi:
10.1053/j.gastro.2016.10.014

Casas, J. P, Shah, T., Cooper, ]., Hawe, E., McMahon, A. D., Gaffney, D, et al. (2006).
Insight into the nature of the CRP-coronary event association using Mendelian
randomization. Int. J. Epidemiol. 35, 922-931. doi: 10.1093/ije/dyl041

Connolly, H. M., and Pellikka, P. A. (2006). Carcinoid heart disease. Curr. Cardiol. Rep
8,96-101. doi: 10.1007/s11886-006-0019-9

Cunningham, J. L., Janson, E. T., Agarwal, S., Grimelius, L., and Stridsberg, M. (2008).
Tachykinins in endocrine tumors and the carcinoid syndrome. Eur. J. Endocrinol. 159,
275-282. doi: 10.1530/EJE-08-0196

de Celis, R., Ferrari, A. C., Glasberg, J., and Riechelmann, R. P. (2018). Carcinoid
syndrome: update on the pathophysiology and treatment. Clinics 73:e490s. doi: 10.6061/
clinics/2018/e490s

Deng, Y., Zhou, M., Wang, ], Yao, J., Yu, ], Liu, W, et al. (2021). Involvement of the
microbiota-gut-brain axis in chronic restraint stress: disturbances of the kynurenine
metabolic pathway in both the gut and brain. Gut Microbes 13, 1-16. doi:
10.1080/19490976.2020.1869501

Fanciulli, G., Ruggeri, R. M., Grossrubatscher, E., Calzo, F L., Wood, T. D.,
Faggiano, A., et al. (2020). Serotonin pathway in carcinoid syndrome: clinical, diagnostic,
prognostic and therapeutic implications. Rev. Endocr. Metab. Disord. 21, 599-612. doi:
10.1007/s11154-020-09547-8

Gade, A. K., Olariu, E.,, and Douthit, N. T. (2020). Carcinoid syndrome: a review.
Cureus 12:€7186. doi: 10.7759/cureus.7186

Grahame-Smith, D. G. (1987). What is the cause of the carcinoid flush? Gut 28,
1413-1416. doi: 10.1136/gut.28.11.1413

Halliez, M. C., Motta, J. P, Feener, T. D., Guerin, G., LeGoft, L., Francois, A., et al.
(2016). Giardia duodenalis induces paracellular bacterial translocation and causes
postinfectious visceral hypersensitivity. Am. J. Physiol. Gastrointest. Liver Physiol. 310,
G574-G585. doi: 10.1152/ajpgi.00144.2015

Halperin, D. M., Shen, C., Dasari, A., Xu, Y., Chu, Y., Zhou, S., et al. (2017). Frequency
of carcinoid syndrome at neuroendocrine tumour diagnosis: a population-based study.
Lancet Oncol. 18, 525-534. doi: 10.1016/S1470-2045(17)30110-9

Hannah-Shmouni, E, Stratakis, C. A., and Koch, C. A. (2016). Flushing in (neuro)
endocrinology. Rev. Endocr. Metab. Disord. 17, 373-380. doi: 10.1007/s11154-016-9394-8

Hendrix, T. R., Atkinson, M., Clifton, J. A., and Ingelfinger, E. J. (1957). The effect of
5-hydroxytryptamine on intestinal motor function in man. Am. J. Med. 23, 886-893.
doi: 10.1016/0002-9343(57)90298-x

Hu, R, He, Z, Liu, M., Tan, J., Zhang, H., Hou, D. X,, et al. (2020). Dietary
protocatechuic acid ameliorates inflammation and up-regulates intestinal tight junction
proteins by modulating gut microbiota in LPS-challenged piglets. J. Anim. Sci.
Biotechnol. 11:92. doi: 10.1186/540104-020-00492-9

Frontiers in Microbiology

10.3389/fmicb.2023.1291699

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1291699/
full#supplementary-material

Kaczynska, K., Zajac, D., Wojciechowski, P,, and Jampolska, M. (2021). Regulatory
peptides in asthma. Int. J. Mol. Sci. 22:13656. doi: 10.3390/ijms222413656

