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Abstract Cholesterol homeostasis is strictly regulated
through the modulation of HMG-CoA reductase (HMGCR),
the rate-limiting enzyme of cholesterol synthesis. Phosphor-
ylation of HMGCR inactivates it and dephosphorylation ac-
tivates it. AMP-activated protein kinase (AMPK) is the major
kinase phosphorylating the enzyme. Our previous study
found that thyroid-stimulating hormone (TSH) increased
the hepatocytic HMGCR expression, but it was still unclear
whether TSH affected hepatic HMGCR phosphorylation as-
sociated with AMPK. We used bovine TSH (bTSH) to treat
the primary mouse hepatocytes and HepG2 cells with or
without constitutively active (CA)-AMPK plasmid or protein
kinase A inhibitor (H89), and set up the TSH receptor (7shr)-
KO mouse models. The p-HMGCR, p-AMPK, and related
molecular expression were tested. The ratios of p-HMGCR/
HMGCR and p-AMPK/AMPK decreased in the hepatocytes
in a dose-dependent manner following bTSH stimulation.
The changes above were inversed when the cells were
treated with CA-AMPK plasmid or H89. In TshrKO mice,
the ratios of liver p-HMGCR/HMGCR and p-AMPK/AMPK
were increased relative to the littermate wild-type mice.
Consistently, the phosphorylation of acetyl-CoA carboxyl-
ase, a downstream target molecule of AMPK, increased.fil
All results suggested that TSH could regulate the phosphor-
ylation of HMGCR via AMPK, which established a potential
mechanism for hypercholesterolemia involved in a direct
action of the TSH in the liver.—Zhang, X.,Y. Song, M. Feng,
X. Zhou, L. Gao, C. Yu, X. Jiang, and J. Zhao. Thyroid-stim-
ulating hormone decreases HMG-CoA reductase phosphor-
ylation via AMP-activated protein kinase in the liver. J. Lipid
Res. 2015. 56: 963-971.
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The liver plays a vital role in regulating cholesterol ho-
meostasis in the body. HMG-CoA reductase (HMGCR) is
the rate-limiting enzyme in cholesterol biosynthesis (1), so
its activity is instrumental in controlling de novo cholesterol
synthesis. To maintain cholesterol homeostasis, HMGCR
could be regulated by multiple mechanisms such as tran-
scription, translation (2), enzyme degradation rate (3),
phosphorylation-dephosphorylation (4), and feedback in-
hibition (5). Hormones could regulate the expression of
HMGCR by acting at different levels. For example, gluco-
corticoids act at a posttranslational level (1), whereas insulin
reportedly affects both the transcriptional and posttransla-
tional processes (6). Recently, Wu et al. (7) found that the
changes of the phosphorylated HMGCR play an important
role in regulation of the hepatic cholesterol biosynthesis
process. The site of phosphorylation on HMGCR has been
identified as serine 871 in rodents (8) and serine 872 in
humans (9). The HMGCR is physiologically present in the
cell in unphosphorylated active form and phosphorylated
inactive form. In general, phosphorylation of HMGCR
leads to inactivation of the enzyme, while dephosphoryla-
tion activates it. The ratio of the phosphorylated form to
total form indicates an inactivation state of HMGCR.

Abbreviations: ACC, acetyl-CoA carboxylase; AMPK, AMP-activated
protein kinase; bTSH, bovine thyroid-stimulating hormone; CA-AMPK,
constitutively active AMP-activated protein kinase; FT4, free thyroxine;
HMGCR, HMG-CoA reductase; SCH, subclinical hypothyroidism; T4,
total thyroxine; TC, total cholesterol; TSH, thyroid-stimulating hor-
mone; TSHR, thyroid-stimulating hormone receptor.
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Subclinical hypothyroidism is a type of thyroid function
abnormality; its characteristics are elevated serum thyroid-
stimulating hormone (TSH) and normal serum thyroid
hormone levels, as well as an increased serum cholesterol
level (10). Our study and other clinical studies have ad-
dressed a positive correlation between the high serum
TSH and increased cholesterol levels (11, 12). Addition-
ally, our laboratory data have shown that the TSH receptor
(TSHR) was expressed in hepatocytes and the TSH could
enhance the expression of HMGCR by activating the
cAMP/PKA pathway, leading to an elevated cholesterol
level via the TSHR in the hepatocytes (13, 14).

