Journal of

%

Clinical Medicine

Review

Microbiome Metabolites and Thyroid Dysfunction

Piotr Bargiel !, Malgorzata Szczuko 2{”, Laura Stachowska 2{7, Piotr Prowans !, Norbert Czapla !,
Marta Markowska !, Jan Petriczko 17, Jakub Kledzik !, Alicja Jedrzejczyk-Kledzik !, Joanna Palma 3,

Paulina Zabielska *

check for

updates
Citation: Bargiel, P.; Szczuko, M,;
Stachowska, L.; Prowans, P.; Czapla,
N.; Markowska, M.; Petriczko, J.;
Kledzik, J.; Jedrzejczyk-Kledzik, A.;
Palma, J.; et al. Microbiome
Metabolites and Thyroid Dysfunction.
J. Clin. Med. 2021, 10, 3609. https://
doi.org/10.3390/jcm10163609

Academic Editors:
Anastasios Koulaouzidis,
Wojciech Marlicz and

Karolina Skonieczna-Zydecka

Received: 14 July 2021
Accepted: 13 August 2021
Published: 16 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Dominika Maciejewska-Markiewicz

2,%

Department of Plastic, Endocrine and General Surgery, Pomeranian Medical University in Szczecin,
Siedlecka 2, 72-010 Police, Poland; bergiel87@gmail.com (P.B.); pprowans@wp.pl (P.P.);
norbertczapla@gmail.com (N.C.); maciejkaml@gmail.com (M.M.); jan.petriczko@pum.edu.pl (J.P.);
jakub.kledzik95@gmail.com (J.K.); jedrzejczykalicja@gmail.com (A.J.-K.)

Department of Human Nutrition and Metabolomics, Pomeranian Medical University in Szczecin,

71-460 Szczecin, Poland; malgorzata.szczuko@pum.edu.pl (M.S.); l.stachowskaa@gmail.com (L.S.)
Department of Biochemical Science, Pomeranian Medical University in Szczecin, 71-460 Szczecin, Poland;
palma.01.01@gmail.com

Subdepartment of Social Medicine and Public Health, Department of Social Medicine, Pomeranian Medical
University in Szczecin, 71-210 Szczecin, Poland; paulina.zabielska@pum.edu.pl

*  Correspondence: dmaciejewska.pum@gmail.com; Tel.: +48-91-441-4809

Abstract: Thyroid diseases are common conditions that have a negative impact on the health of
all populations. The literature sheds light on the differences in the composition of the intestinal
microbiota in patients suffering from thyroid diseases compared to healthy individuals. The micro-
biome affects the proper functioning of the thyroid gland, and the existence of the gut-thyroid axis is
discussed in the context of both thyroid diseases and intestinal dysbiosis. The purpose of this review
is to describe associations between the microbiome and its metabolites and thyroid dysfunction. We
try to explain the role of the microbiome in the metabolism of thyroid hormones and the impact
of thyroid autoimmune diseases. In addition, we raise issues related to the influence of bacterial
metabolites, such as short-chain fatty acids or secondary bile acids, in the functioning of the thyroid
gland. Last but not least, we explored the interactions between the gut microbiota and therapeutics
and supplements typically administered to patients with thyroid diseases.

Keywords: microbiome; thyroid dysfunction; microbiome metabolites; dysbiosis; thyroxine

1. Introduction

Thyroid diseases are common conditions that have a negative impact on the health of
all populations. The diagnosis of thyroid diseases is based on evidence of structural abnor-
malities of the gland and of altered secretory function. Hormones secreted by the thyroid
gland control the function of the majority of tissues, maintaining the internal balance of
the body. Iodine is essential for normal thyroid function as well ashormone production [1].
Iodine deficiency is the main cause of thyroid dysfunction in developing countries. It
is estimated that about 30% of the world’s population suffers from a deficiency of this
element. In these regions, iodine deficiency leads to the development of hypothyroidism
and secondary thyroid hypertrophy [2].

Hypothyroidism is one of the most common endocrine disorders, affecting 5-10% of
the global population. People who live in developed countries are more likely to be affected
by autoimmune diseases, including Hashimoto’s thyroiditis (HT) and Graves’ disease (GD).
HT is the most common cause of primary hypothyroidism though it may also presents with
hyperactivity and euthyroidism [3]. GD, on the other hand, is the most common cause of
hyperthyroidism. Thyroid diseases are several times more common in women than in men;
the elderly and patients after radiation exposure are also more vulnerable. Sometimes,
the thyroid gland becomes inflamed. HT is the most common type of inflammation and
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is classified as chronic autoimmune thyroiditis. Acute thyroiditis is rare, mainly affects
children, and has a predominantly bacterial etiology. Subacute thyroiditis, also called
De Quervain’s thyroiditis, is granulomatous in nature and is possibly caused by a viral
infection [4]. The most common structural disorder of the thyroid gland is hypertrophy,
known as goitre. It may be diffused, which means the entire parenchyma is enlarged or
nodular. Aspiration biopsy should be considered in all cases of nodular lesions in the
thyroid gland to assess the risk of malignancy. Tumors of the thyroid gland are mostly
benign. Thyroid cancer accounts for 10% of all thyroid neoplasms and is the most common
malignant neoplasm of the endocrine glands. In recent years, a significant increase in
the incidence of this type of cancer has been observed all over the world. Thyroid cancer
may arise from follicular cells (90% of cases) and thyroid C cells. Papillary and follicular
are the most common types of thyroid carcinoma, and anaplastic cancer is characterized
by rapid growth and poor prognosis, while medullary cancer characteristically secretes
calcitonin [5]. The composition of the intestinal microbiota is predominantly shaped by
environmental and, to a lesser extent, genetic factors [6]. It has already been proven that an
unbalanced diet and medications—including some over-the-counter remedies—as well as
chronic stress can cause alterations in the composition of the gut microbiota [7]. This leads
to a loss of barrier integrity with all of its consequences. Scientific literature shows that
microbiota homeostasis disorders play a crucial role in disrupting tolerance to autoantigens
with the concomitant development of autoimmune disorders such as HT [8]. The purpose
of this review is to describe the associations between the microbiome and its metabolites
and thyroid dysfunction.

