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Emerging studies have provided a preliminary understanding of the thyroid-gut
axis, indicating that intestinal microbiota and its metabolites may act directly or
indirectly on the thyroid by influencing intestinal microelements uptake,
iodothyronine conversion and storage, and immune regulation, providing
new insights into the pathogenesis of thyroid disorders and clinical
management strategies. However, the research on gut microbiota and
thyroid has only presented the tip of the iceberg. More robust clinical data
and basic experiments are still required to elucidate the specific relationships
and mechanisms in the future. Here we will characterize the associations
between the microbiota and thyroid diseases to evaluate their potential
implications in the pathophysiology and open up scientific avenues for future
precision studies of the thyroid-gut axis.
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Introduction

Several microorganisms colonize many places in the human body including the oral
cavity, respiratory tract, skin, gastrointestinal tract, and genitourinary tract, and form a
complex micro-ecosystem within the human body, among which the most complex is
found in the intestinal tract. Previous studies demonstrated that the human intestinal
microbiota is mainly composed of bacteria, more than 90% of which comprises
Firmicutes, Bacteroides, Actinomycetes, and Proteobacteria. In addition, other microbes
like viruses, fungi, parasites, archaea, etc., are part of the intestinal microbiome
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composition (1, 2). The 16S rRNA gene and metagenome
sequencing studies revealed that there are thousands of
different bacterial populations in an adult intestine, encoding
approximately 3.3 million genes, which is approximately 100
times the number of genes in the human body (3, 4). The
intestinal microbiota and its metabolites are diverse and perform
various essential regulating functions, like host nutrient metabolism,
xenobiotic and drug metabolism, maintenance of structural
integrity of the gut mucosal barrier, immunomodulation, and
protection against pathogens (5, 6). The composition and
abundance of the intestinal microbiota are dynamic and can be
influenced by both genetic and environmental factors. In the event
of disturbance of intestinal microbiota’s ecological balance, the
host’s normal physiological functions may become compromised,
leading to the development of related diseases.

The interactions of microbiota with humans have become one
of the most exciting fields, drawing more attention of scientists
researching the influence of gut microbiota on various diseases.
Studies have demonstrated a strong association between intestinal
microbiota and diseases like gastrointestinal diseases (e.g.,
gastroenteropancreatic neuroendocrine neoplasms, inflammatory
bowel disease, and colon cancer), psychiatric diseases (e.g.,
Alzheimer’s disease, multiple sclerosis, and Parkinson’s disease),
respiratory diseases (e.g., bronchial asthma, chronic obstructive
pulmonary disease, and infectious lung diseases), cardiovascular
diseases (e.g., atherosclerosis), metabolic diseases (e.g., obesity and
type 2 diabetes), immune diseases (e.g., rheumatoid arthritis and
ankylosing spondylitis), and so on (7-10).

However, relatively sparse research has been done on the
possible link between the gut microbiota and thyroid disease,
where the concept of ‘thyroid-gut-axis” was proposed lately (11).
One possible reason could be the spatially distant location of the

10.3389/fendo.2022.943408

thyroid gland in comparison to the gut, making the potential
association between the two often negligible. However, few
studies had been conducted in the last decade which
investigated the thyroid-gut axis, owing to the advancement of
microbial research and the development of microbiome assays.
These studies indicated that the intestinal microbiota plays a
pivotal role in thyroid disease pathogenesis and may act either by
regulation of thyroid function through the uptake of thyroid-
related micronutrients (12), metabolic enzymes derived from
microbiota may regulate iodothyronine metabolism to affect
thyroid hormone homeostasis (13), or may interact with the
host immune cells and cytokines to regulate thyroid immunity
(14, 15). This review thus summarizes the available literature
related to the thyroid-gut axis, providing a theoretical
foundation for future in-depth mechanistic studies, and a new
perspective for realizing microecological treatment strategies for
thyroid disease (Table 1, Figure 1).

Thyroid homeostasis and intestinal
microbiota

Thyroid-related micronutrients and
intestinal microbiota

The thyroid gland requires iodine as a complimentary
micronutrient for the synthesis of thyroid hormones. Since the
absorption through the gastrointestinal tract and transfer to the
thyroid gland is the primary route of iodine uptake in humans,
the trillions of microorganisms in the gut thus play a critical role
in regulating iodine metabolism. Vought et al. investigated the

TABLE 1 Overview of research on gut microbiota and thyroid diseases.

Diseases Country Year Sample size Methods Ref
TC China 2018 30 TG, 35 HC 16S rRNA gene sequencing, metabolomics (16)
TC & TN China 2018 20 TC, 18 TN, 36 HC 16S rRNA gene sequencing (17)
TC China 2022 90 TC, 90 HC 16S rRNA gene sequencing (18)
AITD (HT) China 2017 29 HT, 12 HC DGGE, RT-PCR, Pyrosequencing (19)
AITD (HT) China 2018 28 HT, 16 HC 16S rRNA gene sequencing (20)
AITD (HT) China 2020 63 HT, 34 HC 16S rRNA gene sequencing (21)
AITD (HT and GD) Spain 2020 9 HT, 9 GD, 11 HC 16S rRNA gene sequencing (22)
AITD (HT and GD) Egypt 2021 7 HT, 13 GD, 30 HC SYBR green RT-PCR (23)
AITD (hyperthyroidism) China 2014 14 hyperthyroidism, 7 HC DGGE, RT-PCR, sequencing (24)
AITD (GD) China and Pakistan 2018 27 GD, 11 HC DGGE, RT-PCR, 16S rRNA gene sequencing (25)
AITD (GD) China 2021 45 GD, 59 HC 16S rRNA gene sequencing (26)
AITD (GD) China 2021 15 GD, 14 HC 16S rRNA gene sequencing (27)
hypothyroidism China 2020 52 hypothyroidism, 40 HC 16S rRNA gene sequencing (28)
subclinical hypothyroidism China 2020 117 patients 16S rRNA gene sequencing (29)

TC, thyroid cancer; HC, healthy controls; TN, thyroid nodule; AITD, autoimmunity thyroid diseases; HT, Hashimoto’s thyroiditis; GD, Graves’ Disease; RT-PCR, real time-polymerase

chain reaction; DGGE, denaturing gradient gel electrophoresis.
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FIGURE 1

Overview of potential associations between the gut microbiota and thyroid. TSH, thyroid-stimulating hormone; Tg, thyroglobulin; TSHR,
thyroid-stimulating hormone receptor; TPO, thyroid peroxidase; NIS, sodium/iodide symporter; HDAC, histone deacetylase; TLR-4, toll-like
receptor 4; LPS, lipopolysaccharide; NF-xB, nuclear factor kappa-B; PAX8, paired box 8; T3, triiodothyronine; T4, thyroxine; D1, type |
iodothyronine deiodinase; D2, type Il iodothyronine deiodinase; Treg: regulatory T cells; Se+, selenium; SCFA, short-chain fatty acid.

relationships between total aerobic and anaerobic bacteria in the
intestine of rats and the radioiodine uptake following kanamycin
administration and revealed that both the bacterial enrichment
in vivo, as well as the iodine uptake rate of the thyroid decreased,
suggesting that the reduced intestinal microbiota may affect
radioiodine uptake and thyroid function (30).