AMP-activated protein kinase (AMPK) is activated by in-
creased intracellular AMP concentrations and is generally
described as a “metabolite-sensing kinase.” Henin etal. (15)
indicated that an AMPK stimulator, such as the AICAR,
could decrease the synthesis of cholesterol in the liver.
Several studies reported that the HMGCR can be phos-
phorylated in vitro by several protein kinases, such as
AMPK, PKC, and Ca” calmodulin-dependent kinase (16,
17). AMPK seems to be the major kinase that targets
HMGCR in the liver (18). It is still unclear whether TSH,
as a hormone, can affect AMPK and HMGCR phosphoryla-
tion. Djouder et al. (19) found that PKA associates with and
phosphorylates AMPKal at Serl173 to impede threonine
(Thr172) phosphorylation and thus activation of AMPK.
Our previous study had shown that TSH could increase
the cAMP level and then activate PKA. Based on these re-
ports, we hypothesized that the TSH regulated HMGCR
phosphorylation through PKA/AMPK in the liver.

In this study, our results showed that TSH could de-
crease the phosphorylated HMGCR expression via AMPK
in the liver and lead to increased HMGCR activity, which
may help to understand the extra-thyroid action of the
TSH in the liver and the mechanism of hypercholesterol-
emia in subclinical hypothyroidism.

MATERIALS AND METHODS

Animal experiments

Genetically Tshrdeficient mice (B6;12981-Tshr™*™* 004858)
were obtained from the Jackson Laboratory (Bar Harbor, ME).
The wild-type (Tshr”") mice and TshrKO (Tshr /~) mice were
housed at 23°C in a 12 h light-dark cycle and humidity-controlled
(60%) environment. All procedures were carried out with the
approval of the Institutional Animal Care Committee, and were
in compliance with the Guide for the Care and Use of Laboratory
Animals. Heterozygote mice were bred separately to generate the
TshrKO and wild-type mice used in this study. Genotyping was
tested using tail DNA, as previously described (20). When fed the
nonsupplemented diet, 7sh~KO mice exhibited decreased se-
rum T4/T3 levels and an elevated TSH level (20). Therefore, af-
ter weaning at the end of the third week, all 7s#KO (homozygotic
type) mice were fed a diet containing 100 ppm thyroid powder
(Sigma-Aldrich, USA) to maintain thyroid hormone levels that
were the same as wild-type mice (21).

Male adult (aged 8 weeks) Tsh=KO mice and their respective
wild-type littermates were used in the experiments. At 10:00 to
12:00 PM, after fasting for 8 h, mice were euthanized to harvest
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blood samples. The serum total thyroxine (T4), free thyroxine
(FT4), and insulin concentrations were measured using radioim-
munoassay (Jiuding, Tianjin Biomedical Engineering Company
Limited, and HTA Co., Ltd., China). The serum TSH level was
assayed using an ELISA kit (Uscn Life Science, Inc.). The blood
glucose level was detected with a OneTouch Ultra glucometer
(Johnson and Johnson, USA). One part of the liver tissues was
immediately frozen in liquid nitrogen for protein analysis. The
other part was fixed in buffered 4% paraformaldehyde for
immunohistochemistry.

Genotyping

Genomic DNA was isolated from the tail of each mouse using
Direct Lysis reagent (Qiagen DP304). Genotypes of mice were
confirmed by PCR using the following primer sets: a) 5-CAG
GGT GGA GAC GCA CAC TC-3" and 5-AGA GAG TCC CAC
AAC AGT C-3’, which amplifies a 590 bp fragment from the wild-
type allele; and 4) 5-AAG TTC ATC TGC ACC ACC G-3" and 5
TCC TTG AAG AAG ATG GTG CG-3’, which amplifies a 173 bp
fragment from the 7T'sh=KO allele. The PCR cycle profile used
for genotyping was as follows: 94°C 3 min, 94°C 30 s/69°C
1 min/72°C 1 min for 35 cycles.

