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Serum microRNA miR-206 is decreased in hyperthyroidism and
mediates thyroid hormone regulation of lipid metabolism
in HepG2 human hepatoblastoma cells
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Abstract. The actions of thyroid hormone (TH) on lipid
metabolism in the liver are associated with a number of
genes involved in lipogenesis and lipid metabolism; however,
the underlying mechanisms through which TH impacts
on lipid metabolism remain to be elucidated. The present
study aimed to investigate the effects of hyperthyroidism on
the serum levels of the microRNA (miR) miR-206 and the
role of miR-206 on TH-regulated lipid metabolism in liver
cells. Serum was obtained from 12 patients diagnosed with
hyperthyroidism and 10 healthy control subjects. Human
hepatoblastoma (HepG2) cells were used to study the effects
of triiodothyronine (T3) and miR-206 on lipid metabolism.
Expression of miR-206 in serum and cells was determined by
reverse transcription-quantitative polymerase chain reaction
analysis. Lipid accumulation in HepG2 cells was assessed
with Oil Red O staining. Suppression or overexpression of
miR-206 was performed via transfection with a miR-206
mimic or miR-206 inhibitor. Serum miR-206 was significantly
decreased in patients with hyperthyroidism compared with
euthyroid controls. Treatment of HepG2 cells with T3 led to
reduced total cholesterol (TC) and triglyceride (TG) content,
accompanied by reduced miR-206 expression. Inhibition of
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endogenous miR-206 expression decreased intracellular TG
and TC content in HepG2 cells. By contrast, overexpression
of miR-206 in HepG2 partially prevented the reduction in TG
content induced by treatment with T3. In conclusion, serum
miR-206 expression is reduced in patients with hyperthy-
roidism. In addition, miR-206 is involved in T3-mediated
regulation of lipid metabolism in HepG2 cells, indicating a
role for miR-206 in thyroid hormone-induced disorders of
lipid metabolism in the liver.

Introduction

Hyperthyroidism is a pathological syndrome, characterized by
high levels of circulating thyroid hormone (TH). Thyrotoxicosis
is diagnosed by high serum concentrations of thyroxine (T4)
and triiodothyronine (T3), and low serum concentrations of
thyrotropin, additionally termed thyroid-stimulating hormone.
Symptoms of overt hyperthyroidism include heat intolerance,
palpitations, anxiety, fatigue, weight loss and muscle weak-
ness, which are associated with lipid metabolism disorders (1).
Accumulating evidence has demonstrated the important roles
of TH in regulating lipid metabolism, with a number of genes
involved in lipid metabolism in the liver, an important TH
target tissue, being directly regulated by TH (2). The effects
of TH on lipid metabolism in the liver are associated with a
number of genes involved in lipogenesis and fatty acid oxida-
tion (3). However, the underlying mechanisms associating TH
with altered lipid metabolism remain to be elucidated.
MicroRNAs (miRNAs/miRs) are a class of small,
noncoding, single-stranded RNA molecules containing
~22-25 nucleotides, that are able to bind to the 3'untranslated
region (3'UTR) of their target mRNA, leading to translational
inhibition or mRNA degradation (4). miRNAs are important
regulators of biological processes, including metabolism, cell
growth, apoptosis and carcinogenesis (5,6). Global miRNA and
mRNA expression profiling has revealed a potential regulatory
role for miRNAs in response to TH in the developing mouse
liver (7). miR-1, miR-206, miR-133a and miR-133b expression
was observed to be significantly increased in the livers of hypo-
thyroid mice, while their expression was decreased in the livers



5636

of hyperthyroid mice (8). In addition, a number of miRNAs have
been reported to be involved in cholesterol efflux and hepatic
lipid metabolism (9). Therefore, miRNAs may serve a role in
lipometabolism regulated by TH in hyperthyroidism.

The present study aimed to investigate the effects of
increased TH on serum miR-206 expression in patients with
hyperthyroidism. The role of the miRNA miR-206 in lipid
metabolism was assessed in cultured human hepatoblastoma
HepG2 cells in response to T3, with either overexpression or
inhibition of endogenous miR-206 expression. It was hypoth-
esized that miR-206 expression may be altered by TH and has
an important role in T3-regulated lipid metabolism in liver
cells.

