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Abstract: Hypothyroidism decreases energy metabolism including carbohydrate and lipid metabolism and protein synthesis,
due to reduced serum levels of the thyroid hormones thyroxine (T,) and triiodothyronine (T;). Although many endogenous serum
metabolites are influenced by hypothyroidism, serum metabolomic profiling has rarely been applied to the study of
hypothyroidism. In the present study, we investigated potential biomarkers for hypothyroidism using serum metabolomics, and
then measured serum levels of these endogenous metabolites using an analytical method: ultra-performance liquid
chromatography coupled with quadrupole time-of-flight mass spectrometry. There was a significant difference in the metabolic
profiles of thyroidectomized (Tx) and normal rats. We found that many bile acid (BA) levels were significantly changed in serum
of Tx rats. Simultaneous measurement of 12 different BAs in serum revealed that cholic acid (CA), chenodeoxycholic acid
(CDCA), and taurochenodeoxycholic acid (TCDCA) levels significantly increased in Tx rats by approximately 25-fold, 11-fold,
and 3-fold, respectively, compared with those of control rats. In Tx rats with active hormone T; replacement, serum T; levels
were returned to physiological levels. However, these changes in BA levels were maintained at a high level. These results
indicate that T replacement does not normalize the thyroid hormonal milieu. Thus, increased CA, CDCA, and TCDCA levels in
serum after Tx may be a homeostatic response to not only T; but also pro-thyroid hormone T, deficiency. This study is the first to
report that CA, CDCA, and TCDCA may be potential biomarkers for hypothyroidism and the efficacy of thyroid hormone
replacement therapy in hypothyroidism.
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1. Introduction

Thyroid hormones (THs) play an important role in both
energy homeostasis and regulation and also during the
development and differentiation of cells. THs secreted from
the thyroid gland are thyroxine (T,4) and triiodothyronine
(T3). T4 has little biological activity and is considered a
pro-hormone, as activation occurs through deiodination of
T, at the 5’-position of the phenolic ring to form T;, the
active form of thyroid hormone [1]. Most of the actions of
TH seem to be dependent on binding of T; to a nuclear
thyroid hormone receptor (TR). There are three major forms
of the TR, designated al, PBl, and P2. TRal is the
predominant subtype in bone, the gastrointestinal tract,
cardiac and skeletal muscle, and the central nervous system;

TRP1 is most abundant in the liver and kidney; and TRpB2 is
more discretely expressed in the hypothalamus, pituitary,
cochlea, and retina [2-5]. Thus, THs act on a wide variety of
tissues, and hypothyroidism results in multiple physiological
responses. Some studies have shown that TH deficiency due
to hypothyroidism leads to a decreased rate of metabolism of
lipids, proteins, and carbohydrates [6,7].

Metabolomics, which can be defined as measurement of
all cellular metabolites, is the comprehensive assessment of
endogenous metabolites and quantification of metabolites
from a biological sample [8]. In contrast to genomics,
transcriptomics, and  proteomics, = which involve
macromolecules with similar chemical properties, such as
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DNA, RNA, and proteins, metabolomics analysis deals with
diverse properties of low molecular weight compounds. This
technique can be widely applied to a number of fields
including pharmacology, toxicology, and food science [9,10].
As metabolomics involves the downstream products of
genomics and proteomics, it is also regarded as a
complement to other “omics” for interpretation of gene
function [11,12]. Metabolomics is a powerful tool for
discovering new small molecule biomarkers. Following
further validation, the identified markers can help to
diagnose and evaluate prognosis for various diseases, such
as diabetes mellitus, liver injury, and acute renal toxicity
[13-15].

In this study, we used serum metabolomics profiling in
rats with hypothyroidism induced by surgical thyroidectomy
using ultra-performance liquid chromatography coupled
with  quadrupole time-of-flight mass spectrometry
(UPLC-QTOF/MS). First, we analyzed the metabolites in
serum, and detected differences in bile acids (BAs). These
metabolites were analyzed using supervised orthogonal
partial least squared discriminant analysis (OPLS-DA) and
online metabolite data bases search. Then, concentrations of
the detected BAs in serum were quantified using a
simultaneous analytical method [16]. We investigated
sequential changes in individual serum BA levels in rats
after thyroidectomy, and then investigated the effects of
replacement of the active hormone T; on individual serum
BA levels. Our results suggest that cholic acid (CA),
chenodeoxycholic acid (CDCA), and
taurochenodeoxycholic acid (TCDCA) may be potential
biomarkers for hypothyroidism and the efficacy of TH
replacement therapy in hypothyroidism.