Isolation and culture of primary mouse hepatocytes

Hepatocytes were isolated from adult male wild-type mice by
retrograde two-step collagenase perfusion of the mouse liver
(22). The liver was perfused after cannulation of the hepatic
portal vein. The organ was washed with Hank’s calcium- and
magnesium-free buffer for 3 min. After the liver had been freed of
blood, the calcium-free buffer was replaced by a collagenase buf-
fer (0.5 mg/ml) for 7-10 min. A perfusion rate of 7 ml/min and
a temperature around 39°C were maintained for both perfusates
during the entire procedure. After the perfusion had been termi-
nated, the liver was rapidly excised from the body cavity and
transferred to a sterile Petri dish. The gall bladder and remnants
of the diaphragm were removed, and cells were released by dis-
rupting the liver capsule mechanically and by shaking the cells
into attachment medium. The cells were separated from undi-
gested tissue with a sterile 50 wm mesh nylon filter. After washing
by low-speed centrifugation at 50 g for 5 min several times, the
cells were used only if cell viability, as determined by trypan blue
exclusion, was >80%. Cells were seeded onto plastic Petri dishes
in William’s E medium supplemented with 10% FBS, 50 U/ml of
penicillin, 50 pwg/ml of streptomycin, 100 nM insulin, and 1 uM
hydrocortisone, at a density of 5E 6 cells per dish. After 24 h,
medium was replaced by fresh serum-free medium for the indi-
cated times. Cultures were kept with the different conditions in a
5% CO, atmosphere at 37°C.

Cell culture and treatments

The HepG2 cells were cultured in Eagle’s minimal essential me-
dium (Gibco, Life Technologies Corporation, USA) and supple-
mented with 10% FBS and 100 U/ml penicillinstreptomycin. When
the HepG2 cells reached 70-80% confluence, different doses of
bovine TSH (bTSH) (Sigma-Aldrich) stimulated for 48 h in the
presence or absence of constitutively active (CA)-AMPK plasmid or
H89 (10 uM, PKA inhibitor, Sigma-Aldrich) in serum-free EMEM
medium.

Hepatocellular microsome HMGCR activity assay

Hepatocellular microsomes for assay of HMGCR activity were
prepared as described by Honda et al. (23). The HepG2 cells stimu-
lated by different concentrations of bTSH (0, 1, and 4 uM) were
homogenized with a loose-fitting Teflon pestle in 4 vol of 3 mM Tris-
HCl buffer (pH 7.4) containing 0.25 M sucrose, 0.1 mM EDTA, and



either 50 mM sodium chloride or 50 mM sodium fluoride. The ho-
mogenates were centrifuged by differential ultracentrifugation, and
the pellet (microsomal fraction) was suspended in storage buffer
containing 100 mM potassium phosphate buffer [pH 7.4, 1 mM
EDTA, 5 mM DTT, 50 mM KCl, and 20% glycerol (v/v)].

The conventional method for the measurement of microsomal
HMGCR activity was based on the methods of Brown, Goldstein,
and Dietschy (24) with some modification. Microsomes (100 pg of
protein) were incubated for 30 min at 37°C in a total 150 wl vol-
ume including 100 mM potassium phosphate buffer (pH 7.4) con-
taining a NADPH generating system and 30 nmol []4C]HMG-C0A
(diluted with unlabeled HMG-CoA to give a specific activity of
30 dpm/pmol, PerkinElmer, USA). The ["'C]mevalonate formed
was converted into lactone, isolated by thin layer chromatography
(25), and counted using an internal standard of [BH]rnevalonate
(PerkinElmer) to correct for incomplete recovery (26). HMGCR
activity is expressed as the picomoles of ["*C]mevalonate formed
per minute per milligram of microsomal protein.

Phosphorylation of acetyl-CoA carboxylase assay

The acetyl-CoA carboxylase (ACC) was prepared as described
by Neil B. Madsen with some modification (27). The AMPK was
obtained by immunoprecipitation. The ACC and AMPK were in-
cubated together at 30°C for 20 min in a reaction buffer (pH
7.4), containing 50 mM Tris-HCI, 0.25 mM EGTA, 5.0 mM MgCl,,
1.0 mM DTT, and 0.5 mM ATP. To measure incorporation of
phosphate into ACC, the reaction was started by adding [y-""P]
ATP (100-150 cpm/pmol ATP), and the incorporation of phos-
phate into ACC was measured by the filter disc method using P81
paper (28). Radioactivity was determined using standard liquid
scintillation procedures.