Materials and methods

Patients. From October 2013 to March 2014 a total of
22 subjects recruited from October 2013 to March 2014 took
part in the present study. A total of 12 patients diagnosed
with hyperthyroidism were recruited from the Department of
Endocrinology and 10 healthy subjects were recruited from
the Physical Examination Center at The 82nd Hospital of
Chinese People's Liberation Army (CPLA). Patients who had
diabetes mellitus or other endocrine diseases, or with a body
mass index >30 kg/m?, were excluded from taking part in the
study. Patient details are shown in Table I. Patients taking any
drugs known to influence TH metabolism were additionally
excluded. The ethics committee of The 82nd Hospital of
CPLA approved the present study. Written informed consent
was obtained from all subjects.

Clinical characteristics analysis. The clinical characteristics
of the study population include in serum free triiodothyronine
(FT3), serum free thyroxine (FT4), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), triglyceride content
(TG) and total cholesterol (TC). These were measured by
Olympus AU640 automatic biochemical analyzer (Olympus
Corporation, Tokyo, Japan).

Cell culture and treatment. Human hepatoblastoma (HepG2)
cell line is known to be misidentified, originally thought to
be a hepatocellular carcinoma cell line but shown to be from
an hepatoblastoma (10). HepG2 is a perpetual cell line, which
was derived from the liver tissue of a 15-year-old Caucasian
American male with a well-differentiated hepatocellular
carcinoma. HepG2 cells are a suitable in vitro model system
for the study of polarized human hepatocytes. HepG2 cells and
their derivatives are also used as a model system for studies of
liver metabolism and toxicity of xenobiotics. HepG2 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
supplemented with 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml penicillin, and 100 pg/ml
streptomycin. For treatment with T3 (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany), cells were seeded in 12-well
culture plates at a density of 3x10° cells/well, and main-
tained for 2 days incubated at 37°C in a humidified chamber
containing 5% CO,. Following overnight incubation in
serum-free DMEM, cells were treated with 100 nM T3 for 12,
24 or 36 h. For the investigation of triglyceride synthesis, the
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medium was supplied with a 0.25 mM free fatty acid (FFA)
cocktail composed of lauric acid, myristic acid, linoleic acid,
oleic acid and arachidonic acids (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany).

Transient transfections. HepG2 cells, grown to 70-80%
confluence, were transiently transfected with miR-206 mimic
(sense, 5'-UGGAAUGUAAGGAAGUGUGUGG-3' and anti-
sense, 5'-ACACACUUCCUUACAUUCCAUU-3") or miR-206
inhibitor (5'-CCACACACUUCCUUACAUUCCA-3"), or a
corresponding mimic negative control inhibitor (5'-UUCUCC
GAACGUGUCACGUTT-3"; Shanghai GenePharma Co., Ltd.,
Shanghai, China), using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's protocol. All the mimic and inhibitor containing FAM
reporter fluorophores were transfected at 10 nM. Transfection
efficiency was observed using an inverted fluorescent micro-
scope (original magnification, x400; Leica Microsystems
GmbH, Wetzlar, Germany), and evaluated using the reverse
transcription-quantitative polymerase chain reaction
(RT-gPCR). The mixtures were added to the culture, and the
culture medium was changed after 8 h, and cultured in DMEM
supplemented with 10% fetal bovine serum for 36 h further for
subsequent experiments.