The iodine uptake is mainly achieved by the sodium/iodine
symporter (NIS). It is speculated that altering the thyroid iodine
metabolism by affecting the NIS expression and activity could be
a potential pathway for lipopolysaccharides (LPS) and short-
chain fatty acids (SCFAs) released by the gut microbiota (31, 32).
The latest research supports the following critical mechanisms of
thyroid homeostasis dysregulation caused by LPS. First, LPS
directly affects thyroid cells by increasing the expression of
thyroid-stimulating hormone (TSH)-stimulated thyroglobulin
(Tg) and NIS genes, which was demonstrated in a rat thyroid
cell line (FRTL-5) (31, 33). Second, LPS mediates downstream
activation of nuclear factor kappa-B (NF-xB) through toll-like
receptor 4 (TLR-4) on thyroid cells to regulate thyroid cell
function (34). As another complementary pathway, the p65
subunit of NF-xB and paired box 8 (Pax8, the major regulator
of NIS) can work together to promote NIS gene transcription
(31). Notably, LPS being an endotoxin can inhibit the activity of
hepatic type I iodothyronine deiodinase (D1) and conversely
activates type II iodothyronine deiodinase (D2) in the
hypothalamus and anterior pituitary, thus facilitating the
conversion of thyroxine (T4) to triiodothyronine (T3) to affect
thyroid function (35, 36). Similarly, SCFAs, an important
metabolite of the intestinal microbiota, are also important in
regulating NIS expression in thyroid cells. It is well established
that SCFAs, especially butyric acid, can inhibit histone
deacetylase (HDAC) and activate NIS re-expression in thyroid
cancer cells, thereby inducing re-differentiation and iodine
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uptake (37, 38). This phenomenon, interestingly, was not
limited to thyroid cancer cell lines, as consistent results were
observed in other tumor cell lines such as MCF-7, Hep-G2, and
MKN-7 (37, 38). Thus, it is envisaged that the sensitivity of
tumor cells to radioactive iodine uptake could be increased by
modulating the SCFAs to promote histone acetylation and
enhance NIS expression, though further investigations are
yet needed.

In addition to iodine, selenium is also detrimental to thyroid
homeostasis, which is found in higher concentrations in the
thyroid gland in comparison to any other tissue in the human
body (39). Selenium, primarily selenoproteins such as glutathione
peroxidase, deiodinase, etc. exerts its biological function in
thyroid hormone metabolism, etc. (40). Selenium has been
reported to promote the activity of CD4+CD25+FOXP3+
regulatory T cells (Treg), inhibit the secretion of cytokines,
prevent apoptosis of follicular cells, and avert the secretion of
cytokines in thyroiditis (39). The metabolism of selenium has
been reported to be affected by the microbiota thus playing part
in regulating thyroid functions possibly via an increased
expression of Pax8 and promoting its binding to the upstream
enhancer region of the NIS, which is assumed to be due to
enhanced selenium uptake to activate NIS promoter and hence
induce NIS transcription (41). Calomme et al. demonstrated that
Lactobacillus converts intracellular sodium selenite into
selenocysteine and selenomethionine, thus facilitating the
absorption of selenium into the human body as organic
selenium (42, 43).

Conversely, selenium has also been reported to alter the
diversity and composition of gut microbiota in mice (44).
Furthermore, microbiota may influence the absorption and
utilization of microelements such as iron and zinc, which are
used to regulate thyroid hormone synthesis or activity
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conversion (45). Fluctuations in the synthesis and metabolism of
thyroid hormones targeting related microelements may result
from microbial dysbiosis, leading to abnormal thyroid
homeostasis (12).

The role of microbiota in iodothyronine
metabolism

It has been revealed that thyroid hormone homeostasis is
closely related to the effect of gut microbiota on iodothyronine
metabolism. On the one hand, the microbiota can promote its
binding to iodothyronine and thus act as a reservoir. A study
investigating this mechanism compared the ability of radioactive
T3 and T4 binding in the cecum in normal and antibiotic-treated
rats, where a significant decrease in binding ability of T3 and T4
was observed in comparison to normal rats (46). It is worth
mentioning that this role of microbiota has a positive effect in
maintaining thyroid hormone homeostasis and effectively reduces
the need for levothyroxine (L-T4). Spaggiari et al. evaluated the
impact of a ‘probiotic’ mixture (Lactobacillus and Bifidobacterium)
on L-T4 in patients with hypothyroidism, where the ‘probiotic’
mixture was found to significantly reduce the requirement for L-T4
thereby helping in the prevention of serum thyroid hormone
fluctuations (47). Similar results were also reported by Yao et al,,
where the dose of L-T4 required to maintain the stable TSH level
was found related to the microbiota (29).

Furthermore, the microbiota can uncouple the sulfated
glucuronide derivatives of iodothyronine via bacterial sulfate
esterase or B-glucuronidase, thereby improving the reabsorption
of thyroid hormones in the enterohepatic circulation (13, 48). In
addition, inhibition of 5- deiodinase activity by microbiota is
another pathway for its involvement in iodothyronine
metabolism, the direct effect of which is translated in a
reduction in the conversion of T4 to T3 and rT3. Deiodinase
activity in the adult rat intestine was found significantly lower
than in the rat fetus, which could be attributed to the inhibition
of resident intestinal microflora (49). It is hence concluded that
the microbiota is associated with iodothyronine metabolism
through a complex thyroid-gut axis regulatory pathway.
However, refined mechanistic studies are required to clarify
the role of intestinal microbiota.