2. Microbiome and Thyroid Diseases

Human intestinal microbiota consists of billions of bacteria and, to a lesser extent,
archaea, viruses, and fungi, and has recently come to be recognized as a ‘hidden” organ
system conducting trophic, metabolic, and immune functions within the human body [9].
Intestinal bacteria are pioneers of immune training. Their continuous cooperation with the
immune system that is associated with the intestinal mucosa, namely the gut-associated
lymphoid tissue (GALT), is crucial for immune tolerance to commensals and food antigens,
while maintaining efficiency in eliminating potentially harmful factors [10]. Intestinal
bacteria co-create the intestinal barrier, which is a physical and functional structure within
the gut consisting of microbiota, intestinal epithelium and the blood, lymph, and the
nervous and GALT systems in the lamina propria. Intestinal barrier integrity is defined
as selective permeability to molecules of a certain size and molecular charge. GALT is
activated when the ability of the intestinal barrier to control the transport of antigens to
the blood vessels is lost. GALT effector cells and proinflammatory factors produced at that
time cause subclinical inflammation, initially in situ only [11]. Immunocompetent cells
from the intestine migrate to specific tissues and organs, which might consequently initiate
persistent inflammation [12].

The literature sheds light on the differences in the composition of intestinal microbiota
in patients suffering from thyroid diseases compared to healthy individuals. For instance,
a study by Zhao et al. [13] demonstrated that the microbiome of patients with HT was of
higher richness and diversity compared to healthy controls. The Firmicutes/Bacteroidetes
ratio, used as an indicator of intestinal eubiosis, was elevated in HT patients. Similar
relationships have been observed in metabolic syndrome and functional gastrointestinal
disorders, where the participation of intestinal microbiota as a key player in the pathogene-
sis has already been confirmed [14]. A detailed analysis of the results of the genetic testing
of the 165 rRNA gene showed that the abundance of Blautia, Roseburia, the Ruminococcus
torques group, Romboutsia, Dorea, Fusicatenibacter, and the Eubacterium hallii group increased
in HT patients, while Faecalibacterium, Bacteroides, Prevotella, and Lachnoclostridium were
overrepresented in healthy people. Meanwhile, Bacteroides effectively ferment fibre into
acetate and propionate [15]. Faecalibacterium produces butyrate, which is the primary
source of energy for colonocytes as well as an important epigenetic regulator of immune
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responses [16]. Similarly, Prevotella and Oscillibacter are able to reduce Th17 polarization
and enhance the differentiation of anti-inflammatory of regulatory T cells (Treg) cells within
the intestine [17]. This is of paramount importance, as a reduction in these bacteria counts
was also observed in autism spectrum disorders, a diagnosis with a well-documented
inflammatory origin [18,19]. However, the decrease in their numbers clearly reduces the
immune potential, which adversely affects selective transport across the intestinal bar-
rier. With regard to the types of bacteria observed in increased numbers, the results are
inconclusive. For example, Blautia and Dorea are described as preferable or unrelated to
inflammatory diseases, and species of these genera increase over the course of liver disease,
graft-versus-host disease, or Parkinson’s disease [20]. Moreover, Ruminococcus torques has
the ability to degrade mucin and is a microbial marker of Crohn’s disease [21].

Most importantly, however, the results of the study by Zhao et al. [13] showed that
there are associations between the abundance of selected types of bacteria and the diagnos-
tic parameters associated with autoimmune thyroiditis, such as antibodies against thyroid
peroxidase (anti-TPO) and thyroglobulin (anti-TG). The abundance of 18 types of bacteria
was demonstrated to be positively correlated with anti-TPO and anti-TG, while for six
types of bacteria, the correlation was negative. A positive correlation for Alloprevotella and
a negative correlation for Fusicatenibacter with FT4 were also demonstrated. Based on linear
discriminant analysis, it was concluded that Bacteroides, Streptococcus, Faecalibacterium,
Fusicatenibacter, Prevotella, Blautia, Eubacterium, Ruminococcus, Alloprevotella, and Roseburia
can serve as biomarkers in the non-invasive monitoring of thyroid health [13].