2. Materials and Methods
2.1. Materials

T; was purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). CA and CDCA were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Glycocholic acid
(GCA), tauroursodeoxycholic acid (TUDCA), TCDCA, and
taurodeoxycholic acid (TDCA) were purchased from Merck
(Darmstadt, Germany). Taurocholic acid (TCA),
taurine-fB-muricholic acid (BTMCA),
glycochenodeoxycholic acid (GCDCA), taurolithocholic
acid (TLCA), taurohyodeoxycholic acid (THDCA), and
taurohyocholic acid (THCA) were purchased from Steraloids
UK Ltd. (London, England). The internal standards,
CA-2,2,3,4,4-ds and TCA-2,2,4,4-d4, were purchased from
Toronto Research Chemicals Inc. (Tronto, Canada), and
GCA-2,2,4,4-d, was from C/D/N isotopes Inc. (Quebec,
Canada). Deionized water used for UPLC mobile phase was
prepared on Milli-Q advantage A10 water purification
system (Millipore, Bedford, MA, USA). Methanol and
acetonitrile were of HPLC grade and obtained from Kanto
Chemical Inc. (Tokyo, Japan) and Wako Pure Chemical
Industries, Ltd. (Osaka, Japan), respectively. Formic acid

and ammonium acetate were from Sigma Chemical (St.
Louis, MO, USA).

2.2. Animals

Seven-week-old male Sprague-Dawley rats were obtained
from Charles River Laboratories Japan (Kanagawa, Japan).
Animals were fed a commercial diet (FR-2, Funabasi Farm
Co., Chiba, Japan) and filtered tap water ad [libitum. The
cages were located in a light (0800 - 2000 h lights on),
temperature (23 £ 5°C), and humidity (60 + 20%) controlled
room. The rats were allowed to acclimatize for 1 week before
starting the experiments.

All experimental procedures were approved by the Animal
Research Committee of ASKA Pharmaceutical Co., in
accordance with the Basic Guidelines for Proper Conduct of
Animal Testing and Related Activities in the Research
Institutions under the Jurisdiction of the Ministry of Health,
Labour and Welfare of Japan.

2.3. Thyroidectomy

Rats were made hypothyroid by surgical thyroidectomy as
described previously in detail [17]. After the surgery, serum
thyroid stimulating hormone (TSH) rapidly increased, and
body weight gain achieved complete stasis. Complete
resection of the thyroid in the thyroidectomized (Tx) rats was
confirmed at the end of the experiment by macroscopic
observation at necropsy. The Tx rats drank 1% calcium
lactate aqueous solution ad libitum for 1 week after Tx.
Normal group received sham operation as control.

2.4. Experiment 1

Rats were divided into two groups (n=5), the Tx and normal
(control) groups. Blood were collected from tail vein for 3
weeks. All blood samples were obtained between 0900 and
1100 h to minimize fluctuations in THs [18]. Serum samples
were separated by centrifugation at 16000 x g for 5 min at 4°C,
and stored at -20°C until analyzed.

2.5. Experiment 2

Osmotic minipumps (Alzet, model 2ML4, DURECT, CA,
USA), delivering 1.5 pg Ts/head/day (Tx+T3 group; n=6)
were implanted subcutaneously in rats on day 0 under
isoflurane anesthesia at 2 weeks after Tx. The doses of Tj
were determined by our preliminary experiment and
previous literature [19]. The vehicle was saline, in which T;
(final concentration; 25 pg/mL in 0.5 mmol/L NaOH/saline)
was diluted after NaOH solubilization (5 mg T5/20 pL of 1
mol/L NaOH). Six normal and Tx rats (control and Tx
group) received pumps with 0.5 mmol/L NaOH/saline only.
On the day before pump implantation (day -1) and after
implantation (day 14), blood were collected from tail vein
between 0900 and 1100 h. Serum samples were separated by
centrifugation at 16000 x g for 5 min at 4°C, and stored at
-20°C until analyzed.
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2.6. Metabolomics Analysis

