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Thyroxine metabolism is an important topic of pathogenesis research and treatment
schedule of subclinical hypothyroidism (SCH). L-Thyroxine replacement therapy (LRT)
is usually recommended for severe SCH patients only. Our previous studies reported
that disordered serum lipid of mild SCH people could also benefit from LRT. However,
the benefits were different among individuals, as shown by the variations in drug
dosage that required to maintain thyroid-stimulating hormone (TSH) stability. Alternative
pathways, such as sulfation and glucuronidation of iodothyronine, may play a role
in thyroid hormones metabolism in peripheral tissues aside from thyroid. Conjugated
thyroxine can be hydrolyzed and reused in tissues including gastrointestinal tract, in
which gut microbiota are one of the most attractive physiological components. On this
site, the roles of gut microbiota in thyroidal metabolism should be valued. In this study,
a cross-sectional study was performed by analyzing 16S rDNA of gut microbiota in
mild SCH patients treated with L-thyroxine or not. Subjects were divided by serum lipid
level, L-thyroxine treatment, or L-thyroxine dosage, respectively. Relationship between
gut microbiome and serum profile, L-thyroxine treatment, and dose were discussed.
Other metabolic disorders such as type 2 diabetes and hypertension were also taken
into consideration. It turned out that microbiome varied among individuals divided by
dose and the increment of L-thyroxine but not by serum lipid profile. Relative abundance
of certain species that were associated with thyroxine metabolism were found varied
among different L-thyroxine doses although in relatively low abundance. Moreover,
serum cholesterol may perform relevance effects with L-thyroxine in shaping microbiome.
Our findings suggested that the differences in L-thyroxine dosage required to maintain
TSH level stability, as well as the SCH development, which was displayed by the
increased L-thyroxine doses in subsequent follow-up, had relationship with gut microbial
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*p < 0.05, *p < 0.01, defined statistically significance.

FIGURE 5 | Relative abundance analysis of some metabolic representative species. (A,B) Relative abundance of the genera Odoribacter and Enterococcus among
groups divided by L-thyroxine dosage. (C-E) Relative abundance of the genera Alistipes, Anaerotruncus, and Ruminococcus divided by L-thyroxine dosage
development within the LRT group. Error bars are calculated as a standard error (SEM). The differences among groups were compared using nonparametric tests.

disorder, such as serum TG, TC, or L-thyroxine treatment. These
results were in slightly inconsistence with common views. It was
generally accepted that microbiota in subjects with obesity or
metabolic syndrome showed a typical microbial “enterotypes,’
with a decreased microbial diversity (Turnbaugh et al., 2009;
Sanna et al, 2019). The possible explanation might be the
pathological background of SCH. SCH is an endogenous cause
of serum lipid abnormalities but not the external factors such
as dietary habit, which is widely accepted as an important
factor in regulating lipid profiles and, more seriously, in gut
microbiota. Our research is to establish the association of gut
microbiota and serum lipid profile. For this purpose, subjects
with medication history other than improving dyslipidemia were
not excluded, which is one of the limitations of our study, and
led to no significant difference in BMI levels among groups with

different lipid profiles. The average FPG and blood pressure in
our population are slightly higher but still within normal ranges.
The reason might be that the average age of our cohort is 64.0
=+ 8.3, which is relatively high in correspondence with metabolic
disorders, such as serum lipid and serum glucose abnormalities.
It is reported that the average blood pressure was higher in
population of China’s rural area (Du et al,, 2019). In our study,
it might be due to the higher average ages of our cohort or
the normal diet habits in the countryside of northern China,
which consisted of high salt, high oil recipe. Our study also
performed the analysis for the population after removing T2D
and/or hypertension medication cases and found out that the
excluded cases were not that significant. The reason might be due
to the similar prevalence of those cases among different groups.
It turned out that an abnormal serum lipid profile might not