Thyroid autoimmunity and intestinal
microbiota

As one of the most common organ-specific autoimmune
diseases, autoimmune thyroid diseases (AITD) are characterized
by the presence of thyrotrophin receptor antibody (TRAb),
thyroid peroxidases antibody (TPOAbD), and thyroglobulin
antibody (TGAD) against thyroid cells resulting in Hashimoto’s
thyroiditis (HT) and Graves’ disease (GD) (50, 51). At present,
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AITD pathogenesis remains not fully understood. It is generally
caused by the interaction between various endogenous and
exogenous factors such as genetic susceptibility, environmental
factors, and immune disorders (52, 53). Although there is no
experimental evidence elucidating the mechanism of microbiota
and thyroid autoimmunity, related studies suggest that microbiota
and its metabolites may directly or indirectly modulate thyroid
immunity, thereby inducing AITD (54, 55). Generally, one of the
mechanisms of microbiota-associated AITD is antigenic cross-
reactivity between gut microbiota and thyroid, where one is
reported to be due to cross-immune response induced by
Yersinia enterocolitica via thyrotropin receptor (TSHR)-like
substances, while another by the Bifidobacterium and
Lactobacillus via TPO Tg-like substances (56, 57). A high
prevalence of cytotoxin-associated gene A (Cag-A) antigen-
positive Helicobacter pylori (Hp) infection has also been
discovered in GD patients, which has been attributed to the
similarity of Cag-A positive Hp strains to TPO sequences (58).
Additionally, the microbiota-derived SCFAs can be involved
in the pathogenesis and progression of AITD through immune
regulation by T helper 17 (Th17)/Treg and cytokines (14). As
prompted by the previous, the microbiota and its metabolites
breaking the intestinal barrier reaching the systemic circulation
and promoting the release of inflammatory factors may also be
one of the mechanisms of inflammatory activation in AITD (7,
59). In conclusion, the correlation between microbial dysbiosis
and AITD remains relatively poor. More research on how
microbiota regulates thyroid immunity has to be done.

Benign thyroid disease and intestinal
microbiota

The association between HT and
microbiota

In 2012, Kouki Mori et al. proposed that commensal
microbiota may be an important environmental factor in
triggering HT [56]. Even though this opinion was based on
indirect research evidence, it was influential in promoting
subsequent research. Since 2017, there has been a spike in
research on gut microbiota and thyroid diseases globally,
particularly in AITD. Ishaq et al. demonstrated the correlation
between the altered composition and increased diversity of the
microbiota in HT patients relative to healthy individuals, where
the microbiota of HT patients was found impaired (60). Similar
results were reported by Zhao et al. stating that the changes in the
gut microbes are correlated with the thyroid function (61). It is
important to note that both of the above studies found a declined
abundance of Prevotella in HT patients, which is consistent with
that found in MS and hepatocellular carcinoma (16, 17). It has
been established that Prevotella is correlated with reduced pro-
inflammatory Th17 polarization, anti-inflammatory Treg
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differentiation, and the production of anti-inflammatory
metabolites in the gut (62). Therefore, it is speculated that the
Th17/Treg homeostasis regulation might be a potential
pathogenic pathway for Prevotella in HT patients. In contrast,
Liu et al. collected fecal samples from HT patients in different
stages of thyroid function (45 HT patients with euthyroidism, 18
HT patients with hypothyroidism) to further explore the gut
microbiota characteristics in HT patients and revealed that the
microbial abundance and diversity in HT patients were
significantly lower than those of normal patients, where the
Lachnospiraceae incertae sedis, Lactonifactor, Alistipes, and
Subdoligranulum were enriched considerably in HT patients in
comparison to euthyroidism (63). Although the results of the
above studies differed, it is believed to be reasonable and may be
due to the interference caused by environmental factors such as
assay technique, the subject’s diet, and lifestyle on the
intestinal microecology.

Two small sample studies have recently conducted a
preliminary investigation of comparing the microbiota
between AITD patients (HT and GD) and healthy controls
(64, 65). Isabel et al. stated that different types of AITD had
specific alterations in microbiota, where microbial abundance
was found increased in HT, and microbial evenness was reduced
in GD compared to healthy controls, suggesting that the altered
microbiota might be related to the development of the immune
system and intolerance to autoantigens in AITD (64). Similar
abnormalities in the microbial structure in patients with AITD
were also discovered by Hanaa et al. (65). Although the
associations of HT patients with gut microbiota are now well
established, the causal relationships between microbiota and HT
and the specific mechanisms remain unknown. Large sample
size studies and more rigorous mechanistic experiments
remain necessary.

The association between GD and
microbiota

The population of Bifidobacterium and Lactobacillus tend to
reduce with a significant increase in Enterococcus content in
hyperthyroid patients following quantification of some bacterial
genera using real-time PCR (18). Generally, the Bifidobacterium
and Lactobacillus are considered beneficial bacteria that help
maintain host health through mechanisms like immune
regulation and intestinal permeability. Hence, both the
Bifidobacterium and Lactobacillus are considered probiotics, and
their administration in mice was found to prevent the
development of autoimmune diseases including type 1 diabetes
and colitis (66). Conversely, Ishaq HM et al. also observed
dysbiosis of the intestinal microbiota in GD patients (19). It is
worth mentioning that Lactobacillus appears to be a double-edged
sword. Studies have demonstrated that specific strains of
Bifidobacterium and Lactobacillus are pathogenic due to
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structural homology with the amino acid sequences of human
TPO and Tg and thus can induce AITD through a cross-antigen-
molecular mimicry mechanism (57). Our previous study
analyzing the fecal microorganisms of 45 GD patients and 59
healthy controls using 16S rRNA sequencing revealed that the
abundance of Lactobacillus was significantly higher in TPOAb-
positive GD patients than that in TPOAb-negative GD patients,
thus suggesting that Lactobacillus may play a vital role in AITD
pathogenesis (20). Our findings were echoed in another clinical
study, in which Lactobacillus enriched in GD patients was found
to be associated with thyroid autoimmune antibodies (67). It is
evident that there is no absolute “good” or “bad” intestinal
microbiota, and the complex mechanisms of intestinal
microbiota in GD must be further explored in a targeted manner.

Studies on intestinal microbiota in animal models of GD
conducted in recent years have indicated that intestinal flora may
influence the construction of mouse GD models. The incidence of
hyperthyroidism and orbital tissue changes were reported to be
less severe in C57BL/6 ] mice than those in BALB/c mice GD
models, in addition to microbial structural alterations found
different in C57BL/6 ] from that of BALB/c mice (68). Similarly,
in another study, BALB/c mice receiving the same immunization
methods in other experimental centers showed different effects of
GD phenotype (69). The differences in microbiota and disease
phenotypes observed in these various studies support an
important role for gut microbiota in modulating the thyroid
immune response. Furthermore, Moshkelgosha et al. discovered
that abnormal intestinal microbiota exacerbated the development
of GD as an important pathogenic factor through fecal microbiota
transplantation experiments (21). These studies reveal that
microbiota plays an essential role in TSHR-induced GD
pathogenesis and that microbiota may contribute to the
heterogeneity of the induction response.