Kaczynska, K., Zajac, D, Wojciechawski, P, Kogut, E., and Szereda-Przestaszewska, M.
(2018). Neuropeptides and breathing in health and disease. Pulm. Pharmacol. Ther. 48,
217-224. doi: 10.1016/j.pupt.2017.12.001

Kimbrough, C. W, Beal, E. W, Dillhoff, M. E,, Schmidt, C. R,, Pawlik, T. M.,
Lopez-Aguiar, A. G., et al. (2019). Influence of carcinoid syndrome on the clinical
characteristics and outcomes of patients with gastroenteropancreatic neuroendocrine tumors
undergoing operative resection. Surgery 165, 657-663. doi: 10.1016/j.surg.2018.09.008

Kurilshikov, A., Medina-Gomez, C., Bacigalupe, R., Radjabzadeh, D., Wang, J.,
Demirkan, A., et al. (2021). Large-scale association analyses identify host factors
influencing human gut microbiome composition. Nat. Genet. 53, 156-165. doi: 10.1038/
$41588-020-00763-1

Kvols, L. K., and Reubi, J. C. (1993). Metastatic carcinoid tumors and the malignant
carcinoid syndrome. Acta Oncol. 32, 197-201. doi: 10.3109/02841869309083912

Lee-Sarwar, K., Dedrick, S., Momeni, B., Kelly, R. S., Zeiger, R. S., O'Connor, G. T, et al.
(2022). Association of the gut microbiome and metabolome with wheeze frequency in
childhood asthma. J. Allergy Clin. Immunol. 150, 325-336. doi: 10.1016/j.jaci.2022.02.005

Li, R., Guo, Q., Zhao, J., Kang, W,, Lu, R., Long, Z., et al. (2023). Assessing causal
relationships between gut microbiota and asthma: evidence from two sample Mendelian
randomization analysis. Front. Immunol. 14:1148684. doi: 10.3389/fimmu.2023.1148684

Metz, S. A., McRae, J. R., and Robertson, R. P. (1981). Prostaglandins as mediators of
paraneoplastic syndromes: review and up-date. Metabolism 30, 299-316. doi:
10.1016/0026-0495(81)90156-6

MiBioGen consortium. (2023). MiBioGen. Available at: https://mibiogen.gcc.rug.nl/
(Accessed September 16, 2022)

Nygren, H., and Dahlen, G. (1981). Complement-dependent histamine release from
rat peritoneal mast cells, induced by lipopolysaccharides from Bacteroides oralis,
fusobacterium nucleatum and Veillonella parvula. J. Oral Pathol. 10, 87-94. doi: 10.1111/
j.1600-0714.1981.tb01253.x

Pavon-Romero, G. E, Serrano-Perez, N. H., Garcia-Sanchez, L., Ramirez-Jimenez, E,
and Teran, L. M. (2021). Neuroimmune pathophysiology in asthma. Front.Cell. Dev.Biol.
9:663535. doi: 10.3389/fcell.2021.663535

Perrier, M., Mouawad, C., Gueguen, D., Thome, B., Lapeyre-Mestre, M., and Walter, T.
(2023). Health care resource use and costs among patients with carcinoid syndrome in
France: analysis of the National Health Insurance Database. Clin. Res. Hepatol. Gas
47:102177. doi: 10.1016/j.clinre.2023.102177

Ratzenhofer, M., Gamse, R., Hofler, H., Aubock, L., Popper, H., Pohl, P, et al. (1981).
Substance P in the argentaffin carcinoid of the caecum: biochemical and biological
characterization. Virchows Arch. A Pathol. Anat. Histol. 392, 21-31. doi: 10.1007/
BF00430545

Saito, Y., Sato, T., Nomoto, K., and Tsuji, H. (2018). Identification of phenol- and
p-cresol-producing intestinal bacteria by using media supplemented with tyrosine and
its metabolites. FEMS Microbiol. Ecol. 94:fiy125. doi: 10.1093/femsec/fiy125 Erratum in:
FEMS Microbiol Ecol. 2019 Apr 1;95: Erratum in: FEMS Microbiol Ecol. 96.