RT-gPCR quantification of miR-206 expression. Cell/serum
total RNA was extracted using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) or QIAzol reagent (Applied
Biosystems; Thermo Fisher Scientific, Inc.), followed by isola-
tion and purification using a miRNeasy Mini kit/miRNeasy
serum kit (Applied Biosystems; Thermo Fisher Scientific, Inc.).
Subsequently, first-strand cDNA was synthesized by RT using
a TagMan miRNA RT kit (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The expression of miR-206 was analyzed by
gPCR using TagMan Universal Master Mix II in the ABI
7500 Sequence Detection System (Applied Biosystems;
Thermo Fisher Scientific, Inc.). All primers were provided in
the TagMan® MicroRNA Assays (cat. no. 4427975; Thermo
Fisher Scientific, Inc.). PCR conditions were as follows: 50°C
for 2 min, 95°C for 2 min, and then 40 cycles of 94°C for 15 sec
and 60°C for 1 min. U6 small nucleolar RNA was used as an
internal standard for normalization. miR-206 expression was
calculated using the comparative quantification cycle (Cq)
method (2°2%9; ACq = Cqyira06 - Cqus)» the Cq values were
converted into RQ via the 2-AACq method (11), incorporating
the calculated amplification efficiency for each primer pair.

Oil Red o staining. Oil Red O stock solution was prepared in
isopropanol (0.25 g/100 ml) and heated to 100°C for 10 min.
HepG2 cells grown to 70-80% confluence were washed with
PBS and fixed using 4% paraformaldehyde for 30 min at room
temperature. Cells were soaked in filtered 0.6% (w/v) Oil Red O
solution (60% Oil Red O stock solution, 40% water) for 20 min
at room temperature. Cells were washed with water to remove
unbound dye and visualized using light microscopy (original
magnification, x400).

Statistical analysis. Each sample was analyzed in triplicate.
All data are presented as the mean + standard error of the
mean. Student's t-test was used to analyze the differences
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Table I. Clinical characteristics of study subjects.

Patients with Healthy P-value

hyperthyroidism subjects P-value summary

No. subjects (female) 12 (8) 10 (8) - -
Age, years 49.0+7.5 42.7+12.1 0.1512 ns
FT3, pg/ml 9.9+0.5 3.50.1 <0.0001 -
FT4, ng/dl 5.3+0.5 1.3+0.0 <0.0001 -
ALT, U/l 23.8+1.9 18.6+2.1 0.0827 ns
AST, U/l 25.3+1.7 234+25 0.5143 ns
TG, mmol/l 1.22+0.31 1.71£0.50 0.3768 ns
TC, mmol/l 3.31+£0.25 3.49+0.43 0.7080 ns

Data (mean + standard error of the mean) were compared using an unpaired t-test. FT3, serum free triiodothyronine; FT4, serum free thyroxine;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, triglyceride content; TC, total cholesterol; ns, not significant.

between groups. The correlation between T4 parameters and
miR-206 expression levels was analyzed using the Pearson
product-moment correlation coefficient method. Comparisons
among multiple groups were statistically performed using
one-way analysis of variance followed by Dunnett's test.
Two-tailed P<0.05 was considered to indicate a statistically
significant difference. The data were analyzed using SPSS
software version 17.0 (SPSS, Inc., Chicago, IL, USA).

Results

Serum miR-206 levels in patients with hyperthyroidism. The
clinical characteristics of the study population are presented
in Table I. Patients with hyperthyroidism exhibited increased
serum free T3 (FT3) and free T4 (FT4) concentrations
compared with the control subjects.

The RT-qPCR analysis demonstrated that the serum
miR-206 levels in patients with hyperthyroidism were
significantly decreased compared with euthyroid control
subjects (Fig. 1). The present study further analyzed the
correlation between TH and miR-206 expression in patients
with hyperthyroidism. No apparent correlation was observed
between miR-206 expression and serum FT3 or FT4 levels
(data not shown).

T3 downregulates miR-206 expression in HepG2 cells. In
order to clarify the effect of TH on miR-206 expression,
HepG2 cells were treated with 100 nM T3 for 12, 24 or 36 h,
with miR-206 expression examined using RT-qPCR analysis.
The expression of miR-206 was significantly decreased 24 h
subsequent to the treatment with T3, compared with HepG2
cells without T3 (Fig. 2). The expression of miR-206 remained
reduced at 36 h following the addition of T3 (Fig. 2).