2.6.1. UPLC-QTOF/MS

Serum samples which were collected on the final day (3
weeks after Tx) of the experiment 1, were prepared for
UPLC-QTOF/MS  analysis by acetonitrile protein
precipitation. The serum samples (40 pL) were mixed with
cold acetonitrile (80 pL) for 30 sec and centrifuged at 16000
x g for 5 min at 10°C. An aliquot of the supernatant
transferred to a clean tube. An equivalent 0.1% formic acid
was added to the supernatant. Metabolite extracts (2 pL)
were injected onto a reverse-phase ACQUITY UPLC HSS
T3 column (2.1 x 100 mm i.d., 1.8 um particles, Waters,
Milford, MA, USA ) using an ACQUITY UPLC system
(Waters). The flow rate of the mobile phase was 400 pL/min.
Mobile phase A consisted of 0.1% formic acid in water,
while mobile phase B was acetonitrile. The gradient was
initiated with 99% A and maintained for 2 min, and then
linearly decreased to 5% within 3 min, and maintained for 4
min. The column eluent was introduced directly into the
mass spectrometer. Mass spectrometry was performed on a
Q-TOF instrument (Xevo QTof MS, Waters), operating in
negative electrospray ionization (ESI') mode from m/z 50 to
1000 in MS scanning. Capillary voltage was 2.5 kV, sample
cone was 25 V, desolvation temperature 500°C, source
temperature 150°C, and desolvation gas flow 1000 L/h.
Leucine enkephalin (m/z 556.2771) was used as the
lock-mass; a solution of 0.2 ng/mL (50:50 acetonitrile: water
containing 0.1% formic acid) was infused into the instrument
at 5 pL/min via as auxiliary sprayer. MassLynx software
(v.4.1, Waters) was used to acquire the chromatogram and
mass spectrometric data in centroid format. In the MSF
(Waters) was performed on all samples, where data were
collected at both low (5.0 eV) and high (20.0 to 35.0 eV)
collision energies, in order to obtain fragmentation data
simultaneously.

2.6.2. Data Processing and Analysis

The raw data of chromatographic peaks obtained from the
UPLC-TOF/MS system were recognized and matched by
MakerLynx XS software (Waters). A list of the detected
peaks intensities was generated for the first chromatogram,
and the retention time and m/z value pairs were used as
identifiers. The ion intensities for each detected peak were
then normalized to the sum of the peak intensities in that
sample. There was no significant correlation between the
total intensities used for normalization and the sample
groups being compared in the study. The multivariate data
matrix was analyzed by EZ-info software (Waters). The
supervised orthogonal partial least squares discriminant
analysis (OPLS-DA) was used to concentrate group
discrimination into the first component with remaining
unrelated variation contained in subsequent components.
Candidate markers were extracted from S-plots constructed
following analysis with OPLS-DA, and markers were chosen
based on their contribution to the variation and correlation
within data set.

2.6.3. Identification of Candidate Markers

The elemental compositions were generated by
MarkerLynx based on the accurate mass of the
high-contribution-score metabolites. MassFragment

application manager (Waters) was used to facilitate the
MS/MS fragment ion analysis. The markers were matched
based on retention time, mass assignment, and online database
query. The accurate mass and structure information of the
markers obtained from KEGG (www.genome.jp/kegg/),
HMDB (www.hmdb.ca/), and ChemSpider
(www.chemspider.com/) databases.