Sanchez-Perez, S., Comas-Baste, O., Duelo, A., Veciana-Nogues, M. T., Berlanga, M.,
Latorre-Moratalla, M. L., et al. (2022). Intestinal Dysbiosis in patients with histamine
intolerance. Nutrients 14:1774. doi: 10.3390/nu14091774

Sanna, S., van Zuydam, N. R., Mahajan, A., Kurilshikov, A., Vich Vila, A., Vosa, U,
et al. (2019). Causal relationships among the gut microbiome, short-chain fatty acids
and metabolic diseases. Nat. Genet. 51, 600-605. doi: 10.1038/s41588-019-0350-x

Schaffalitzky De Muckadell, O. B., Aggestrup, S., and Stentoft, P. (1986). Flushing and
plasma substance P concentration during infusion of synthetic substance P in normal
man. Scand. J. Gastroenterol. 21, 498-502. doi: 10.3109/00365528609015169

Sekula, P, Del Greco, M. E, Pattaro, C., and Kottgen, A. (2016). Mendelian
randomization as an approach to assess causality using observational data. J. Am. Soc.
Nephrol. 27, 3253-3265. doi: 10.1681/ASN.2016010098

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1291699
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1291699/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1291699/full#supplementary-material
https://doi.org/10.1172/JCI36130
https://doi.org/10.1177/1178646920928984
https://doi.org/10.1159/000382053
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/sim.6835
https://doi.org/10.1053/j.gastro.2016.10.014
https://doi.org/10.1093/ije/dyl041
https://doi.org/10.1007/s11886-006-0019-9
https://doi.org/10.1530/EJE-08-0196
https://doi.org/10.6061/clinics/2018/e490s
https://doi.org/10.6061/clinics/2018/e490s
https://doi.org/10.1080/19490976.2020.1869501
https://doi.org/10.1007/s11154-020-09547-8
https://doi.org/10.7759/cureus.7186
https://doi.org/10.1136/gut.28.11.1413
https://doi.org/10.1152/ajpgi.00144.2015
https://doi.org/10.1016/S1470-2045(17)30110-9
https://doi.org/10.1007/s11154-016-9394-8
https://doi.org/10.1016/0002-9343(57)90298-x
https://doi.org/10.1186/s40104-020-00492-9
https://doi.org/10.3390/ijms222413656
https://doi.org/10.1016/j.pupt.2017.12.001
https://doi.org/10.1016/j.surg.2018.09.008
https://doi.org/10.1038/s41588-020-00763-1
https://doi.org/10.1038/s41588-020-00763-1
https://doi.org/10.3109/02841869309083912
https://doi.org/10.1016/j.jaci.2022.02.005
https://doi.org/10.3389/fimmu.2023.1148684
https://doi.org/10.1016/0026-0495(81)90156-6
https://mibiogen.gcc.rug.nl/
https://doi.org/10.1111/j.1600-0714.1981.tb01253.x
https://doi.org/10.1111/j.1600-0714.1981.tb01253.x
https://doi.org/10.3389/fcell.2021.663535
https://doi.org/10.1016/j.clinre.2023.102177
https://doi.org/10.1007/BF00430545
https://doi.org/10.1007/BF00430545
https://doi.org/10.1093/femsec/fiy125
https://doi.org/10.3390/nu14091774
https://doi.org/10.1038/s41588-019-0350-x
https://doi.org/10.3109/00365528609015169
https://doi.org/10.1681/ASN.2016010098

Zhang et al.