Liver total cholesterol content assay

The liver total cholesterol (TC) content was measured using a
cholesterol assay kit (Applygen Technologies, Beijing, China) ac-
cording to the manufacturer’s instructions. Briefly, the liver tis-
sues were extracted with lysis buffer, the mixture was then
centrifuged (2,000 g, 5 min), and 10 pl of the supernatant was
added to glass tube containing working liquid for the cholesterol
assay. After incubating for 20 min at 37°C, the absorbance was
measured at 550 nm. Protein concentrations were also quanti-
fied. The cholesterol content was expressed as micrograms per
milligram of protein.

Transfection of CA-AMPK plasmid

HepG2 cells in exponential growth were seeded into 6-well
plates at a concentration of 1 x 105/1111. After 24 h, liposomes
mixed with 3 pg of active AMPK (CA-AMPK, a generous gift from
Prof. Dave Carling, Imperial College London) were used to trans-
fect the HepG2 cells. The culture medium was replaced after 6 h
of incubation, and the cells were cultured with or without 4 uM
bTSH for 48 h.

Western blotting

An equal amount of protein from each sample was resolved by
10% SDS-PAGE and electrotransferred to nitrocellulose mem-
branes (Millipore). All membranes were incubated overnight
at 4°C with commercial anti-HMGCR (1:1,000, Upstate), anti-
p-HMGCR (Ser872) (1:1,000, Upstate), anti-p-AMPK (T172)
(1:2,000, Cell Signaling Technology), anti-AMPK (1:1,000, Cell
Signaling Technology), anti-P-ACC (Ser79) (1:1,000, Cell Signal-
ing Technology). After incubation with corresponding second-
ary antibody (Zsbio, Ltd., China), immune complexes were
detected using the enhanced chemiluminescence plus detection
system (Amersham). Immunoreactive bands were quantified

using Alphaimager 2200. The same membrane was reincubated
with anti-B-actin (Abcam, 1:10,000) as an internal correction and
the relative target protein levels were normalized to B-actin.

Immunochemistry staining

The liver tissue specimens were immersed in 4% paraformal-
dehyde for 12 h and dehydrated in 50-100% ethanol, cleared in
xylene, and embedded in paraffin wax. The tissue was sectioned
with 3 pum thickness. Sections were stained using a two-step
method. The sections were incubated with 3% H,O, to block the
activity of endogenous peroxidase. After washing three times in
PBS for 5 min each time, the sections were incubated for 15 min
with 10% normal rabbit serum, and then incubated with primary
antibody [rabbit anti-p-HMGCR (S872), 1:100 dilution] over-
night in a humid chamber at 4°C. After washing in PBS for 5 min
each time, the sections were incubated at room temperature with
polymer peroxidase anti-rabbit serum for 30 min. After washing
three times in PBS for 5 min each time, the peroxidase was re-
vealed by a 3,3-diaminobenzidine tetrahydrochloride substrate
kit (ZSGB-BIO). Negative controls were performed in PBS, in-
stead of the primary antibody. Moreover, the obtained sections
above were also performed with hematoxylin and eosin staining
and examined under an optical microscope.

Statistical analysis

The data were analyzed using SPSS17.0 software and are ex-
pressed as the mean + SD. Statistical significance was assessed by
unpaired Student’s #tests for differences between two experi-
mental groups and one-way ANOVA was used for multiple
groups. P< 0.05 was considered statistically significant.

RESULTS

TSH declines the hepatic HMGCR phosphorylation levels

To identify whether the TSH could regulate the phos-
phorylation of the HMGCR, we chose the primary mouse
hepatocytes and treated the cells with different TSH con-
centrations (0, 1, and 4 uM). As shown in Fig. 1A, the ex-
pression of the phosphorylated HMGCR decreased and
the total HMGCR increased in a TSH concentration-
dependent manner (P< 0.05). The ratio of the phosphor-
ylated form to total form of HMGCR, demonstrating an
inactivation state of the HMGCR, showed a decline of up
to 75% at the large dose of TSH, suggesting that TSH
could directly decrease the phosphorylated HMGCR. Sim-
ilar results were also found in HepG2 cells (Fig. 1B).