Similarly, another study [22] found that the microbiota of HT patients was charac-
terised by a higher diversity, as assessed by the Chao index, but not the Shannon and
Simpson indexes. Patients had lower counts of bacteria from the Prevotellaceae and Veil-
lonellaceae families, which are both involved in the induction of regulatory T cells in the
intestine. Meanwhile, the abundance of Parasutterella and Escherichia coli, the latter of which
responsible for common infections, e.g., of the urinary tract, and the Shiga toxin-producing
toxin Shigella, were elevated.

An additional factor linking thyroid diseases and gastrointestinal microbiota is the
increased risk of developing the former in people with Helicobacter pylori infection. Numer-
ous mechanisms are involved, including molecular mimicry, microbial superantigens, high
levels of proinflammatory cytokines such as interferon-y, cross-reactions of the antibodies
produced as a result of Helicobacter pylori reactions with human tissue antigens, immune
complex formation, and the induction of the expression of major molecules of the tissue
compatibility complex on the epithelial cells of the thyroid gland [23]. In a study by Aghili
et al. [24], concentrations of the anti-Helicobacter pylori IgG antibodies TSH and anti-TPO
class were assessed. The results proved that 46.5% of the patients from the study group
and 10.8% of the controls tested positive for the presence of anti-HP IgG antibodies. In
addition, in HT patients infected with Helicobacter pylori, after pharmaceutical eradication,
anti-TPO and anti-TG antibody titers significantly decreased [25]. In addition, patients
with impaired gastric acid secretion required higher doses of thyroid hormone treatment.
This relationship suggests that normal gastric pH is needed for the effective absorption of
thyroxine [26].

In light of the above, observations regarding the effect of medications on microbiota
composition and its metabolic activity are crucial. What is more, intestinal bacteria are
equipped with an enzyme apparatus that is involved in the active biotransformation of
xenobiotics. This is a new area of research that is known as pharmacomicrobiomics (http:
/ /pharmacomicrobiomics.com, accessed on 30 March 2021). There is a body of evidence
showing that the interactions between bacteria and xenobiotics can be direct, such as
activation, detoxification, direct binding, but also via indirect mechanisms associated with
enterohepatic circulation, changes in the kinetics of enzymatic reactions, or the expression
of selected genes and bacteria affecting the effectiveness of medications [27]. For example,
bacterial azoreductases participate in the formation of the active form, i.e., aminosalicylic
acid, from the inactive sulfasalazine taken by the patient. Another example is digoxin,
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a cardiac glycoside with a narrow therapeutic window, which can be reduced by the
enzymes of the Eggerthella lenta species, producing inactive 20R-dihydrodigoxin. It has also
been proven that some bacteria, such as the above-mentioned Helicobacter pylori, can bind
medications, which prevents them from reaching their destination and thus limits their
therapeutic efficacy. Helicobacter-bound Levodopa cannot cross the blood-brain barrier
and therefore does not decarboxylate to dopamine in the central nervous system, which
renders it ineffective [28].

In summary, a skewed microbiota structure and function might be linked to thyroid
disease phenotype. However, as for the existence of a variety of exposomes influencing
the ‘bacterial organ” and more different methodological approaches, there is an urgent
need for further prospective studies on the contribution of the intestinal microbiota and its
metabolites on thyroid regulation. To add, studies exploring the functional potential of the
gut microbiome, including whole genome sequencing and feacal metabolome, are of great
importance to be designed.

3. Microbiota and Thyroid Hormone Metabolism

The microbiome affects the enterohepatic cycling of thyroid hormones, the bioavail-
ability of levothyroxine, and the metabolism of propylthiouracil, a medication used in
the treatment of hyperthyroidism [29]. In other words, the gut microbiota impacts both
endogenous and exogenous thyroid hormones at practically every level. Di Stefano 3rd
et al. observed T3 and T4 binding capacity for radioactive iodothyronine in the bacteria
comprising the rat intestinal microbiome [30]. According to the study published by Bianco
and Kim in 2006 [31], the most effective pathways in the entire iodothyronine metabolism
are those of deiodination and conjugation. Deiodinases are distributed asymmetrically
in peripheral tissues, ensuring peripheral thyroid homeostasis. Type 2- and 3-deiodinase
activities were found to be higher in the intestinal wall of rat foetuses than in adult rats [32].
According to a rat study by Nguyen et al. [33], residual bacteria colonizing the intestine
inhibit deiodinase activity. Samples were subjected to a freeze—thaw treatment in order to
destroy bacterial cells in the culture. The enzyme activity was at its greatest in the samples
prepared in this way. On the other hand, in the presence of the physiological intestinal
microbiota enzyme, activity was suppressed, which may be indirectly related to the T3-
and T4-binding capacity of the bacteria comprising the microbiota. In a contemporary 2000
study by Sabatino et al. [34], deiodinase activity in the human intestine was confirmed.
Conjugation is the next step in iodothyronine metabolism, including the esterification of the
phenolic hydroxyl group with sulphuric acid or etherification with glucuronic acid, known,
respectively, as sulphoconjugation and glucuroconjugation. The purpose of these reactions
is to increase the water solubility of iodothyronine, which on the one hand, facilitates
its urinary and biliary clearance, and on the other, reduces its intestinal absorption. To
be more specific, sulphoconjugation results in increased levels of inactive metabolites,
whereas glucuroconjugation produces considerable amounts of conjugated T4, which are
secreted into the intestinal lumen with bile [34]. Intestinal bacteria, especially Peptococcus
productus, are capable of hydrolysing iodothyronine conjugates, or their deconjugation,
thanks to the presence of beta-glucuronidase, whose activity in the intestinal microbiota
was demonstrated by de Herder et al. in 1985. In turn, in 1989, Rutgers et al. suggested
that gut bacteria are capable of absorbing iodothyronine in the deconjugated form and may
therefore serve as a reservoir of the hormone and may even compete with albumins for
affinity binding [32]. In one rat study, scholars demonstrated that the intestine is the largest
extrathyroidal organ pool of iodothyronine [33]. The hormone may re-enter systemic circu-
lation, thus closing the enterohepatic cycle of iodothyronine. Hepato-intestinal circulation
of iodothyronine is shown in Figure 1.
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Figure 1. Hepato-intestinal circulation of iodothyronine (created with BioRender.com).