Smith, G. D., and Ebrahim, S. (2003). 'Mendelian randomization": can genetic
epidemiology contribute to understanding environmental determinants of disease? Int.
J. Epidemiol. 32, 1-22. doi: 10.1093/ije/dyg070

Sun, M., Ma, N.,, He, T., Johnston, L. J., and Ma, X. (2020). Tryptophan (Trp)
modulates gut homeostasis via aryl hydrocarbon receptor (AhR). Crit. Rev. Food Sci.
Nutr. 60, 1760-1768. doi: 10.1080/10408398.2019.1598334

Sun, X. Z., Zhao, D. Y., Zhou, Y. C., Wang, Q. Q,, Qin, G., and Yao, S. K. (2020).
Alteration of fecal tryptophan metabolism correlates with shifted microbiota and may
be involved in pathogenesis of colorectal cancer. World J. Gastroenterol. 26,7173-7190.
doi: 10.3748/wjg.v26.145.7173

Tang, X., Wang, W,, Hong, G., Duan, C., Zhu, S., Tian, Y., et al. (2021). Gut
microbiota-mediated lysophosphatidylcholine generation promotes colitis in
intestinal epithelium-specific Fut2 deficiency. J. Biomed. Sci. 28:20. doi: 10.1186/
512929-021-00711-z

Tian, S., Zhao, Y., Qian, L., Jiang, S., Tang, Y., and Han, T. (2023). DHA-enriched
phosphatidylserine alleviates high fat diet-induced jejunum injury in mice by
modulating gut microbiota. Food Funct. 14, 1415-1429. doi: 10.1039/d2f003019¢

Tumurkhuu, G., Dagvadorj, J., Porritt, R. A., Crother, T. R., Shimada, K., Tarling, E. J.,
et al. (2018). Chlamydia pneumoniae hijacks a host autoregulatory IL-1 loop to drive

Frontiers in Microbiology

07

10.3389/fmicb.2023.1291699

foam cell formation and accelerate atherosclerosis. Cell Metab. 28, 432-448.e4. doi:
10.1016/j.cmet.2018.05.027

Vitale, G., Carra, S., Alessi, Y., Campolo, F, Pandozzi, C., Zanata, L, et al. (2023).
Carcinoid syndrome: preclinical models and future therapeutic strategies. Int. J. Mol.
Sci. 24:3610. doi: 10.3390/ijms24043610

von der Ohe, M. R., Camilleri, M., Kvols, L. K., and Thomforde, G. M. (1993).
Motor dysfunction of the small bowel and colon in patients with the carcinoid
syndrome and diarrhea. N. Engl. J. Med. 329, 1073-1078. doi: 10.1056/
NEJM199310073291503

Wu, H,, Xie, S., Miao, ], Li, Y., Wang, Z., Wang, M., et al. (2020). Lactobacillus reuteri
maintains intestinal epithelial regeneration and repairs damaged intestinal mucosa. Gut
Microbes 11, 997-1014. doi: 10.1080/19490976.2020.1734423

Yano, J. M., Yu, K., Donaldson, G. P, Shastri, G. G., Ann, P, Ma, L., et al. (2015).
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cells
161, 264-276. doi: 10.1016/j.cell.2015.02.047

Yu, Z., Li, D., and Sun, H. (2023). Herba Origani alleviated DSS-induced ulcerative
colitis in mice through remolding gut microbiota to regulate bile acid and short-chain
fatty acid metabolisms. Biomed. Pharmacother. 161:114409. doi: 10.1016/j.biopha.
2023.114409

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1291699
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/ije/dyg070
https://doi.org/10.1080/10408398.2019.1598334
https://doi.org/10.3748/wjg.v26.i45.7173
https://doi.org/10.1186/s12929-021-00711-z
https://doi.org/10.1186/s12929-021-00711-z
https://doi.org/10.1039/d2fo03019e
https://doi.org/10.1016/j.cmet.2018.05.027
https://doi.org/10.3390/ijms24043610
https://doi.org/10.1056/NEJM199310073291503
https://doi.org/10.1056/NEJM199310073291503
https://doi.org/10.1080/19490976.2020.1734423
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1016/j.biopha.2023.114409
https://doi.org/10.1016/j.biopha.2023.114409

	The cause-and-effect relationship between gut microbiota abundance and carcinoid syndrome: a bidirectional Mendelian randomization study
	Background
	Materials and methods
	Data sources
	Screening of instrumental variables
	Statistical analysis

	Results
	Characteristics of SNPs
	Mendelian randomization analysis

	Discussion
	Conclusion
	Data availability statement
	Author contributions

	References