The association between hypothyroidism
and microbiota

It has been previously suggested that hypothyroidism is often
accompanied by impaired gastrointestinal motility, which creates
favorable conditions for colonization and overgrowth of intestinal
bacteria (22). Overgrown bacteria, in turn, promote the impaired
neuromuscular function of the gastrointestinal tract, further
exacerbating chronic gastrointestinal symptoms in hypothyroid
patients (22). Studies have confirmed that excessive growth of tiny
intestinal bacteria occurred in hypothyroid patients, which were
found to be inhibited with improvement in gastrointestinal
symptoms following antibiotic therapy (23, 24). Therefore,
hypothyroidism and microbiota are considered in a reciprocal
relationship and that assessing the growth of tiny intestinal
bacteria could be instructive in managing hypothyroid patients.

Recently, the intestinal microbiota and thyroid metabolism in
hypothyroid patients have also been studied. As previously
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mentioned, Lactobacillus and Bifidobacterium mixtures did not
directly alter the thyroid function compensation in hypothyroid
patients but helped prevent fluctuations in serum thyroid
hormones (47). A clinical trial found that synbiotics may have
beneficial effects on thyroid function in hypothyroid patients.
However, the difference was not statistically significant in
comparison to the placebo group (70). Furthermore, it has been
observed that the microbial composition and function were altered
in primary hypothyroidism patients. Veillonella, Paraprevotella,
Neisseria, and Rheinheimera can distinguish primary
hypothyroidism patients from healthy individuals (25). It is
noteworthy that reduced levels of SCFAs, caused by a decrease
in SCFA-producing bacteria in the gut of primary hypothyroidism
patients, exacerbate the intestinal barrier’s impairment and
elevated serum lipopolysaccharide levels. The authors also
confirmed that altered intestinal microbiota promoted
hypothyroidism in mice by fecal microbiota transplantation. This
is the first report to provide a comprehensive and rigorous
demonstration of the causal role of the thyroid and the intestine
through clinical cross-sectional studies and animal studies.
Subsequently, a cross-sectional study analyzed the microbiota in
patients with mild subclinical hypothyroidism treated with or
without L-T4, where the dose of L-T4 required to maintain TSH
levels and the progression of subclinical hypothyroidism was found
associated with gut microbes, which is probably a result of the
microbiota influencing L-T4 metabolism (29). These studies
strongly supported the correlations between primary
hypothyroidism and microbial dysbiosis and are of great
significance for subsequent studies on the mechanisms of gut-
thyroid interactions.

The association between thyroid
cancer and microbiota

The microbiota and its metabolites are important endogenous
factors that can influence the development of various cancers (26).
However, few studies on gut microbiota in thyroid cancer patients
have recently been published. A serum metabolomic analysis of
patients with distant metastases from thyroid cancer revealed that
diet and gut microbiota interactions might play an essential role in
tumor aggressiveness (27). Subsequently, a small sample study
conducted by Feng et al. integrated 16S rRNA gene sequencing and
non-target metabolomics, and the results revealed that the
microbiota of the thyroid cancer group had higher abundance
and diversity than that of healthy controls and that alterations were
strongly associated with serum lipid metabolites (71). Furthermore,
a practical model consisting of eight metabolites combined with
five genera was constructed based on multi-omics data to
characterize the intestinal microecology of these thyroid cancer
patients. Zhang et al. investigated the correlation between thyroid
cancer, thyroid nodules, and microbiota by comparing the
microbial structure characteristics between 20 thyroid cancer
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patients, 18 thyroid nodules patients, and 36 healthy controls
utilizing high-throughput sequencing, and results indicated that
the thyroid cancer and thyroid nodules were closely associated with
altered microbiota (72). It may be noted that both studies found a
reduced abundance of SCFAs-producing bacteria (e.g.,
Lachnospiraceae, and Butyricimonas) in patients with thyroid
cancer. SCFAs are thought to have a regulatory effect on the
immune microenvironment, where their reduced levels may also
lead to increased cell death and cell renewal, causing an increased
risk of cancer (73, 74). An advanced study of the mechanisms of
intestinal microbiota and SCFAs in thyroid cancer will therefore
contribute to our further understanding of the pathophysiology of
thyroid cancer. A case report published recently observed a
significant increase in the microbiota alpha diversity in patients
with undifferentiated thyroid cancer treated with the anti-PD-1
monoclonal antibody; Pembrolizumab (75). Another short review
suggested that microbiota may influence radioiodine refractory
papillary thyroid cancer by modulating different mechanisms
associated with NIS (76).

In contrast to previous studies, our new cross-sectional survey
of a larger sample identified potential microbiota associated with
tumor lymph node metastasis, including Fusobacterium, Alistipes,
Hungatella, and Phascolarctobacterium, in addition to dysbiosis of
the gut microbiota in patients with thyroid cancer. The
pathogenicity of these genera has been demonstrated in several
diseases, and we have accordingly inferred that thyroid cancer
progression may be linked to intestinal microbiota affecting
circulating DNA methyltransferase levels (28). The research
found a strong link between altered intestinal microbiota and
thyroid cancer. However, the presumptions are yet in their early
stages. The causal relationships and mechanisms of interaction
between the two still need to be further clarified by large samples,
multi-omics studies, and in vitro and in vivo experiments.

Conclusions

As research into the gut microecology of thyroid diseases
progresses, there is increasing evidence that gut microbiota is an
important environmental factor directly or indirectly influencing
the progression of thyroid diseases and that thyroid diseases can
exacerbate disturbances in the microbiota. Inducing immune-
inflammatory responses, altering iodothyronine metabolism, and
affecting thyroid-associated micronutrient absorption are
potential pathways through which the microbiota and
metabolites are involved in thyroid homeostasis. Nevertheless,
the causal relationships between gut microbiota and thyroid
diseases, how gut microbiota modulates thyroid autoimmunity,
and the specific mechanisms by which a particular bacterium or
core flora triggers thyroid diseases, are still poorly understood.
Therefore, there is still a great deal of evidence to be sought
through multi-omics integration analysis, cellular and animal
experiments. It is believed that as research progresses, future
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scientific advances in the study of thyroid-gut axis will be
advanced, leading to a more defined relationships and
mechanisms as well as gut microecological therapies.

Author contributions

W] prepared the draft manuscript under the guidance and
supervision of DL, ZL, GL, and DG. The manuscript was
substantively revised by DL and ZL. All authors contributed to
the article and approved the submitted version.