2.7. Quantitation of BA Concentrations in Serum

Serum BA concentrations were determined using the
slightly modified method [16]. In brief, serum samples (50
pL) were mixed with 50 pL. methanol and 50 pL of isotopic
standards mixture (2000 ng/mL) in an ice-cold water bath.
After being mixed thoroughly for 1 min, the mixture stood at
-20°C for 20 min. The mixture was centrifuged at 16000 x g
for 10 min at 4°C, and then 2 pL of the supernatant was
injected to the UPLC-TOF/MS system. The UPLC system
was coupled online to a Xevo Q-TOF mass spectrometer
(Waters) in negative electrospray mode with a scan range of
m/z 50 to 1000. The chromatographic separation of the
analytes was performed using an Acquity UPLC BEH C18
column (100 x 2.1 mm i.d., 1.7 um particles, Waters). Details
of the LC and MS conditions including gradient elution and
the selected reaction monitoring transitions for all the
compounds as well as the corresponding internal standard for
each BA were described in a previous report [16]. The
calibration curve was linear for all BAs over a range of 10 to
25 ng/mL (Min.) ~ 1000 to 10000 ng/mL (Max.).

2.8. Serum TH Concentrations

Serum T4 and T; concentrations were determined by the
method using online solid-phase extraction liquid
chromatography-mass  spectrometry/mass  spectrometry
(online SPE LC-MS/MS) [17]. In brief, an API5000
triple-quadrupole mass spectrometer (AB SCIEX, CA,
U.S.A.) equipped with a TurbolonSpray source and Shimadzu
HPLC system was employed to perform the analysis using
isotope dilution with deuterium labeled internal standard,
[*Hs]Ts. A 20 pL of rat serum was mixed with internal
standard acetonitrile solution for deproteinization, and was
diluted with 0.1% formic acid. After centrifugation, the
supernatant was injected into the LC-MS/MS system. Online
extraction and chromatographic separation of the analytes
were performed using respectively a Shim pack MAYI-ODS
column (10 mm x 2.0 mm i.d., 50 pm particles, Shimadzu,
Kyoto, Japan) and a Synergi Polar-RP 80A column (50 mm x
2.0 mm id., 4 pm particles, Phenomenex, Utrecht, the
Netherlands). Details of the LC conditions including gradient
elution and the selected reaction monitoring transitions are
described in a previous report [17]. Linear calibration curves
of T, and T; were obtained in the concentration range of 0.1 to
100 ng/mL, with a lower limit of quantitation of 0.1 ng/mL.
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2.9. Serum TSH Concentrations

Serum TSH concentrations were determined by
Enzyme-Linked Immunosorbent Assay using TSH ELISA
Test Kit (Endocrine Technology, Newark, CA, U.S.A.).

2.10. Calculations and Statistical Analysis

Total bile acid (total BA) concentration was calculated as
the sum of the 10 bile acids: CA, CDCA, GCA, GCDCA,
TCA, TCDCA, TDCA, THDCA, TUDCA, and BTMCA.
TLCA and THCA were not included as only trace amounts
were detected. All data of serum BA concentrations were
expressed as mean =+ standard deviation (S.D.). Statistical
significance of serum BA concentrations between control and
Tx group in the experiment 1 was determined by an unpaired
Student’s #-test. Differences between three groups in the
experiment 2 were assessed by one way analysis of variance.
Post hoc testing was performed for inter-group comparisons

Tx_n0032 A
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using the Tukey’s test. In all cases, the results were considered
significant at p< 0.05.

3. Results
3.1. Serum Metabolomic Profiling

Serum samples were collected on the final day (3 weeks
after Tx) of the experiment 1, and analyzed using
UPLC-QTOF/MS. As more metabolites were detected in
negative ion mode than in positive ion mode, negative ion
mode was used for this study. Representative base peak ion
(BPI) chromatograms of the serum of control and Tx rats are
presented in Fig. 1. The variations in m/z values and retention
times of selected peaks were less than 5 mDa and 0.05 min,
respectively. After peak alignment, the serum datasets
contained 4456 metabolite ions. The pre-processed
UPLC-QTOF/MS data were further investigated using
multivariate statistical analysis.

1: TOF MS ES-
FEl BPI
3.50e4

m
5]
]

Time

1. TOF KIS ES-
- BPI
3 5%e4

e

v

<00 £ 20 2350

Fig. 1. The UPLC-QTOF/MS BPI profile of serum samples in (4) control group and (B) Tx group.