The intestinal microorganisms co-evolved with the Homo sapiens, which emphasizes
how many physiological processes are conditioned by their presence. Intestinal microbiota
is involved in metabolic, trophic, and immunological functions, and importantly, the
products of particular biochemical transformations may serve as substrates of subsequent
reactions. From the evolutionary point of view, the most important is the metabolic activity
of the microbiota, referred to as the ability to enzymatically decompose nutrients in the
digestive tract. However, as presented, the metabolic potential of gut ecosystem also
includes thyroid hormones metabolism.

4. Mineral Absorption and Microbiome

The process facilitates the uptake of the microelements necessary to ensure the normal
metabolism of thyroid hormones, such as iodine, copper, iron, selenium, and zinc [29,35,36].
These minerals are often found to be deficient in patients with thyroid dysfunction. Impor-
tantly, these elements are crucial for the thyroid function. For instance, iodine, iron, and
copper are pivotal in synthesizing thyroid hormones, while selenium and zinc play a role
in T4 to T3 conversion [37].

4.1. Iodine

In a rat study conducted in 1972 by Vought et al., gut microbiota was found to affect
the intestinal absorption of iodine. Rats were fed kanamycin, an antibiotic effective against
both aerobic and anaerobic bacteria commonly found in the lower intestine, especially the
Gram-negative Escherichia coli. The uptake of radioactive iodine in those rats was lower
than in the control group, which was comprised of untreated rats [38]. However, these
findings were not corroborated in human studies. In patients with short gut syndrome
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receiving parenteral nutrition, iodine excretion was at a similar level as in the control group,
despite vast disproportions in the presence of gut microbiota between the two groups [39].
Similar conclusions were reached by Michalaki et al. in 2015 in a study investigating
urinary iodine excretion levels in patients following bariatric surgery [40]. Even though in
light of the above research findings gut microbiota may be presumed to affect the intestinal
absorption of iodine, it has no effect on urinary excretion, with the evidence in favour of
such a finding being too weak to draw any definitive conclusions [41].

4.2. Iron

A recent in vitro study showed that Lactobacillus fermentum, which is part of the human
microbiota, exhibits ferric-reducing activity due to the excretion of p-hydroxyphenyllactic
acid, consequently facilitating iron absorption. Moreover, gut microbiota was observed
to increase the bioavailability of dietary iron by converting ellagic acid (EA) to urolithin
A (UA), which remains active without having to bind Fe3*. UA inhibits reactive oxy-
gen species production and protects the host against oxidative stress and inflammatory
response [42]. In iron-deficiency states in the body, the expression of divalent metal trans-
porter 1 is upregulated, leading to greater iron absorption and release into the bloodstream,
which is mediated by ferroportin—a transmembrane protein found, among others, in
duodenal epithelial cells (enterocytes). Likewise, in the case of iron overload, its absorp-
tion is downregulated, and the excess iron is incorporated into enterocytes, binding to
ferritin—the primary iron-storage protein. Dietary iron deficiency leads to a depletion of
intestinal bacteria populations, including Roseburia, Bacteroides, and Eubacterium rectale, and
an increase in the Lactobacillus and Enterobacteriaceae strains [42].

4.3. Selenium

In food, selenium is found mainly in the form of organic compounds, presumably
because it is easier to absorb, and includes the forms of selenomethionine, methylseleno-
cysteine or gamma-glutamyl-methylselenocysteine. However, selenium-enriched foods
and dietary supplements, apart from organic selenium compounds, often also contain its
inorganic forms, i.e., selenate and selenite. It was demonstrated that the absorption rate for
organic selenium compounds is approximately 85-90% of the supplied dose, compared
to 10% of the mineral dose supplied in the form of inorganic selenates [42]. Selenium
absorption takes place in the duodenum and caecum. Based on findings from animal stud-
ies, dietary selenium increases the abundance of bacteria such as Lactobacillus, Bacteroides,
Prevotella, and Roseburia, while decreasing Firmicutes, Alistipes, Parabacteroides, Ruminococ-
cus, and Helicobacter [43]. Once absorbed into the bloodstream, selenium binds to plasma
albumins and globulins, whereafter it is transported to the liver, kidneys, testes, thyroid,
pancreas, pituitary gland, and skeletal muscles. In their 2016 study, Lavu et al. showed in
in vitro conditions using a gastric/intestinal absorption model that the selenium absorbed
in the small intestine may be actively re-absorbed into the colon and metabolised by the
local microbiota, reducing its bioavailability [44].