Funding

This study was sponsored by National Natural Science
Foundation of China [82071964], Shanghai Leading Talent
Program [03.05.19005], Shanghai Shenkang Three-year Action
Project [SHDC2020CR2054B], and Shanghai Municipal Health

References

1. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al.
Diversity of the human intestinal microbial flora. Science (2005) 308(5728):1635-8.
doi: 10.1126/science.1110591

2. Tannone LF, Preda A, Blottiere HM, Clarke G, Albani D, Belcastro V, et al.
Microbiota-gut brain axis involvement in neuropsychiatric disorders. Expert Rev
Neurother (2019) 19(10):1037-50. doi: 10.1080/14737175.2019.1638763

3. Gill SR, Pop M, Deboy RT, Eckburg PB, Turnbaugh PJ, Samuel BS, et al.
Metagenomic analysis of the human distal gut microbiome. Science (2006) 312
(5778):1355-9. doi: 10.1126/science.1124234

4. Qin]J, LiR, Raes ], Arumugam M, Burgdorf KS, Manichanh C, et al. A human
gut microbial gene catalogue established by metagenomic sequencing. Nature
(2010) 464(7285):59-65. doi: 10.1038/nature08821

5. Dodd D, Spitzer MH, Van Treuren W, Merrill BD, Hryckowian AJ, Higginbottom
SK, et al. A gut bacterial pathway metabolizes aromatic amino acids into nine circulating
metabolites. Nature (2017) 551(7682):648-52. doi: 10.1038/nature24661

6. Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune
responses during health and disease. Nat Rev Immunol (2009) 9(5):313-23. doi:
10.1038/nri2515

7. Vitale G, Dicitore A, Barrea L, Sbardella E, Razzore P, Campione S, et al.
From microbiota toward gastro-enteropancreatic neuroendocrine neoplasms: Are
we on the highway to hell? Rev Endocr Metab Disord (2021) 22(3):511-25. doi:
10.1007/s11154-020-09589-y

8. Karlsson FH, Fak F, Nookaew I, Tremaroli V, Fagerberg B, Petranovic D,
et al. Symptomatic atherosclerosis is associated with an altered gut metagenome.
Nat Commun (2012) 3:1245. doi: 10.1038/ncomms2266

9. Chen J, Wright K, Davis JM, Jeraldo P, Marietta EV, Murray J, et al. An
expansion of rare lineage intestinal microbes characterizes rheumatoid arthritis.
Genome Med (2016) 8(1):43. doi: 10.1186/513073-016-0299-7

10. Stebbings S, Munro K, Simon MA, Tannock G, Highton J, Harmsen H, et al.
Comparison of the faecal microflora of patients with ankylosing spondylitis and
controls using molecular methods of analysis. Rheumatol (Oxford) (2002) 41
(12):1395-401. doi: 10.1093/rheumatology/41.12.1395

11. Lerner A, Jeremias P, Matthias T. Gut-thyroid axis and celiac disease.
Endocr Connect (2017) 6(4):R52-R8. doi: 10.1530/EC-17-0021

12. Knezevic J, Starchl C, Tmava Berisha A, Amrein K. Thyroid-Gut-Axis: How
does the microbiota influence thyroid function? Nutrients (2020) 12(6):1769-84.
doi: 10.3390/nul12061769

13. Virili C, Centanni M. "With a little help from my friends" - the role of
microbiota in thyroid hormone metabolism and enterohepatic recycling. Mol Cell
Endocrinol (2017) 458:39-43. doi: 10.1016/j.mce.2017.01.053

Frontiers in Endocrinology

07

10.3389/fendo.2022.943408

Commission [GWV-10.1-XK9], and Natural Science
Foundation of Shanghai [21ZR1449600].

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
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.

14. Kohling HL, Plummer SF, Marchesi JR, Davidge KS, Ludgate M. The
microbiota and autoimmunity: Their role in thyroid autoimmune diseases. Clin
Immunol (2017) 183:63-74. doi: 10.1016/.clim.2017.07.001

15. Shao S, Yu X, Shen L. Autoimmune thyroid diseases and Th17/Treg
lymphocytes. Life Sci (2018) 192:160-5. doi: 10.1016/j.1f5.2017.11.026

16. Zeng Q, Junli G, Liu X, Chen C, Sun X, Li H, et al. Gut dysbiosis and lack of
short chain fatty acids in a Chinese cohort of patients with multiple sclerosis.
Neurochem Int (2019) 129:104468. doi: 10.1016/j.neuint.2019.104468

17. Zitvogel L, Daillere R, Roberti MP, Routy B, Kroemer G. Anticancer effects
of the microbiome and its products. Nat Rev Microbiol (2017) 15(8):465-78. doi:
10.1038/nrmicro.2017.44

18. Zhou L, Li X, Ahmed A, Wu D, Liu L, Qiu J, et al. Gut microbe analysis
between hyperthyroid and healthy individuals. Curr Microbiol (2014) 69(5):675—
80. doi: 10.1007/500284-014-0640-6

19. Ishaq HM, Mohammad IS, Shahzad M, Ma C, Raza MA, Wu X, et al.
Molecular alteration analysis of human gut microbial composition in graves'
disease patients. Int J Biol Sci (2018) 14(11):1558-70. doi: 10.7150/ijbs.24151

20. Jiang W, Yu X, Kosik RO, Song Y, Qiao T, Tong J, et al. Gut microbiota may
play a significant role in the pathogenesis of graves' disease. Thyroid (2021) 31
(5):810-20. doi: 10.1089/thy.2020.0193

21. Moshkelgosha S, Verhasselt HL, Masetti G, Covelli D, Biscarini F, Horstmann M,
et al. Modulating gut microbiota in a mouse model of graves' orbitopathy and its impact
on induced disease. Microbiome (2021) 9(1):45. doi: 10.1186/s40168-020-00952-4

22. Yaylali O, Kirac S, Yilmaz M, Akin F, Yuksel D, Demirkan N, et al. Does
hypothyroidism affect gastrointestinal motility? Gastroenterol Res Pract (2009)
2009:529802. doi: 10.1155/2009/529802

23. Konrad P, Chojnacki J, Kaczka A, Pawlowicz M, Rudnicki C, Chojnacki C.
Thyroid dysfunction in patients with small intestinal bacterial overgrowth. Polski
merkuriusz lekarski (2018) 44(259):15-8.