Effects of T3 on TG and TC synthesis in HepG?2 cells. To
validate the effects of T3 on lipid synthesis, HepG2 cells were
cultured in DMEM supplemented with a 0.25 mM FFA cock-
tail and treated with 100 nM T3 for 12, 24 or 36 h. Oil Red O
staining demonstrated that T3 suppressed lipid accumulation
in HepG2 cells (Fig. 3A). The TG was significantly reduced
12 h subsequent to treatment with T3 (Fig. 3B), while the TC
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Figure 1. Serum miR-206 levels in patients with hyperthyroidism and euthy-
roid control subjects. Serum miR-206 levels were determined using reverse
transcription-quantitative polymerase chain reaction analysis. The results are
presented as the mean + standard error of the man. "P<0.05 vs. euthyroid
control. miR, microRNA.
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Figure 2. T3 downregulates miR-206 expression in HepG2 cells. HepG2
cells were treated with 100 nM T3 for 12, 24, and 36 h (n=4 per group).
The relative expression of miR-206 was analyzed using reverse transcrip-
tion-quantitative polymerase chain reaction analysis. The data are presented
as the mean + standard deviation. "P<0.05, “P<0.01 vs. respective control. T3,
triiodothyronine; miR, microRNA.
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Figure 3. Effects of T3 on TG synthesis in HepG2 cells. HepG2 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 0.25 mM free
fatty acid cocktail and treated with 100 nM T3 for 12, 24 and 36 h (n=4 per group). (A) TG composition was visualized using Oil Red O staining (original
magnification, x400). (B) The TG of the cells was determined enzymatically using glycerol-3-phosphate oxidase-PAP. (C) The TC content of the cells was
determined enzymatically using cholesterol oxidase-PAP. Data are presented as the mean + standard deviation. "P<0.05. TG, triglyceride content; TC, total

cholesterol; PAP, phenol + aminophenazone; T3, triiodothyronine.

content was significantly reduced 24 h subsequent to treatment
with T3 (Fig. 3C). The TG and TC content of the HepG2 cells
remained reduced 36 h following treatment with T3.

Effects of miR-206 on TG and TC composition in HepG2
cells. The transfection of HepG2 cells with miR-206 inhibitor
confirmed that the inhibitor effectively knocked down
miR-206 expression (Fig. 4A). The addition of the miR-206
inhibitor reduced the TG at 24 h, and TG and TC content at
36 h in HepG?2 cells (Fig. 4B).

miR-206 partially rescues the TG reduction induced by treat-
ment with T3 in HepG?2 cells. The transfection of HepG2 cells
with the miR-206 mimic or mimic negative control confirmed
that the miR-206 mimic increased miR-206 expression
(Fig. 5A). HepG2 cells treated with T3 exhibited a reduced
TG content that was restored with miR-206 overexpression
(Fig. 5B). The addition of mimic negative control did not alter
TG in T3-treated cells.

Discussion

Appropriate TH levels are important for normal growth, devel-
opment and metabolism in adults (12). It is well established
that TH status is associated with body weight and energy
expenditure (13). Hyperthyroidism, excess TH, promotes
a hypermetabolic state characterized by increased resting
energy expenditure and weight loss. Serum TG and TC are
typically decreased in patients with hyperthyroidism. TH
exerts direct and indirect actions on the regulation of TG
and TC production, disposal and efflux (12,14,15), primarily
through specific nuclear receptor-mediated T3 actions that
modulate gene transcription. However, accumulating evidence
has indicated that non-genomic mechanisms may be involved
in the TH regulation of metabolism (16-18). Reports have
indicated that miRNAs have a potential role in mediating
the action of TH (7,19). The results of the present study
demonstrated that miR-206 expression was significantly
decreased in patients with hyperthyroidism compared with



MOLECULAR MEDICINE REPORTS 17: 5635-5641, 2018 5639

A B

0.040
1.0
I' E
5
w 08| 2 00x
z 5
5 3 0.024
a 0.6 | £
o £
By £ 0016
Z 04 £
o
— [+
L+
%4 o]
£ 0.008
02 o
0.0

miR-206 NC miR-206 inhibitor

® miR-206 NC-TG

B miR-206 inhibitor-TG
» miR-206 NC-TC
® miR-206 inhibitor-TC

12 24 36

Time after transfection (h)