4.4. Zinc

Zinc is the second most abundant trace metal in the human body after iron. In 1980,
Sandstrom and Cederblad revealed a trend whereby the higher the zinc content in a meal,
the less the fractional absorption of zinc there is in the intestine. After administering
40 pmol of radiolabelled zinc, a 73% absorption rate was achieved, compared to the 46%
absorption rate when 200 umol was administered [45]. In turn, in 1989, August et al.
reported that the intestinal absorption of zinc in elderly individuals is lower than in
young adults, independent of dietary intake. Zinc absorption is additionally affected by
the presence in the intestinal lumen of phytates and other minerals (iron and calcium),
which may act as inhibitors binding zinc and blocking its action [46]. In a study with an
animal model, elevated serum zinc concentrations were shown in hens supplemented with
Enterococcus faecium [47]. In another study, an increase in the microbial communities of
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Proteobacteria, coupled with a decline in Firmicutes was found in response to zinc therapy in
chicks. It was also observed that acute zinc deficiency does not affect the biodiversity of
the intestinal microbiome [48].

4.5. Copper

There are limited data on copper deficiency and intestinal microbiota composition. Dai
et al. studied the effects of early life exposure to copper on the toxicity of gut microbiota
in Sprague Dawley rats. The study proved that copper toxicity was dose-dependent
and reduced the ratio of Firmicutes to Bacteroidetes. Additionally, the intervention led
to fat metabolism and intestinal inflammation-related bacteria alterations, underlining
the negative impact of copper on liver metabolism and intestinal inflammation-related
metabolic pathways [49].

In summary, the data exist to prove that the microbiota affects the bioavailability of
minerals that are important for the proper metabolism of the thyroid gland.

5. The Impact of Oral Thyroid Hormone Supplementation on Microbiome

Oral preparations of thyroid hormones are commonly used worldwide in the treatment
of hypothyroidism. They are taken in the morning in a fasting state, with the dosage being
dependent on body weight. Oral levothyroxine must cross the intestinal barrier to get
into systemic circulation. Intestinal microbiota appears to modulate the expression of
tight junctions, affecting intestinal permeability as well as the shape of enterocytes and
the composition of the mucus layer, an essential part of the barrier [41]. Animal studies
show that germ-free mice have a reduced surface for intestinal absorption, chiefly due
to reduced villus height and crypt depth and compromised permeability with impaired
transport of macroelements and ions as well as a thinner mucus layer, which also affects the
biodiversity of medications. Some gastrointestinal disorders alter microbiome composition,
contributing to an increased requirement for oral levothyroxine [50].

While there is no conclusive evidence on the role of the microbiome in the malabsorp-
tion of oral thyroid hormones, Virili et al. [51] and Cellini et al. [52] observed increased
requirements for L-thyroxine in patients with untreated celiac disease and gastrointestinal
problems. In a 2017 retrospective cohort study, Brechmann et al. examined the effects of
several different factors, including oral levothyroxine replacement therapy, on the develop-
ment of small intestinal bacterial overgrowth (SIBO). They found that hypothyroidism and
L-thyroxine use were the strongest contributors to SIBO [53]. In another study, Yao et al.
investigated the relationships between intestinal microbiota and L-thyroxine in patients
with subclinical hypothyroidism.

Research samples from 117 patients were grouped by lipid profile and were cate-
gorised into two separate subgroups: patients receiving oral L-thyroxine and patients
with no treatment. Patients receiving oral thyroid hormone replacement therapy were
additionally subdivided into three small subgroups and treated with low, medium, and
high doses of L-thyroxine, respectively. There were discrepancies in the relative abundance
of the genera Odoribacter and Enterococcus depending on the dosage of L-thyroxine, with
the greatest abundance observed in the medium dose category, and the lowest abundance
shown in those receiving a high dose. Considering the patient group receiving oral thyroid
hormone replacement therapy as a whole (irrespective of the dose) versus those with no
treatment, the abundance level of bacteria belonging to the genus Ruminococcus, which is
prevalent in human gut microbiota, was elevated in the group with no treatment. Simi-
lar findings were made with regard to the bacteria representing the genera Alistipes and
Anaerotruncus [54]. Researchers from the University of Bradford studied the possible effects
of thyroxine on the performance of spatial learning tasks, where cholinergic activity and
hippocampal function are of key importance. The control group was made up of rats receiv-
ing a saline solution. The experimental group, on the other hand, was given thyroxine at 2.5
or 5mg/kg/daily over 4 days as a subchronic treatment or at 0.5 or 10 mg/kg administered
every third day over 28 days prior to testing as a chronic treatment. The results showed
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that both the subchronic and chronic treatment with thyroxine significantly improved
the ability of rats to learn tasks that required the use of spatial memory, compared to the
control group. Moreover, both short-term and long-term thyroxine therapy reduced the
effects of scopolamine on cognitive impairment. It was also demonstrated that increased
cholinergic activity in the hippocampus and in the frontal cortex was associated with
improved performance in the treated animals. These findings point to beneficial effects
of thyroxine on cognitive function, possibly mediated by an enhancement of cholinergic
activity [55]. Similar observations were made by Fu et al., who administered synthetic
levothyroxine to 24-month-old CD-1 mice. The results showed that the levels of choline
acetyltransferase, acetylcholine, and superoxide dismutase were increased in the mice from
the study group, and their cognitive functions were significantly improved. This suggests
that the mechanism by which levothyroxine reverses cognitive impairment is related to
choline metabolism [56].