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

10

September 2020 | Volume 10 | Article 495



Yao et al. Gut Microbes Influence L-Thyroxine Treatment

Genus Level Family Level
< | All samples G g All samples
Y o2 i e
s /
1 o8t 11t
oty
924
- 77
™~
°°. S
D ;
-1.0 16 -1.0 1.5
© 9224 LRT o5
«~ | LRT group : group :
/ L)
-
f9
g1~
85
«©
Q |
-1.5 -1.5 1.5
- i ®
—1NC group oz o | NC group o
\ o5
} Y56 f60
|
23
o
o
! +
-1.0 1.0 -1.0 1.0
FIGURE 6 | Canonical correspondence analysis (CCA) was used to evaluate the possible association of gut microbes with environmental factors, in all samples (upper
row), LRT groups (middle row), and NC group (lower row), respectively. The red arrows in the figure represent different environmental factors, gray arrows were set
pointing to species, and the length of the gray arrows quantitatively indicated the correlation significance between certain species and environmental factors. The
angle between any two arrows is representative of the correlation between certain species or species and environmental factors. The acute angle indicates positive
correlation, and the obtuse angle is a negative correlation.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11 September 2020 | Volume 10 | Article 495


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Yao et al.

Gut Microbes Influence L-Thyroxine Treatment

influence the gut microbial community. Positive discrepancies in
gut microbes might appear in the condition setting diet or BMI
as the single variations but not serum lipid profiles.

Our discrepancy analysis among the LRT and NC groups
and within the LRT group had helped us to explore the causal
relationship between the drug and gut microbes. From beta
diversity analysis between the LRT and NC groups, it can be
concluded that the drug showed no obvious effect in shaping
gut microbiota. However, this conclusion is not supported by
the results of the analysis among H, M, and L groups, which
had implied that L-thyroxine might regulate microbial profile in
a dose-dependent way. In other words, subjects with a higher
demand of the drug may share similar gut microbial profile. From
this point, it can be partially speculated that, in the correlation
between gut microbiota and thyroxine metabolism, bacteria may
act as the causal factor.

In order to find more information for discussing the possible
causal relationship between gut microbiota and SCH, we
subsequently performed microbial analysis between L-D and
L-ND groups, with the purpose to build the relevance of gut
microbial profile and the SCH development. However, the results
displayed by PCA or PCoA were not that obvious. The differences
were not as obvious as that in other metabolic factors such as diet,
for the reason that the key members of microbes participating
in thyroxine metabolism might not be predominant components
in shaping microbial profiles. The detail discrepancies should
be analyzed in the taxa level. Relative abundance of the species
with the hydrolytic activities or carbohydrate metabolic activities
were changed among groups. These discrepancies may influence
the metabolism of glucuronidated and sulfated iodothyronines
or the regulation of intestinal barrier function. The relative
abundance of the genera Odoribacter and Enterococcus were
increased according to the dosage increase in L-thyroxine.
Enterococcus is a Gram-positive, facultative anaerobic genus of
the phylum Firmicutes with high level of intrinsic antibiotic
resistance (Fisher and Phillips, 2009; Palermo et al., 2011). It
was reported that Enterococcus increased in hypothyroid, which
might be a risk factor for acquiring infections (Zhou et al.,
2014). The relative abundance of the genus Odoribacter had
been reported with a negative correlation with lipid profiles
especially cholesterol level, as well as a positive correlation
with other related metabolic parameters such as the body fat
percentage, adiposity index, and visceral fat (Granado-Serrano
et al, 2019; Sun et al, 2019). The relative abundance of
the genera Alisipes, Ruminococcus, and Anaerotruncus showed
discrepancies with statistical significance between L-D and L-
ND groups. B-Glucuronidase activity has been characterized
for the first time from Ruminococcus gnavus E1, an anaerobic
bacterium belonging to the genus Ruminococcus, a dominant
human gut microbiota (Beaud et al., 2005). It was reported that
the abundance level of Ruminococcus was increased in patients
with Hasmoto’s thyroiditis. The genus Alistipes was reported to
have a direct association with B-glucuronidase or p-glucosidase
activity from human fecal samples (Flores et al., 2012; Chan
etal,, 2016). From the GeneBank database, the complete genome
of one species, Alistipes shahii WAL 8301 (Accession number
FP929032), which was isolated from human gut, contains several

copies of B-glucuronidase gene. Anaerotruncus is isolated from
human fecal samples (Lawson et al., 2004); one of its members,
Anaerotruncus massiliensis, is isolated from an obese patient after
bariatric surgery (Togo et al., 2016). It was widely accepted that
Anaerotruncus species might be optimal probiotic strains. These
species express enzymes that favor the production of butyrate
(Polansky and Javaherian, 2015). Butyrates are short-chain fatty
acid derivatives that are reported as important nutrients that
participate in colon inflammation, with effects of stabilizing
intestinal permeability (Donohoe et al., 2011).