24. Lauritano EC, Bilotta AL, Gabrielli M, Scarpellini E, Lupascu A, Laginestra A,
et al. Association between hypothyroidism and small intestinal bacterial overgrowth.
J Clin Endocrinol Metab (2007) 92(11):4180-4. doi: 10.1210/jc.2007-0606

25. SuX, Zhao Y, Li Y, Ma S, Wang Z. Gut dysbiosis is associated with primary
hypothyroidism with interaction on gut-thyroid axis. Clin Sci (Lond) (2020) 134
(12):1521-35. doi: 10.1042/CS20200475

26. Garrett WS. Cancer and the microbiota. Science (2015) 348(6230):80-6. doi:
10.1126/science.aaa4972

27. Shen CT, Zhang Y, Liu YM, Yin S, Zhang XY, Wei WJ, et al. A distinct
serum metabolic signature of distant metastatic papillary thyroid carcinoma. Clin
Endocrinol (Oxf) (2017) 87(6):844-52. doi: 10.1111/cen.13437

frontiersin.org


https://doi.org/10.1126/science.1110591
https://doi.org/10.1080/14737175.2019.1638763
https://doi.org/10.1126/science.1124234
https://doi.org/10.1038/nature08821
https://doi.org/10.1038/nature24661
https://doi.org/10.1038/nri2515
https://doi.org/10.1007/s11154-020-09589-y
https://doi.org/10.1038/ncomms2266
https://doi.org/10.1186/s13073-016-0299-7
https://doi.org/10.1093/rheumatology/41.12.1395
https://doi.org/10.1530/EC-17-0021
https://doi.org/10.3390/nu12061769
https://doi.org/10.1016/j.mce.2017.01.053
https://doi.org/10.1016/j.clim.2017.07.001
https://doi.org/10.1016/j.lfs.2017.11.026
https://doi.org/10.1016/j.neuint.2019.104468
https://doi.org/10.1038/nrmicro.2017.44
https://doi.org/10.1007/s00284-014-0640-6
https://doi.org/10.7150/ijbs.24151
https://doi.org/10.1089/thy.2020.0193
https://doi.org/10.1186/s40168-020-00952-4
https://doi.org/10.1155/2009/529802
https://doi.org/10.1210/jc.2007-0606
https://doi.org/10.1042/CS20200475
https://doi.org/10.1126/science.aaa4972
https://doi.org/10.1111/cen.13437
https://doi.org/10.3389/fendo.2022.943408
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Jiang et al.

28. Yu X, Jiang W, Kosik RO, Song Y, Luo Q, Qiao T, et al. Gut microbiota
changes and its potential relations with thyroid carcinoma. ] Adv Res (2022) 35:61-
70. doi: 10.1016/j.jare.2021.04.001

29. Yao Z, Zhao M, Gong Y, Chen W, Wang Q, Fu Y, et al. Relation of gut
microbes and I-thyroxine through altered thyroxine metabolism in subclinical
hypothyroidism subjects. Front Cell Infect Microbiol (2020) 10:495. doi: 10.3389/
fcimb.2020.00495

30. Vought RL, Brown FA, Sibinovic KH, McDaniel EG. Effect of changing
intestinal bacterial flora on thyroid function in the rat. Horm Metab Res (1972) 4
(1):43-7. doi: 10.1055/s-0028-1094095

31. Nicola JP, Nazar M, Mascanfroni ID, Pellizas CG, Masini-Repiso AM. NF-
kappaB p65 subunit mediates lipopolysaccharide-induced Na(+)/1(-) symporter gene
expression by involving functional interaction with the paired domain transcription
factor Pax8. Mol Endocrinol (2010) 24(9):1846-62. doi: 10.1210/me.2010-0102

32. Sponziello M, Scipioni A, Durante C, Verrienti A, Maranghi M, Giacomelli
L, et al. Regulation of sodium/iodide symporter and lactoperoxidase expression in
four human breast cancer cell lines. J Endocrinol Invest (2010) 33(1):2-6. doi:
10.1007/BF03346542

33. Velez ML, Costamagna E, Kimura ET, Fozzatti L, Pellizas CG, Montesinos
MM, et al. Bacterial lipopolysaccharide stimulates the thyrotropin-dependent
thyroglobulin gene expression at the transcriptional level by involving the
transcription factors thyroid transcription factor-1 and paired box domain
transcription factor 8. Endocrinology (2006) 147(7):3260-75. doi: 10.1210/
en.2005-0789

34. Nicola JP, Velez ML, Lucero AM, Fozzatti L, Pellizas CG, Masini-Repiso AM.
Functional toll-like receptor 4 conferring lipopolysaccharide responsiveness is expressed
in thyroid cells. Endocrinology (2009) 150(1):500-8. doi: 10.1210/en.2008-0345

35. Fekete C, Gereben B, Doleschall M, Harney JW, Dora JM, Bianco AC, et al.
Lipopolysaccharide induces type 2 iodothyronine deiodinase in the mediobasal
hypothalamus: implications for the nonthyroidal illness syndrome. Endocrinology
(2004) 145(4):1649-55. doi: 10.1210/en.2003-1439

36. Baur A, Bauer K, Jarry H, Kohrle J. Effects of proinflammatory cytokines on
anterior pituitary 5'-deiodinase type I and type II. ] Endocrinol (2000) 167(3):505—
15. doi: 10.1677/j0e.0.1670505

37. Zhou L, Zhang M, Wang Y, Dorfman RG, Liu H, Yu T, et al.
Faecalibacterium prausnitzii produces butyrate to maintain Th17/Treg balance
and to ameliorate colorectal colitis by inhibiting histone deacetylase 1.
Inflammation Bowel Dis (2018) 24(9):1926-40. doi: 10.1093/ibd/izy182

38. Rathod M, Kelkar M, Valvi S, Salve G, De A. FOXA1 regulation turns
benzamide HDACi treatment effect-specific in BC, promoting NIS gene-mediated
targeted radioiodine therapy. Mol Ther Oncolytics (2020) 19:93-104. doi: 10.1016/
j.omt0.2020.08.015

39. Duntas LH. The role of iodine and selenium in autoimmune thyroiditis.
Horm Metab Res (2015) 47(10):721-6. doi: 10.1055/s-0035-1559631

40. Zimmermann MB, Kohrle J. The impact of iron and selenium deficiencies
on iodine and thyroid metabolism: biochemistry and relevance to public health.
Thyroid (2002) 12(10):867-78. doi: 10.1089/105072502761016494

41. Leoni SG, Sastre-Perona A, de la Vieja A, Santisteban P. Selenium increases
thyroid-stimulating hormone-induced Sodium/Iodide symporter expression
through Thioredoxin/Apurinic/Apyrimidinic endonuclease 1-dependent
regulation of paired box 8 binding activity. Antioxid Redox Signal (2016) 24
(15):855-66. doi: 10.1089/ars.2014.6228

42. Calomme M, Hu J, Van den Branden K, Vanden Berghe DA. Seleno-
lactobacillus. an organic selenium source. Biol Trace Elem Res (1995) 47(1-3):379—
83. doi: 10.1007/BF02790140

43. Pessione E. Lactic acid bacteria contribution to gut microbiota complexity:
lights and shadows. Front Cell Infect Microbiol (2012) 2:86. doi: 10.3389/
fcimb.2012.00086

44, Kasaikina MV, Kravtsova MA, Lee BC, Seravalli ], Peterson DA, Walter J,
et al. Dietary selenium affects host selenoproteome expression by influencing the
gut microbiota. FASEB J (2011) 25(7):2492-9. doi: 10.1096/fj.11-181990