3.2. Multivariate Data Analysis

The supervised OPLS-DA was applied to obtain better
discrimination between the control and Tx groups. Good
separation between the two groups was observed, and there

was no variation among the rats within each group and no
outliers on the vertical axis (Fig. 2A). The goodness-of-fit
parameter R* and the predictive ability parameter Q* were
0.999 and 0.895, respectively. These results indicate that this
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model fits and is useful for discriminating between the two
groups.

The S plots from the OPLS-DA model were created using
the loading profile of the first component (p) and the
correlation of p with the first component (p(corr)), which
represents the reliability of p to the first component (Fig. 2B).
Each plot represents one chromatogram of a metabolite with a
specific retention time. We used cut-off values of p > |0.05|
and p(corr) > |0.8|, and 38 plots located inside the squares in
Fig. 2B were selected; 28 plots were more increased in the Tx
group compared with the control group, and 10 plots were
more decreased in the Tx group compared with the control

A

group. According to an identity check based on raw data and
features of the chromatographic peaks, the candidate
metabolites detected in the profiling process were identified
by MS/MS analysis or by searching their accurate masses
using the online metabolite databases, KEGG, HMDB, and
ChemSpider.  Several  metabolites of  pyrimidine,
phenylalanine, and the amino acid metabolism pathway were
matched (data not shown). Many BAs and their metabolites,
CA, CDCA, GCA, GCDCA, CA glucuronide, and CDCA
sulfate, were matched as markers (Table 1). Among these, the
metabolite that suggested the largest change in Fig. 2B
(retention time 4.79) was identified as CA.
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Fig. 2. OPLS-DA plots of serum samples in control group and Tx group. (A) scores plot, (B) loadings S-plot.
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Table 1. List of bile acid and their metabolites searched by online metabolite database.

Retention time (min) Mass (m/z) Metabolite Mass accuracy (mDa)  Change®
4.79 407.2784 Cholic acid -1.3 i
4.84 391.2841 Chenodeoxycholic acid -0.7 1
4.47 464.3010 Glycocholic acid 0.1 i
4.46 448.3052 Glycochenodeoxycholic acid 1.0 i
4.38 583.3093 Cholic acid glucuronide 2.5 |
4.50 471.2421 Chenodeoxycholic acid sulfate -0.5 |

* Relative level in serum of thyroidectomized group in comparison to the control group

3.3. Changes in Serum BA Concentrations After Tx

Metabolomic analysis using UPLC-QTOF/MS revealed
that serum BAs, and especially CA, levels markedly elevated
in the Tx group compared with controls at the endpoint of the
experiment. Serum concentrations of primary BAs including
CA, CDCA, GCA, and GCDCA were quantified using a
simultaneous analytical method [16]. Sequential changes in
individual serum BA levels after Tx were also analyzed.

Serum CA, CDCA, and TCDCA levels increased rapidly
more 7 days after Tx, and significantly increased to 25-fold,
11-fold, and 3-fold of the control group, respectively, 21 days
after Tx (Fig. 3). CA and CDCA constituted approximately

80% of total BA content (CA: 62% and CDCA: 18%). Serum
TDCA levels increased immediately after Tx, and
significantly increased to 21-fold the level of controls on day
2lafter Tx. THDCA levels did not change until 14 days after
Tx, but significantly increased to 21-fold of controls on day 21.
Serum GCA, GCDCA, and TCA levels were also increased in
Tx rats (2-fold, 3-fold, and 2-fold, respectively, of controls on
day 21), but these differences were not statistically significant.
Serum TUDCA and BPTMCA levels did not significantly differ
between the control and Tx groups. Serum TLCA and THCA
were not analyzed as only trace amounts were detected.
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Fig. 3. Sequential changes in individual serum BA concentrations of control and Tx rats.

All data represent the mean + S.D. of five animals. *p< 0.05 and **p< 0.01 compared with the controls. Undefined abbreviations are: CA, cholic acid; CD,
chenodeoxy; G, glycol; T, tauro; D, deoxy; H, hyo; HD, hyodeoxy; UD, ursodeoxy; M, muri.