Overall, the intestinal bacteria are equipped with an enzyme apparatus involved in
the active biotransformation of xenobiotics. There is a body of evidence showing that the in-
teractions between bacteria and xenobiotics can be direct, such as activation, detoxification,
direct binding, but also via indirect mechanisms associated with enterohepatic circulation,
changes in the kinetics of enzymatic reactions, or the expression of selected genes and
bacteria affecting the effectiveness of medications. On the other hand, the results of recently
published study showed that it is not only antibiotics that have antimicrobial effect that
may result in dysbiosis with all of its consequences. As demonstrated, L-thyroxine therapy
has the potential to impact the intestinal health microbiota composition and thus also affect
its function. These aspects of pharmacomicrobiomics should be further explored.

6. Microbiota and Immune Response in Autoimmune Diseases

Some infections caused by bacteria, their antigens, or viruses are believed to cause
autoimmune diseases. For autoimmune thyroid diseases (AITDs), the evidence in favour
of this claim is based on retrospective measurements of bacterial antibodies in patients
with AITD [57]. In the available literature, there are no clinical trials investigating these
issues concurrently with the initial symptoms of infection and ongoing infection, which is
obvious when considering the practical challenges. AITDs most commonly involve the
presence of anti-TPO, anti-TG, and the thyroid-stimulating hormone receptor (TSHR). It
is much more uncommon to detect antibodies against thyroid antigens, such as carbonic
anhydrase 2, megalin, T3 and T4, the sodium iodide symporter, and pendrin [28]. The
absence of cytotoxicity in GD is one of the main differences with HT [58]. In GD, the
inflammatory process mainly affects the thyroid itself but also extends to the adipose
tissue, skin, and bones, while the hyperthyroid state impacts the metabolism of the whole
body. Interestingly, apart from the characteristic lymphocytic infiltration in HT patients,
ultrastructural morphological changes in the enterocytes of the distal duodenum have also
been observed, which is potentially indicative of gut dysbiosis [59].

6.1. Mechanism Contributing to the Development of AITD in the Course of Infection

The mechanisms leading to autoimmunity following bacterial infection include molec-
ular mimicry, epitope spreading, bystander activation, and the presentation of cryptic
antigens [60]. The development of autoimmune thyroid diseases is most often explained
by molecular mimicry mechanisms, which is the emergence of autoreactive clones of T and
B lymphocytes as a result of a cross-immune response to homologous bacterial or viral
antigens [13]. Bacterial infections, which pave the way for molecular mimicry, epitope
spreading, and antigen activation, are the key trigger of autoimmune processes.

The group of microorganisms thought to be responsible for the development of
autoimmune thyroid diseases includes Yersinia enterocolitica, Helicobacter pylori, and Bor-
relia burgdorferi as well as Clostridium botulinum and Rickettsia prowazekii [58,61,62]. Data
also suggest a potential pathogenic role of Toxoplasma gondii, some strains of Bifidobacte-
ria and Lactobacilli, Candida albicans, and Treponema pallidum as well as hepatitis C virus
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(HCV) [28,58,63]. What is more, some of these microorganisms belong to physiological
human microbiota; hence, it may be expected that autoimmune diseases arise as a result
of their overgrowth, as in the case of Candida albicans following antibiotic treatment. At
this stage, however, this is more of a hypothesis than an established scientific fact. For
Borrelia burgdorferi, shared amino acid sequence homology was demonstrated with human
thyroid autoantigens (human thyrotropin receptor (hTSHR), thyroglobulin (hTg), thyroper-
oxidase (hTPO), sodium iodide symporter (hNIS)), and also between hTSHR and Yersinia
enterocolitica. The Borrelia and Yersinia proteins may have the potential to trigger AITDs in
individuals with certain HLA-DR alleles [62]. The pathogenesis of both lichen sclerosus
(LS) and HT encompasses mutual interaction between genetic and environmental factors.
LS is associated with the presence of other autoimmune diseases, including rheumatoid
arthritis, systemic lupus erythematosus, pernicious anemia, insulin-dependent diabetes,
autoimmune thyroid disease, alopecia areata, vitiligo, and celiac disease. About 40% of
LS patients present autoantibodies specific to one or more of the following target organs:
thyroid, stomach, parietal cells, or testes; hence, it should be viewed as a multiorgan disease.
Several autoimmune polyendocrine syndromes have been diagnosed, with type 3 being
the least common, but the pathogenesis of all of them remains unclear [63].