45. Frohlich E, Wahl R. Microbiota and thyroid interaction in health and
disease. Trends Endocrinol Metab (2019) 30(8):479-90. doi: 10.1016/
j.tem.2019.05.008

46. DiStefano JJ3rd, de Luze A, Nguyen TT. Binding and degradation of 3,5,3'-
triiodothyronine and thyroxine by rat intestinal bacteria. Am J Physiol (1993) 264(6
Pt 1):E966-72. doi: 10.1152/ajpendo.1993.264.6.E966

47. Spaggiari G, Brigante G, De Vincentis S, Cattini U, Roli L, De Santis MC,
et al. Probiotics ingestion does not directly affect thyroid hormonal parameters in
hypothyroid patients on levothyroxine treatment. Front Endocrinol (Lausanne)
(2017) 8:316. doi: 10.3389/fendo.2017.00316

48. Rutgers M, Heusdens FA, Bonthuis F, de Herder WW, Hazenberg MP,
Visser TJ. Enterohepatic circulation of triiodothyronine (T3) in rats: importance of
the microflora for the liberation and reabsorption of T3 from biliary T3 conjugates.
Endocrinology (1989) 125(6):2822-30. doi: 10.1210/endo-125-6-2822

Frontiers in Endocrinology

10.3389/fendo.2022.943408

49. Nguyen TT, DiStefano JJ3rd, Huang LM, Yamada H, Cahnmann HJ. 5'- and
5-deiodinase activities in adult rat cecum and large bowel contents inhibited by
intestinal microflora. Am ] Physiol (1993) 265(3 Pt 1):E521-4. doi: 10.1152/
ajpendo.1993.265.3.E521

50. McLeod DS, Cooper DS. The incidence and prevalence of thyroid
autoimmunity. Endocrine (2012) 42(2):252-65. doi: 10.1007/s12020-012-9703-2

51. Banga JP, Schott M. Autoimmune thyroid diseases. Horm Metab Res (2018)
50(12):837-9. doi: 10.1055/a-0799-5068

52. Rayman MP. Multiple nutritional factors and thyroid disease, with
particular reference to autoimmune thyroid disease. Proc Nutr Soc (2019) 78
(1):34-44. doi: 10.1017/50029665118001192

53. Hasham A, Tomer Y. Genetic and epigenetic mechanisms in thyroid
autoimmunity. Immunol Res (2012) 54(1-3):204-13. doi: 10.1007/s12026-012-
8302-x

54. Mu Q, Kirby J, Reilly CM, Luo XM. Leaky gut as a danger signal for
autoimmune diseases. Front Immunol (2017) 8:598. doi: 10.3389/
fimmu.2017.00598

55. Ejtahed HS, Angoorani P, Soroush AR, Siadat SD, Shirzad N, Hasani-
Ranjbar S, et al. Our little friends with big roles: Alterations of the gut microbiota in
thyroid disorders. Endocr Metab Immune Disord Drug Targets (2020) 20(3):344-
50. doi: 10.2174/1871530319666190930110605

56. Wang Z, Zhang Q, Lu J, Jiang F, Zhang H, Gao L, et al. Identification of
outer membrane porin f protein of yersinia enterocolitica recognized by
antithyrotopin receptor antibodies in graves' disease and determination of its
epitope using mass spectrometry and bioinformatics tools. ] Clin Endocrinol Metab
(2010) 95(8):4012-20. doi: 10.1210/jc.2009-2184

57. Kiseleva EP, Mikhailopulo KI, Sviridov OV, Novik GI, Knirel YA, Szwajcer
Dey E. The role of components of bifidobacterium and lactobacillus in
pathogenesis and serologic diagnosis of autoimmune thyroid diseases. Benef
Microbes (2011) 2(2):139-54. doi: 10.3920/BM2010.0011

58. Bassi V, Santinelli C, Iengo A, Romano C. Identification of a correlation
between helicobacter pylori infection and graves' disease. Helicobacter (2010) 15
(6):558-62. doi: 10.1111/j.1523-5378.2010.00802.x

59. Lv LX, Fang DQ, Shi D, Chen DY, Yan R, Zhu YX, et al. Alterations and
correlations of the gut microbiome, metabolism and immunity in patients with
primary biliary cirrhosis. Environ Microbiol (2016) 18(7):2272-86. doi: 10.1111/
1462-2920.13401

60. Ishag HM, Mohammad IS, Guo H, Shahzad M, Hou YJ, Ma C, et al.
Molecular estimation of alteration in intestinal microbial composition in
hashimoto's thyroiditis patients. BioMed Pharmacother (2017) 95:865-74. doi:
10.1016/j.biopha.2017.08.101

61. Zhao F, Feng J, Li J, Zhao L, Liu Y, Chen H, et al. Alterations of the gut
microbiota in hashimoto's thyroiditis patients. Thyroid (2018) 28(2):175-86. doi:
10.1089/thy.2017.0395

62. Li ], Sung CY, Lee N, Ni Y, Pihlajamaki J, Panagiotou G, et al. Probiotics
modulated gut microbiota suppresses hepatocellular carcinoma growth in mice.
Proc Natl Acad Sci USA (2016) 113(9):E1306-15. doi: 10.1073/pnas.1518189113

63. Liu S, An'Y, Cao B, Sun R, Ke J, Zhao D. The composition of gut microbiota
in patients bearing hashimoto's thyroiditis with euthyroidism and hypothyroidism.
Int ] Endocrinol (2020) 2020:5036959. doi: 10.1155/2020/5036959

64. Cornejo-Pareja I, Ruiz-Limon P, Gomez-Perez AM, Molina—Vega M,
Moreno-Indias I, Tinahones FJ. Differential microbial pattern description in
subjects with autoimmune-based thyroid diseases: A pilot study. J Pers Med
(2020) 10(4):192-204. doi: 10.3390/jpm10040192

65. El-Zawawy HT, Ahmed SM, El-Attar EA, Ahmed AA, Roshdy YS, Header
DA. Study of gut microbiome in Egyptian patients with autoimmune thyroid
diseases. Int J Clin Pract (2021) 75(5):e14038. doi: 10.1111/ijcp.14038

66. Foligne B, Zoumpopoulou G, Dewulf ], Ben Younes A, Chareyre F, Sirard
JC, et al. A key role of dendritic cells in probiotic functionality. PloS One (2007) 2
(3):e313. doi: 10.1371/journal.pone.0000313

67. Chen J, Wang W, Guo Z, Huang S, Lei H, Zang P, et al. Associations between
gut microbiota and thyroidal function status in Chinese patients with graves' disease.
J Endocrinol Invest (2021) 44(9):1913-26. doi: 10.1007/s40618-021-01507-6