We also tested the HMGCR activity in HepG2 cells with
or without bTSH stimulation, and found, when the micro-
somes were isolated and measured in the presence of NaF,
which preserves the phosphorylated state seen in vivo, the
HMGCR activity increased in a dose-dependent manner
in the TSH-stimulated HepG2 cells (Fig. 1C). To obtain
information with regard to the phosphorylation of the
HMGCR, the microsomes were also isolated in the ab-
sence of NaF. Under these conditions, an increase in the
HMGCR activity was seen in the HepG2 cells isolated in
the absence of NaF relative to those isolated with NaF.
This is thought to be due to a dephosphorylation and acti-
vation of HMGCR during isolation (24). The smaller in-
crease in HMGCR activity was observed in HepG2 cells
stimulated by bTSH (Fig. 1C).

TSH regulates the HMG-CoA reductase phosphorylation 965



HepG2 cells

A Primary Mouse Hepatocytes B

Fig. 1. TSH decreases the hepatic HMGCR phos-
phorylation levels in vitro. The primary mouse hepa-
tocytes (A) and HepG2 cells (B) were cultured in
serum-free medium with or without different con-
centrations of bTSH (0, 1, and 4 pM) for 48 h. The
protein levels of phosphorylated and total HMGCR
were determined by Western immunoblotting, re-
spectively. The inactive status of HMGCR was assessed
as aratio of phosphorylated HMGCR to total HMGCR
by semiquantitative analysis. Data are representative
of three independent experiments. C: The HMGCR
4 activity in HepG2 cells with different concentrations
of bTSH (0, 1, and 4 pM) stimulation for 48 h. The
microsomes were isolated with or without NaF and
then the HMGCR activity was tested by the hepatocel-
lular microsome HMGCR activity assay described in
the Materials and Methods. *P < 0.05 versus 0 pM
TSH stimulation isolated without NaF. #P < 0.05 ver-
sus 0 wM TSH stimulation isolated with NaF.
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Inhibition of HMGCR phosphorylation by TSH via
decreased AMPK activity

Hawley et al. (18) found that the AMPK seems to be the
major kinase that targets the HMGCR in the liver. To as-
sess whether the TSH could affect the activation of AMPK,
we stimulated the hepatocytes with different TSH concen-
trations, then tested the expression of the p-AMPK (T172)

and AMPK. As shown in Fig. 2A, the results showed that
the treatment of the primary mouse hepatocytes with TSH
decreased the expression of the phosphorylated AMPK
(active form) in a concentration-dependent manner, com-
pared with the control group. The amount of total AMPK
was unaltered. Correspondingly, the phosphorylation of
ACC, the best-characterized phosphorylation of AMPK,
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Fig. 2. TSH inhibits the phosphorylation of HMGCR
via the decreased AMPK activity. The primary mouse
hepatocytes (A) and HepG2 cells (B) were cultured
in serum-free medium with or without different con-
centrations of bTSH (0, 1, and 4 uM) for 48 h. The
protein levels of phosphorylated and total AMPK and
phosphorylated ACC were determined by Western
immunoblotting analysis, respectively. C: The phos-
phorylation of ACC was assayed using v?P in HepG2
cells with different concentrations of bTSH (0, 1, and
4 wM) stimulation for 48 h. D: HepG2 cells were
nucleofected with CA-AMPK prior to 4 puM TSH
treatment for an addictional 48 h. The phosphory-
lated protein levels of p-ACC and HMGCR, as well
as total HMGCR, were determined by Western im-
munoblotting, respectively. Data were compiled from
at least three independent experiments with tripli-
cates in each experiment. *P < 0.05 versus untreated
group. #P < 0.05 versus only the TSH stimulated

group.



also decreased in a TSH concentration-dependent man-
ner. Similar results were also found in the HepG2 cells
(Fig. 2B, C).