Moreover, it was reported that the genus Alistipes was involved
in bile acid metabolism (Huang et al., 2019). Primary bile acid
was converted from cholesterol in the liver and then conjugated
to taurine or glycine and secreted into the bile by transport
proteins (Thomas et al., 2008). This process was similar to
iodothyronine metabolism in the liver, as iodothyronine was
sulfated or glucuronidated to accelerate the deiodination of
thyroxine to their inactive metabolites (Sayin et al., 2013). Several
intestinal microbes are proven to facilitate the deconjugation
process during the conversion from primary to secondary BAs,
which in turn contribute to the reabsorption of bile acids into
enterocyte through the enterohepatic circulation (EHC) in the
distal ileum (Zollner et al., 2006).

Considering the catalytical similarity in the hydrolytic
activities of gut microbes, it may be possible to establish a
relationship between thyroxine and bile acids metabolism in the
gut. CCAs were performed to analyze the correlation between
the flora and environmental factors (the clinical indicators of
subjects collected from our survey) and found that, in the LRT
group, serum cholesterol levels and L-thyroxine doses show
synergistic changes with gut microbiota. In the NC group, serum
cholesterol levels and T4 levels show opposite relationship with
gut microbiota. This interesting phenomenon illustrated that
the high level of serum cholesterol, which is the raw material
for bile acids synthesis, and partially acted as the “readout” of
dietary habit, could influence the community structure of gut
microbiota. Conjugated bile acid and conjugated thyroxine might
work together to shape the gut microbial community as the
same “enterotypes,” or else disordered cholesterol metabolism
might reduce the hydrolysis and reabsorption of thyroxine.
This phenomenon might be displayed as a higher L-thyroxine
requirement with purpose to maintain TSH levels when occurs
in subjects of LRT group, whereas it would be the decrease level
of T4 in the NC group.

In this study, we intend to build a relationship between SCH
and dyslipidemia from the perspective of gut microbes on clinical
levels. We did not find the obvious correlation between the
difference in serum lipid and gut microbes; one limitation is
that the lipid data of our population might be influenced by
some other drug intervention such as metformin or glipizide.
Interestingly, L-thyroxine doses, which are required to maintain
TSH level stability in SCH patients, may be related to the different
composition of gut microbiota among subjects. The underlying
mechanism may be due to the differences in thyroxine metabolic
capacity in the gut. In addition, the metabolic similarity of
iodothyronines and bile acid in the intestine also provides
possibilities for the correlation between the host’s thyroxine
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and cholesterol levels. One limitation is that we did not find
more thyroid metabolic-related species other than those lower
abundance ones; it should be deeply analyzed through genomic
sequencing, either in clinical sample or animal model, which
would be less deviation among individuals. Another limitation
of our data is that the serum lipid profiles might be influenced by
other factors that we did not exclude; this might be the reason that
the microbial difference among groups divided by serum lipid
was not obvious.
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Supplementary Figure 1 | Curve and Bar plot analysis of Alpha diversity analysis
within different groups. (A) Observed species curve is generated by setting the
number of observed species as y-axis. The value in bar plot chart is calculated by
setting average number of each group’s observed species as y-axis. (B) Chao1
curve is generated by setting Chao1 index as y-axis. The curve reflected the
relationship between the quantity of observed species and sequences. The value
in bar plot chart is generated by setting average Chao1 index of each group as
y-axis. The “plateaued” shape of the curve indicated that enough sequences were
obtained to cover the majority of species. Shannon (C) and Simpson (D) curve is
generated by setting Shannon and Simpson index as y-axis, respectively. Bar plots
are generated by setting average Shannon and Simpson indexes of each group as
y-axis, respectively. Higher Shannon and Simpson index indicate higher diversity.
The number of sequence is set as x-axis. Each color represents one sample.