68. Moshkelgosha S, Masetti G, Berchner-Pfannschmidt U, Verhasselt HL,
Horstmann M, Diaz-Cano S, et al. Gut microbiome in BALB/c and C57BL/6]
mice undergoing experimental thyroid autoimmunity associate with differences in
immunological responses and thyroid function. Horm Metab Res (2018) 50
(12):932-41. doi: 10.1055/a-0653-3766

69. Masetti G, Moshkelgosha S, Kohling HL, Covelli D, Banga JP, Berchner-
Pfannschmidt U, et al. Gut microbiota in experimental murine model of graves'
orbitopathy established in different environments may modulate clinical presentation
of disease. Microbiome (2018) 6(1):97. doi: 10.1186/s40168-018-0478-4

70. Talebi S, Karimifar M, Heidari Z, Mohammadi H, Askari G. The effects of
synbiotic supplementation on thyroid function and inflammation in hypothyroid

frontiersin.org


https://doi.org/10.1016/j.jare.2021.04.001
https://doi.org/10.3389/fcimb.2020.00495
https://doi.org/10.3389/fcimb.2020.00495
https://doi.org/10.1055/s-0028-1094095
https://doi.org/10.1210/me.2010-0102
https://doi.org/10.1007/BF03346542
https://doi.org/10.1210/en.2005-0789
https://doi.org/10.1210/en.2005-0789
https://doi.org/10.1210/en.2008-0345
https://doi.org/10.1210/en.2003-1439
https://doi.org/10.1677/joe.0.1670505
https://doi.org/10.1093/ibd/izy182
https://doi.org/10.1016/j.omto.2020.08.015
https://doi.org/10.1016/j.omto.2020.08.015
https://doi.org/10.1055/s-0035-1559631
https://doi.org/10.1089/105072502761016494
https://doi.org/10.1089/ars.2014.6228
https://doi.org/10.1007/BF02790140
https://doi.org/10.3389/fcimb.2012.00086
https://doi.org/10.3389/fcimb.2012.00086
https://doi.org/10.1096/fj.11-181990
https://doi.org/10.1016/j.tem.2019.05.008
https://doi.org/10.1016/j.tem.2019.05.008
https://doi.org/10.1152/ajpendo.1993.264.6.E966
https://doi.org/10.3389/fendo.2017.00316
https://doi.org/10.1210/endo-125-6-2822
https://doi.org/10.1152/ajpendo.1993.265.3.E521
https://doi.org/10.1152/ajpendo.1993.265.3.E521
https://doi.org/10.1007/s12020-012-9703-2
https://doi.org/10.1055/a-0799-5068
https://doi.org/10.1017/S0029665118001192
https://doi.org/10.1007/s12026-012-8302-x
https://doi.org/10.1007/s12026-012-8302-x
https://doi.org/10.3389/fimmu.2017.00598
https://doi.org/10.3389/fimmu.2017.00598
https://doi.org/10.2174/1871530319666190930110605
https://doi.org/10.1210/jc.2009-2184
https://doi.org/10.3920/BM2010.0011
https://doi.org/10.1111/j.1523-5378.2010.00802.x
https://doi.org/10.1111/1462-2920.13401
https://doi.org/10.1111/1462-2920.13401
https://doi.org/10.1016/j.biopha.2017.08.101
https://doi.org/10.1089/thy.2017.0395
https://doi.org/10.1073/pnas.1518189113
https://doi.org/10.1155/2020/5036959
https://doi.org/10.3390/jpm10040192
https://doi.org/10.1111/ijcp.14038
https://doi.org/10.1371/journal.pone.0000313
https://doi.org/10.1007/s40618-021-01507-6
https://doi.org/10.1055/a-0653-3766
https://doi.org/10.1186/s40168-018-0478-4
https://doi.org/10.3389/fendo.2022.943408
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Jiang et al.

patients: A randomized, doubleblind, placebocontrolled trial. Complement Ther
Med (2020) 48:102234. doi: 10.1016/j.ctim.2019.102234

71. Feng J, Zhao F, Sun J, Lin B, Zhao L, Liu Y, et al. Alterations in the gut
microbiota and metabolite profiles of thyroid carcinoma patients. Int J Cancer
(2019) 144(11):2728-45. doi: 10.1002/ijc.32007

72. ZhangJ, Zhang F, Zhao C, Xu Q, Liang C, Yang Y, et al. Dysbiosis of the gut
microbiome is associated with thyroid cancer and thyroid nodules and correlated
with clinical index of thyroid function. Endocrine (2019) 64(3):564-74. doi:
10.1007/s12020-018-1831-x

73. Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, deRoos P, et al.
Metabolites produced by commensal bacteria promote peripheral regulatory T-

Frontiers in Endocrinology

09

10.3389/fendo.2022.943408

cell generation. Nature.Break In po (2013) 504(7480):451-5. doi: 10.1038/
naturel2726

74. Yano Y, Matsui T, Uno H, Hirai F, Futami K, Iwashita A. Risks and clinical
features of colorectal cancer complicating crohn's disease in Japanese patients.
J Gastroenterol Hepatol (2008) 23(11):1683-8. doi: 10.1111/j.1440-1746.2008.05532.x

75. Aghajani MJ, Cooper A, McGuire H, Jeffries T, Saab J, Ismail K, et al.
Pembrolizumab for anaplastic thyroid cancer: a case study. Cancer Immunol
Immunother (2019) 68(12):1921-34. doi: 10.1007/500262-019-02416-7

76. Samimi H, Haghpanah V. Gut microbiome and radioiodine-refractory
papillary thyroid carcinoma pathophysiology. Trends Endocrinol Metab (2020)
31(9):627-30. doi: 10.1016/j.tem.2020.03.005

frontiersin.org


https://doi.org/10.1016/j.ctim.2019.102234
https://doi.org/10.1002/ijc.32007
https://doi.org/10.1007/s12020-018-1831-x
https://doi.org/10.1038/nature12726
https://doi.org/10.1038/nature12726
https://doi.org/10.1111/j.1440-1746.2008.05532.x
https://doi.org/10.1007/s00262-019-02416-7
https://doi.org/10.1016/j.tem.2020.03.005
https://doi.org/10.3389/fendo.2022.943408
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The relationships between the gut microbiota and its metabolites with thyroid diseases
	Introduction
	Thyroid homeostasis and intestinal microbiota
	Thyroid-related micronutrients and intestinal microbiota
	The role of microbiota in iodothyronine metabolism
	Thyroid autoimmunity and intestinal microbiota

	Benign thyroid disease and intestinal microbiota
	The association between HT and microbiota
	The association between GD and microbiota
	The association between hypothyroidism and microbiota

	The association between thyroid cancer and microbiota
	Conclusions
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