3.4. Serum Concentrations of TH

Serum T; and T, concentrations were determined before

(day -1) and after (day 14) subcutaneous implantation of
osmotic minipumps, delivering vehicle (Control and Tx), 1.5
Mg Ts/head/day (Tx+T3) to control or Tx rats (Fig. 4). In the
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all Tx groups before Tsreplacement, serum T4 and T; levels
significantly decreased compared with controls (T4: 39.0 +5.0
ng/mL for control, 2.4 £ 0.9 ng/mL for Tx, 2.6 = 0.6 ng/mL
for Tx+T3 and Tj: 0.61 £ 13 ng/mL for control, 0.10 £ 0.06
ng/mL for Tx, 0.10 £ 0.05 ng/mL for Tx+T3). These levels in
Tx group did not significantly change between before and

301

after vehicle infusion. In the Tx+T3 group after T;
replacement, serum Tz levels significantly increased
compared with that of before replacement, and were
approximately 92% of control group (0.49 + 0.09 ng/mL for
control, 0.45 + 0.06 ng/mL for Tx+T3).
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Fig. 4. Serum T, (4) and Ts (B) concentrations before and after subcutaneous infusion of vehicle or Ts in control or Tx rats.

Serum samples were collected before (day -1) and after (day 14) subcutaneous implantation of osmotic minipumps, delivering vehicle (control and Tx) or 1.5 pg
Ts/head/day (Tx+T3) to control or Tx rats. All data represent the mean = S.D. of six animals. *p< 0.05 and **p< 0.01 compared with the controls. “p< 0.05 and

#p<0.01 compared with the before replacements.

3.5. Serum TSH Concentrations

Table 2. Serum TSH concentrations in control and Tx rats.

Concentration (ng/mL)

Group

Before® After”
Control 1.47+£0.671 3.91+1.26%
Tx 10.8 £ 3.26%* 26.9 +10.3"
Tx+T3 11.8 4+ 1.03** 16.7 + 6.50

The control and Tx groups were subcutaneous implanted osmotic minipumps, delivering vehicle. The Tx+T3 group was subcutaneous implanted osmotic

minipumps, delivering T; (1.5 pg Ts/head/day).

Data are expressed as the mean values = S.D. (n = 6).

*p< 0.05and **p< 0.01 compared with the controls.
#p<0.05and *p< 0.01 compared with the before replacements.
* the day before replacement; °, 14th day after replacement.

Serum TSH concentrations were determined before (day -1)
and after (day 14) subcutaneous implantation of osmotic
minipumps, delivering vehicle (Control and Tx), 1.5 pg

Ts/head/day (Tx+T3) to control or Tx rats (Table 2). In the all
Tx groups before T; replacement, serum TSH levels
significantly increased compared with controls. In the Tx
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group after vehicle infusion, serum TSH levels significantly
elevated more than those of before infusion. However, in the
Tx+T3 group, serum TSH levels did not significantly change
between before and after T; replacement. Serum TSH levels
in Tx rats did not return to normal by T; replacement.

3.6. Effects of T; Replacement on Serum BA Concentrations
in Tx Rats

To investigate the effects of T; replacement on serum BA
concentrations in Tx rats, serum total BA concentrations were
determined before (day -1) and after (day 14) subcutaneous
implantation of osmotic minipumps, delivering vehicle
(control and Tx groups) or 1.5 pg Ts/head/day (Tx+T3 group)
to normal or Tx rats (Table 3). Serum total BA concentrations
in the Tx and Tx+T3 groups before replacement were

100% -

75% A

50% A

Composition ratio

25% -

0% -

Before

significantly increased compared with those of the control
group (Tx: 253 £+ 14.8 nmol/mL, Tx+T3: 20.7 + 10.7
nmol/mL, control: 1.55 £ 0.365 nmol/mL). However, Serum
total BA concentrations in Tx rats did not change after T;
replacement. Next, the composition ratio of each BA in serum
was investigated before and after T; replacement in Tx rats
(Fig. 5). Although the composition ratios of serum GCA and
GCDCA in the Tx+T3 group were significantly increased
after T; replacement (GCA: 1.2% vs. 7.5% and GCDCA:
0.03% vs. 0.77%, respectively), the composition ratios of
most bile acids did not change markedly (CA: 67.7% vs.
61.5%, CDCA: 20.3% vs. 20.8%, TCA: 6.2% vs. 5.5%,
TCDCA: 1.6% vs. 1.4%, TDCA: 1.0% vs. 0.6%, THDCA:
1.3% vs. 0.6%, TUDCA: 0.04% vs. 0.13%, and PTMCA:
0.6% vs 1.2%).