6.2. Alterations in Gut Microbiome Leading to Augmented Immune Response

The gut microbiome may simultaneously modulate the integration of the immune,
metabolic, and endocrine system via the gut-brain axis [64]. Both HT and GD have shown
associations with the gut microbiome [22,65]. Gut microbiome analysis in patients with
hyperthyroidism shows a significant decline in the populations of Bifidobacterium and
Lactobacillus and an increase in the strains of Enterococcus, which may be conducive to
dysbiosis [66]. Microbiota influences the enterohepatic cycling of thyroid hormones and
the bioavailability of levothyroxine. The altered composition of gut microbiota therefore
contributes to the development of AID through the production of autoantigens by the post-
translational modification of proteins, the activation of Toll-like receptor 4 (TLR4) induced
by lipopolysaccharides (LPS), or the induction of a shift in T helper type 1 cells (Th1) to
type 2 (Th2), reducing the integrity of intercellular junctions and inducing transcriptomic,
proteomic, and metabolic changes. Toll-like receptors are an element of the innate immune
system response to the recognition of virulent pathogens. They play a key role in the pro-
duction of autoreactive B and T lymphocytes, leading to sensitization and the development
of autoimmune diseases [67,68]. Data on the biochemistry and mechanisms initiated by
TLR activation may be significant in light of potential therapies for autoimmunity [69,70].

Microbial products, particularly short-chain fatty acids (SCFA), together with thyroid
hormones may promote enterocyte differentiation and strengthen intercellular tight junc-
tions, the latter being crucial components of the intestinal barrier, ensuring its integrity [71].
A fecal analysis study showed that four types of intestinal bacteria, i.e., Veillonella, Para-
prevotella, Neisseria, and Rheinheimera, were capable of distinguishing untreated primary
hypothyroidism patients from healthy individuals with the highest accuracy [72]. Patients
also present a diminished ability of the normal microbiota to produce short-chain fatty
acids, resulting in elevated serum LPS concentrations and interference in endogenous
hormone pathways [71]. However, despite the well-documented relationship between
microbiota composition and thyroid diseases, the strains that could be useful in supporting
therapy still have not been identified. It seems that probiotic therapy may be beneficial
for patients with Hashimoto’s thyroiditis accompanied by gastrointestinal complaints,
i.e.,, abdominal pain, bloating, diarrhea, or constipation, or in patients with Hashimoto’s
thyroiditis and a concomitant allergy or food intolerance, helping to eliminate intestinal
dysbiosis [73].

In 2020 Cornejo-Pareja et al. investigated the relationship between gut microbiota
composition and AITDs. The compositional analysis demonstrated the increase in bacterial
richness in HT and a decrease in GD individuals. Compared to healthy donors, in GD
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patients, the abundance of Fusobacteriaceae, Fusobacterium, and Sutterella decreased while
Victivallaceae increased [74].

Taken together, the decreased integrity of the intestinal barrier causes the antigens
located in the intestinal lumen to undergo translocation to activate GALT. The GALT
effector cells are produced at that time, including the immunocompetent ones as well as
pro-inflammatory the factors that elicit subclinical inflammation, which is restricted to the
gastrointestinal tract only at the beginning. The presented data support the evidence that
bacterial alterations might be risk factors for AITDs development/progression.

7. Short-Chain Fatty Acids

When discussing the concept of the gut-thyroid axis, it is worthwhile to mention
SCFAs. They are a product of anaerobic fermentation by the gut microbiota of indigestible
carbohydrates, notably resistant starch found, e.g., in vegetables and seeds [75]. SCFAs
play an essential role in the communication between the gastrointestinal tract and the
body as a whole, engaging directly or indirectly in the processes taking part throughout
the body. The most important SCFAs are acetic, propionic, and butyric acid, which are
present in the intestine in a ratio of 60:25:15, respectively. Their action includes primarily
anti-inflammatory mechanisms, the induction of epithelial regeneration processes, and
supporting colonic function as well as the indirect modulation of lipid, hormone, and
energy metabolism [75,76].

It is presumed that the presence of SCFAs may be linked to several different aspects of
thyroid function even though the exact processes have not yet been described. From the
point of view of the thyroid, it is worth noting the SCFAs’ control over intestinal barrier in-
tegrity and their regenerative effects on the intestinal epithelium [77]. SCFAs are a valuable
source of nutrients for enterocytes, additionally stimulating their differentiation, together
with thyroid hormones (chiefly triiodothyronine) [78,79]. Short-chain fatty acids strengthen
intercellular integrity, minimising the risk of a ‘leaky gut’. By improving the adhesion
of intestinal cells and reducing pH in the intestinal lumen, SCFAs additionally provide
protection against the invasion of pathological organisms [77]. GD and HT are autoimmune
disorders, and it has been suggested that their development is often related to a compro-
mised intestinal barrier, enabling pathogenic microorganisms to pass through [37]. As
previously mentioned, SCFAs modulate the immune response and have anti-inflammatory
properties. In this context, the presence of butyrate is particularly valuable. There is a
documented link between its elevated levels and an increased population of Treg in the
colon [80]. Treg lymphocytes are responsible for suppressing immune responses that are
overly severe or auto-reactive [81]. Additionally, butyrate has also been associated with
a reduction in proinflammatory factors [82]. In a very recent study, SCFAs were demon-
strated to be able to regulate innate lymphoid cell response not only in the intestines, but
also—depending on host condition—in remote tissues [83].