Supplementary Figure 2 | Bar plot analysis of Alpha diversity analysis within
different groups divided by L-thyroxine treatment or not. Observed species value
(A) is calculated by setting average number of each group’s observed species as
y-axis. Chao1 value (B) is generated by setting average Chao1 index of each
group as y-axis. Shannon (C) and Simpson (D) are generated by setting average
Shannon and Simpson indexes of each group as y-axis, respectively. Higher
Shannon and Simpson index indicate higher diversity. Each color represents

one group.

Supplementary Figure 3 | Principle Component Analysis among different groups
divided by lipid profiles in different levels other than genus (family, order, class and
phylum) level. X axis and Y axis represent the first principal component (PCA1) and
the second principal component (PCA2), respectively. The percentage in the
brackets represents the relative contribution of the component to the total
difference. Taxa name was listed in the upper part of each diagram. Each sample
was corresponded to one dot in the graph. Different group is represented by
different color.

Supplementary Figure 4 | Bar plot analysis of Alpha diversity analysis within
groups divided by L-thyroxine dosage within LRT group. Observed species value
(A) is calculated by setting average number of each group’s observed species as
y-axis. Chao1 value (B) is generated by setting average Chao1 index of each
group as y-axis. Shannon (C) and Simpson (D) are generated by setting average
Shannon and Simpson indexes of each group as y-axis, respectively. Higher
Shannon and Simpson index indicate higher diversity. Each color represents

one group.

Supplementary Figure 5 | Principle Component Analysis among different groups
divided by L-thyroxine treatment or not, in different levels other than genus (family,
order, class and phylum) level. X axis and Y axis represent the first principal
component (PCA1) and the second principal component (PCA2), respectively. The
percentage in the brackets represents the relative contribution of the component
to the total difference. Taxa name was listed in the upper part of each diagram.
Each sample was corresponded to one dot in the graph. Different group is
represented by different color.

Supplementary Figure 6 | Principle Component Analysis among different groups
divided by L-thyroxine dosage within LRT group, in different levels other than
genus (family, order, class and phylum) level. X axis and Y axis represent the first
principal component (PCA1) and the second principal component (PCA2),
respectively. The percentage in the brackets represents the relative contribution of
the component to the total difference. Taxa name was listed in the upper part of
each diagram. Each sample was corresponded to one dot in the graph. Different
group is represented by different color.

Supplementary Figure 7 | Principle Component Analysis among different groups
divided by (A) lipid profile, (B) L-thyroxine treatment or not, (C) L-thyroxine dosage
within LRT group, (D) the development of L-thyroxine dosage within LRT group, in
genus levels of the population after excluding T2D and/or hypertension medication
cases. X axis and Y axis represent the first principal component (PCA1) and the
second principal component (PCA2), respectively. The percentage in the brackets
represents the relative contribution of the component to the total difference. Each
sample was corresponded to one dot in the graph. Different group is represented
by different color.

Supplementary Figure 8 | Principle Co-ordination Analysis among different
groups divided by (A) lipid profile, (B) L-thyroxine treatment or not, (C) L-thyroxine
dosage within LRT group, (D) the development of L-thyroxine dosage within LRT
group, in genus level of the population after excluding T2D and/or hypertension
medication cases. X axis and Y axis represent the first principal component
(PCoA1) and the second principal component (PCoA2), respectively. The
percentage in the brackets represents the relative contribution of the component
to the total difference. Each sample was corresponded to one dot in the graph.
The circle summerized the area of gathering of the dots. Different group, together
with the circle, are represented by different color.

Supplementary Figure 9 | Principle Component Analysis among different groups
divided by the development of L-thyroxine dosage within LRT group, in different
levels other than genus (family, order, class, and phylum) level. X axis and Y axis
represent the first principal component (PCA1) and the second principal
component (PCA2), respectively. The percentage in the brackets represents the
relative contribution of the component to the total difference. Taxa name was listed
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in the upper part of each diagram. Each sample was corresponded to one dot in
the graph. Different group is represented by different color.

Supplementary Figure 10 | Relative abundance analysis of some metabolic
representative species, in population after excluding T2D and/or hypertension
medication cases. (A,B) Relative abundance of Genus Odoribacter, Enterococcus
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