M BTMCA
L TUDCA
u THDCA
i TDCA
i TCDCA
HTCA

E GCDCA
u GCA

E CDCA

HCA

After

Fig. 5. Effects of Ts replacement on serum BA composition in Tx rats.

All data represent the mean of six animals. Before, the day before replacement; After, 14th day after replacement. Undefined abbreviations are: CA, cholic acid;
CD, chenodeoxy; G, glycol; T, tauro; D, deoxy; H, hyo; HD, hyodeoxy; UD, ursodeoxy; M, muri.

Table 3. Effects of triiodothyronine replacement on serum total bile acid
concentrations in Tx rats.

Total BA Concentration (nmol/mL)

Ei Before® After”
Control 1.55+0.365 1.83 £0.636
Tx 25.3 £ 14.8%* 32.8 £20.2%*
Tx+T3 20.7 £ 10.7%* 20.4 +9.27%*

The control and Tx groups were subcutaneous implanted osmotic minipumps,
delivering vehicle. The Tx+T3 group was subcutaneous implanted osmotic
minipumps, delivering T3 (1.5 pg Ts/head/day).

Data are expressed as the mean values + S.D. (n = 6).

**p<0.01 compared with the controls.

* the day before replacement; °, 14th day after replacement.

4. Discussion

Hypothyroidism is caused by thyroid gland disorders, and
leads to a decrease in production and secretion of T, and Ts.
Tx rats are a well-established hypothyroidism model. In a
previous study, we reported that Tx induced a prolongation of
the half-life of T, in serum, and influenced T, metabolism and
elimination [17]. We speculated that many endogenous
metabolites were altered by Tx.

In the present study, we performed metabolomics analysis
of serum to comprehensively analyze changes in several
metabolic pathways in Tx rats and to identify corresponding
biochemical perturbations. We could detect more than 4000
metabolite ions in each rat, providing a very comprehensive
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serum metabolome for Tx. Using OPLS-DA followed by an
online metabolite database search, metabolites that differed in
Tx rats were matched, including CA, CDCA, GCA, and
GCDCA, which were all increased in the serum of the Tx
group. These results suggest that BAs are candidate markers
for hypothyroidism.

Metabolomics is very useful for biomarker investigation,
but it is a qualitative analytical method. Thus, we also
measured serum concentrations of 12 BAs including CA,
CDCA, GCA, and GCDCA, and investigated sequential
changes in individual serum BA levels after Tx. Serum
concentrations of all BAs except TLCA, THCA, TUDCA,
and BPTMCA, increased after Tx. There was a difference in
sequential changes of each BA after Tx. BAs are synthesized
from cholesterol in the liver. There are many steps, and
multiple intermediates involved in the formation of primary
BAs, which are CA and CDCA. These BAs were
dehydroxylated by intestinal bacteria to form secondary BAs
deoxycholic acid and lithocholic acid. Moreover, they
undergo amidation with taurine or glycine to form
conjugated BAs. Thus, we considered that the difference in
sequential changes of each BA after Tx would be caused by
the metabolic process of BA. Among these, serum
concentrations of CA, CDCA, and TCDCA were
significantly increased than 7 days after Tx. In a previous
study, we have demonstrated that serum concentrations of T,
and T; decrease rapidly after Tx, and are maintained at very
low levels than 7 days after treatment [17]. Thus, these
results suggest that the increased CA, CDCA, and TCDCA
levels in serum after Tx are a homeostatic response to serum
thyroid hormone deficiency.