We examined whether AMPK was involved in a TSH-
induced inhibition of the hepatic HMGCR phosphorylation.
As shown in Fig. 2D, when the cells were nucleofected with
recombinant pcDNA3 plasmids coding for CA-AMPK, the
phosphorylated ACC, the best-characterized activation of
AMPK, increased, and the phosphorylated HMGCR also ele-
vated compared with the cells without any stimulation (P <
0.05). However, when TSH was supplemented, the TSH-in-
duced change was dramatically blocked by AMPK activation.
The ratio of p-HMGCR/HMGCR decreased by 20.1% in the
cells nucleofected with CA-AMPK and then stimulated by
TSH compared with the cells with CA-AMPK alone (P<0.05).

The PKA inhibitor attenuates the inhibiting effect of TSH
on AMPK activity

Our previous study had indicated that TSH could trig-
ger the cAMP/PKA pathway (14). To investigate whether
the TSH affects the AMPK activity associated the PKA ef-
fect, we treated the HepG2 cells with the PKA inhibitor,
HB89. The expression of p-AMPK, AMPK, p-HMGCR, and
HMGCR were measured (Fig. 3A). The TSH alone de-
creased the ratio of p-AMPK/AMPK and p-HMGCR/
HMGCR relative to the control (P < 0.05), but the pre-
treatment with H89 resisted this action by TSH, whereas
the expression of the phosphorylated AMPK and the
phosphorylated HMGCR recovered and increased com-
pared with the cells stimulated by TSH alone (both P <
0.05) (Fig. 3B, C). These results indicated that the TSH
has an inhibitory effect on the AMPK activity through the
PKA/AMPK pathway in the hepatocytes.
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TSH regulates the HMG-CoA reductase phosphorylation

TSH decreases the liver HMGCR phosphorylation by
AMPK via TSHRs

The characteristics of the 7Tsh=KO mice (aged 6—-8 weeks)
are shown in Tablel. The serum T4, FT4, and TSH levels
showed no differences between the wild-type and the Tsh»-
KO littermate mice (all P> 0.05). The body weights of Tsh-
KO mice were significantly lower than wild-type mice (P <
0.05), however, the ratio of liver weight to body weight in
Tshr=KO mice did not show significant differences com-
pared with wild-type mice (P > 0.05). Compared with the
littermate wild-type mice, the serum cholesterol levels in the
Tsh=KO mice decreased by 35% (P< 0.05). Compared with
the wild-type mice, the Tsh=KO mice had a significantly de-
creased level of HDL cholesterol. Although the level of the
LDL cholesterol between the two groups had no significant
difference, but the level in the 7s/2~KO mice had a decreas-
ing tendency.

As shown in Fig.4A, the HMGCR expression in the liv-
ers of the TshrKO mice, compared with the wild-type
mice, decreased and the phosphorylated HMGCR increased
(both groups, P< 0.05). The expression of p-AMPK was
elevated by 3-fold (P< 0.05), but there was no significant
difference of the total AMPK expression between the two
groups. The expression of p-ACC proteins was increased
by 100.5% (P < 0.05). Both the ratios of the phosphory-
lated HMGCR to total HMGCR expression and the phos-
phorylated AMPK to AMPK presented increase (P< 0.05,
Fig. 4B) and the phosphorylation of the ACC also in-
creased (P < 0.05, Fig. 4C) compared with the wild-type
mice. In addition, immunochemistry staining showed the
increased expression of the phosphorylated HMGCR lo-
cated mainly in the cytolymph in the livers of TshrKO
mice (Fig. 4D).

Fig. 3. The effects of the TSH on phosphorylation
of HMGCR are inhibited by PKA inhibitor H89.
HepG2 cells were pretreated with and without H89
(10 pM) for 1 h followed by incubation with bTSH
for an additional 48 h. The protein levels of phos-
phorylated and total AMPK and HMGCR, as well as
phosphorylated ACC, were determined by Western
immunoblotting analysis, respectively. The results
are given as the mean + SD from at least three inde-
pendent experiments. *P < 0.05 versus the untreated
group. #P < 0.05 versus only the TSH stimulated

group.
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TABLE 1. General characteristics of the wild-type mice