The link between SCFAs and thyroid function appears to be confirmed by several
reports in the scientific literature describing changes in the gut microbiota, including concen-
trations of short-chain fatty acids in impaired thyroid status [57,84,85]. In their experiment,
Liu et al. compared the gut microbiota in euthyroid and hypothyroid patients [85], and
based on the observed differences, they hypothesised that Phascolarctobacterium may be
involved in the development of HT. What makes this finding significant is the fact that bac-
teria such as Phascolarctobacterium feacium can produce propionate and acetate. In a study on
the effects of thyroid dysfunction on the concentrations of acetate, butyrate, and propionate,
Dobrowolska-Iwanek et al. observed that impaired thyroid function resulted in reduced
levels of the studied substances in rats compared to the control group [84]. Reduced SCFA
levels may be the effect of smaller amounts of substrates needed for their production in the
colon as a result of delayed intestinal transit in the course of hypothyroidism.

Research findings suggest that thyroid dysfunction may indirectly affect the concen-
trations of short-chain fatty acids, while on the other hand, the thyroid was observed to
be sensitive to changes in the intestinal microbiota. Additionally, alterations within the
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composition of the intestinal microbiota result in abnormal metabolic functions of this
organ which consequently affect SCFA synthesis. Therefore, further research is necessary
to explain the phenomenon of mutual interactions on the thyroid-gut microbiota axis,
including the role of SCFAs.

8. Secondary Bile Acids

It is widely known that primary bile acids, the most important of which are cholic
acid (CA) and chenodeoxycholic acid (CDCA), are produced in the liver as a result of
cholesterol metabolism via cytochrome P450 [86]. They are then secreted into the bile and
participate in digestion in the form of bile salts. More than 95% is reabsorbed in the ileum,
while the remaining close to 5% gets into the colon. There, thanks to the activity of the gut
microbiota, they are converted by deconjugation and dehydroxylation into secondary bile
acids, which include deoxycholic acid (DCA), lithocholic acid (LCA), and ursodeoxycholic
acid (UDCA) [87-89]. The microorganisms responsible for the conversion to secondary
bile acids represent, among others, the genera Bacteroides, Eubacterium, Bifidobacterium,
Ruminococcus, and Clostridia, with the latter being the most active [29].

Secondary bile acids appear to be a potentially powerful instrument modulating
systemic homeostasis. This is because they are involved in processes regulating energy
metabolism as well as exerting endocrine effects that impact TSH levels [79,89]. Their
effects can mainly be attributed to the interaction with two valuable receptors, namely the
farnesoid X receptor (FXR) and the G-coupled protein receptor that is specific for the bile
acid (TGR5) receptor [90]. TGR5 modulates energy homeostasis, e.g., by influencing insulin
sensitivity [88]. It is responsible for activating type 2 iodothyronine deiodinase (D2), which
catalyses the conversion of T4 to T3 [91]. FXR, on the other hand, regulates the enterohepatic
circulation of bile acids and their biosynthesis via interaction with CYP7A1 [92]. It is
therefore a self-regulation mechanism, making sure the synthesis of these acids remains
in balance. It needs to be emphasised, however, that bile acid homeostasis is mainly
controlled by thyroid hormones, which also affect hepatic CYP7A1, regulate the rate of
bile acid synthesis, and may additionally increase their outflow in the liver and gut [79,93].
Moreover, under clinically stable conditions, thyroid hormones may control the breakdown
of cholesterol while modulating the primary and secondary bile acids. Reduced levels of
low density (LDL) cholesterol are observed in hyperthyroidism, while hypothyroidism
is accompanied by its increase [94]. What is more, literature data point to differences in
the levels of both the primary and secondary bile acids in patients with impaired thyroid
function [95]. In their study, Song et al. demonstrated that patients with subclinical
hypothyroidism present reduced serum levels of bile acids [93]. Qi et al. reported that the
most prominent secondary bile acid in hypothyroidism is DCA, while CDCA is the most
prominent in hyperthyroid patients [29,96]. Liu et al. documented a significant decline
in chenodeoxycholic, glycodeoxycholic (GCDA), and deoxycholic acid in hyperthyroid
patients, with elevated cholic acid and reduced GCDA in hypothyroid individuals [95]. It
was also demonstrated that thyroid hormone lowers LDL cholesterol with a simultaneous
suppression of proprotein convertase subtilisin/kexin type 9 (PCSK9) [97]. Moreover, it is
hypothesised that one of the reasons for secondary bile acid synthesis, especially UDCA,
is their antimicrobial action, protecting the intestines against bacterial overgrowth. A
pilot study by Kim et al. showed that the acid reduced the symptoms of SIBO-induced
functional dyspepsia in hypothyroid patients [87]. According to the literature data, SIBO
often accompanies hypothyroidism. Presumably, this may explain the increased levels of
secondary bile acids in hypothyroid patients [98].

To summarize, evidence exists to prove that a thyroid hormone imbalance results in
the disturbance of secondary bile acid metabolism.

9. Conclusions

The microbiome affects the proper functioning of the thyroid gland, and the existence
of the gut-thyroid axis is discussed in the context of both thyroid diseases and intestinal
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dysbiosis. It is difficult to assess whether dysbiosis is the cause or the effect of thyroid
dysfunction, but it is known that the gut microbiome and its metabolites affect thyroid
function at many levels. Figure 2 summarizes the relationship between dysbiosis and

thyroid dysfunction.
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Figure 2. The relationship between dysbiosis and thyroid dysfunction (created with BioRender.com).
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