Although BAs have been known to play an essential role
indietary lipid absorption and cholesterol metabolism, in
recent years BAs have been shown to act as signaling
molecules through activation of a variety of nuclear and cell
surface receptors [20]. Membrane-type bile acid receptor
(M-BAR)/TGRS5 is a member of the G-protein coupled
receptor (GPCR) superfamily, and has been found to be
ubiquitously expressed including in endocrine glands, brown
adipose tissue (BAT), muscles, immune organs, and the
enteric nervous system in humans and animals [21]. TGRS
induces the production of intracellular cyclic adenosine
monophosphate (cAMP) upon interaction with BAs [21,22].
Watanabe et al. reported that deiodinase type 2 (D2) is
activated by increased cAMP production that stems from the
binding of BAs with TGRS in human brown adipocytes and
skeletal myocytes, and then activated D2 accelerates to
convert the pro-hormone T, to active hormone T;, a major
component involved in cellular basal metabolism [23].
Intracellular T4 and T; levels decrease after Tx [24]. Moreover,
we previously reported that activity and mRNA expression of
D2 in brain, BAT, and muscle were increased after Tx in rats
[25]. Thus, our findings suggest that the BAs (CA, CDCA,
and TCDCA) act as a signaling molecule to increase
intracellular T; levels in local tissues by accelerating the
above mechanisms (the BA-TGR5-cAMP-D2-T; pathway).

In hypothyroid patients, T, and T; levels in both blood and

tissues are markedly decreased but return to physiological
levels with T, replacement therapy [26]. T, is considered a
pro-hormone, as activation occurs through deiodination of T,
to form Ts, the active form of TH. Thus, T; replacement
therapy in hypothyroid patients may be more effective than T,
replacement. In this study, we investigated the effects of Ts
replacement on serum BA concentrations in hypothyroid rats.
Serum Tj levels in Tx rats were returned to physiological
levels with T; replacement. However, serum TSH levels were
maintained at very high levels. These results were consistent
with a previously study by Escobar-Morrealeet al.[27]. They
also reported that T; levels in many tissues of Tx rats were
distinctly lower than the controls even if serum Ts levels were
returned to physiological levels with T; replacement. Serum
concentrations of total BA in Tx rats after T;z replacement
showed little change compared with before replacement, and
the composition ratio of BAs also showed no significant
difference before and after T; replacement. Intracellular Ts
levels are known to be maintained by direct Ts uptake from
blood and by intracellular selective conversion of T4 to T by
D2 [28,29]. Intracellular T; concentrations in BAT and brain
are supplied at a ratio of 50:50 and 20:80 from these two
pathways, respectively [30,31]. Moreover, we have
previously reported that activity and mRNA expression of D2
in local tissues of Tx rats were maintained at high levels after
T; replacement [25]. These results indicate that serum BA
levels were maintained at a high level because intracellular
TH concentrations in Tx rats were not normalized to
physiological levels by T; replacement.

TH replacement therapy in hypothyroid patients is
estimated by serum levels of THs and TSH. In general, TH in
the blood is quickly taken up into cells in target tissues via
specific plasma membrane transporters, members of the
organic anion transporting polypeptide family [32], and the
monocarboxylate transporter family [33]. However, in
humans and rodents who exhibit inactivating mutations in the
genes encoding these transporters, THs in the blood cannot be
taken up into cells even after TH replacement, and biological
function is not fully restored [34-36]. Thus, we suggest that
TH levels in local tissues area more important indicator of the
efficacy of hypothyroidism therapy than TH levels in blood.
However, it is unfeasible to measure TH concentrations in
human patients’ organ. The results of study indicate that
serum BA levels are negatively correlated with intracellular
TH concentrations in target tissues. Thus, serum CA, CDCA,
and TCDCA may be potential biomarkers for hypothyroidism
and the efficacy of TH replacement therapy in hypothyroid
patients. To identify this hypothesis, further studies are
needed to investigate the mechanism by which Tx increases
serum BA levels in rats, and to determine if the same results
can be seen in human subjects.

5. Conclusion

Serum BA levels were shown to increase markedly in rats
after Tx, as indicated by metabolomics analysis. Moreover,
we investigated sequential changes in serum levels of 12 BAs
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in rats after Tx. We observed an increase in serum CA, CDCA,
and TCDCA after Tx, and believe that this is a homeostatic
response to intracellular TH deficiency in local tissues. To the
best of our knowledge, this is the first report indicating that
serum CA, CDCA, and TCDCA may be potential biomarkers
for hypothyroidism and the efficacy of TH replacement
therapy in hypothyroidism.
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