Figure 4. Effects of miR-206 on TG and TC composition in HepG2 cells. (A) HepG2 cells were transfected with miR-206 inhibitor to induce knockdown
of miR-206 expression. (B) TG and TC concentration was determined at 12, 24 and 36 h post-transfection (n=4 per group). ‘P<0.05. miR, microRNA; NC,

negative control; TG, triglyceride content; TC, total cholesterol.
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Figure 5. miR-206 partially restores T3-induced reductions in TG. (A) HepG2 cells transfected with miR-206 mimic or mimic NC were treated with T3.
(B) TG was determined enzymatically using glycerol-3-phosphate oxidase/phenol+aminophenazone. "P<0.05; “P<0.005. TG, triglyceride content; miR,

microRNA; NC, negative control. T3, triiodothyronine.

euthyroid subjects. Therefore, understanding the association
between TH and miR-206 may further the understanding of
the mechanisms underlying metabolic dysfunction in patients
with hyperthyroidism.

The liver is an important target of TH in the regulation of
energy metabolism and physiology (20,21). Hyperthyroidism
frequently results in liver dysfunction, and hypothyroidism
is associated with non-alcoholic fatty liver disease.
Previous studies have suggested that T3 has the ability to
reduce levels of lipids, including TC and TG (22,23). The
results of the present study demonstrated that prolonged
treatment with T3 led to reduced TG and TC content in
HepG?2 cells. In addition, it was observed that that treatment
with T3 resulted in a downregulation of miR-206 expres-
sion. Increasing evidence has suggested that miRNAs are

involved in the post-transcriptional regulation of genes in
lipid metabolism (24,25). Previous studies have indicated
that the regulatory role of miR-206 in TC handling is
tissue-specific (26,27). It was demonstrated in the present
study that the inhibition of endogenous miR-206 expression
in HepG?2 cells resulted in decreased intracellular TG and
TC content. These results indicated that miR-206 may be
involved in the TH-mediated regulation of lipid metabolism
in HepG2 cells.

In order to confirm that miR-206 has a role in the
TH-mediated regulation of lipid metabolism, HepG2 cells
were transfected with an miR-206 mimic prior to being
treated with T3. Overexpression of miR-206 in HepG2 cells
increased lipid accumulation and attenuated the T3-induced
downregulation of TG. A previous study demonstrated that
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expression of miR-206 increased in the liver of hypothyroid
mice compared with controls (7). Given that TH deficiency
is associated with an increased incidence of hepatic steatosis,
these results suggested that miR-206 may serve an important
role in the lipid dysregulation in the liver associated with
hyperthyroidism and hypothyroidism.

The present study has limitations, in that the miR-206
levels were only determined in the serum of hyperthyroid
patients and not in the liver. In addition, the use of HepG2
cells provided an in vitro model of lipid metabolism in liver
cells and conclusions may not be directly applied to in vivo
liver physiology. However, the results of the present study
suggested that miRNAs may be a promising target for future
investigations into disorders of lipid metabolism in the
liver in cases of hyper- or hypothyroidism. Future studies,
including the use of mouse models of hyperthyroidism, are
required for in vivo investigation into the effects of miR-206
on lipid metabolism in the liver in a physiological context.
Further larger studies may be used to study the effects of
hyper- or hypothyroidism on miR-206 expression in human
subjects.

In conclusion, the results of the present study demonstrated
that patients with hyperthyroidism exhibited decreased serum
miR-206 expression levels and that miR-206 was involved in
the T3-mediated regulation of lipid metabolism in HepG2
cells. The results of the present study provided novel insights
into the molecular mechanisms underlying TH regulation of
lipid metabolism. Whether miR-206 is affected in the liver
in patients with hyperthyroidism remains to be elucidated.
Further experiments are required to clarify whether miR-206
has the potential to be either a biomarker or therapeutic target
in hyperthyroidism.
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