and T5-KO mice

Wild-type Mice Tsh=KO Mice
N 5 4
BW (g) 2391 + 0.94 20.77 +1.18"
LBI 0.040 £ 0.004 0.038 + 0.002
FT4 (pmol/1) 1.82+0.11 1.59 + 0.24
T4 (pg/dl) 4.43 £ 0.32 4.41 £ 0.45
TSH (pg/ml) 387.59 + 56.42 382.28 + 50.38
Serum TC (mmol/1) 2.93 £ 0.20 1.90 + 0.15"
HDL-C (mmol/1) 2.03 +0.07 1.38 +0.26"
LDL-C (mmol/1) 0.65 + 0.15 0.42 £ 0.14
Liver TC (ug/mg protein) 1.12£0.08 0.74 +0.02"
TGs (mmol/1) 0.78 £0.11 0.93 +0.15
Glucose (mmol/1) 6.04 + 1.39 4.22 +1.29¢
Insulin (mIU/1) 8.24 +2.33 7.78 + 2.54
FFA (mmol/1) 1.01 £ 0.40 1.47 + 0.46"

Values are expressed as mean + SD. BW, body weight; LBI, liver
weight/body weight index; HDL-C, HDL cholesterol; LDL-C, LDL
cholesterol.

“P < 0.05 versus wild-type mice.

DISCUSSION

In the present study, we demonstrated a significant de-
crease in the ratios of p-HMGCR/HMGCR and p-AMPK/
AMPK, which indicates the unactivated state of HMGCR
and the activated state of AMPK, respectively, in the hepa-
tocytes following bTSH stimulation. The changes above
were inversed when the cells were treated with CA-AMPK
plasmid or H89. In the Tsh»KO mice, the ratios of liver
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p-HMGCR/HMGCR and p-AMPK/AMPK were increased
relative to the littermate wild-type mice. Our main finding
in this study is that the TSH decreases the phosphorylation
of HMGCR via AMPK in the liver.

As a complex pathway, cholesterol biosynthesis requires
20 enzymes to assemble 30 carbons from acetyl-CoA into a
27-carbon structure. HMGCR is the rate-limiting enzyme
because it catalyzes an irreversible reaction at the begin-
ning of the pathway. Thus, an increase or decrease in
HMGCR activity can regulate the output of the overall
pathway without accumulating unusable intermediates. The
equilibrium of enzyme phosphorylation-dephosphorylation
plays an important role in regulating the HMGCR activity.
It has been shown that dephosphorylation of the HMGCR
enhances its activity, whereas phosphorylation at serine872
leads to enzyme inactivation (29). Pallottini et al. (30) had
shown that in aged rats the HMGCR is completely dephos-
phorylated in the liver, which is in agreement with the full
activation of the enzyme; this report explained the in-
crease in cholesterol production in the liver and a higher
cholesterol content in the blood during aging. The de-
creased phosphorylation of the HMGCR led to an activa-
tion of the enzyme. To investigate whether the increased
TSH was related to the elevated HMGCR activity, we stimu-
lated the primary mouse hepatocytes and HepG2 cells
with different doses of TSH. As expected, the expression
of the phosphorylated HMGCR decreased in the TSH-
stimulated hepatocytic cells, which suggests that the TSH

Fig. 4. TSH decreases the liver HMGCR phosphor-
ylation by AMPK via TSHRs. A: The expression of
p-HMGCR, tHMGCR, p-AMPK, t-AMPK, and p-ACC
was analyzed using Western immunoblotting analysis
in 75h=KO and wild-type littermate mice, respectively.
The same membranes were reprobed with anti-B-
actin antibody to confirm the equal loading of pro-
teins for each sample. The representation from three
independent experiments is shown. B: The ratios of
p-HMGCR/HMGCR and p-AMPK/AMPK in the liver
of wild-type mice and 75h=KO mice were assessed by
semiquantitative analysis. C: ACC phosphorylation in
the livers of wild-type mice and 734+~KO mice was as-
sayed by vP. All data are expressed as mean * SD.
*P < 0.05 versus the wild-type mice. D: Liver tissues
from 75h=KO mice and wild-type mice were stained
with primary antibodies specific for phosphorylated
*9 HMGCR (brown) or the primary antibodies were
omitted (negative) and then were counterstained with
hematoxylin (blue) to visualize nuclei using immune-
histochemical analysis. The images are from a repre-
sentative animal in each group. Magnification, x400.
Scale bar denotes 20 uM.
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has an association with HMGCR phosphorylation. We also
found that, compared with the HepG2 cells stimulated
without bTSH, a smaller increase in HMGCR activity was
observed in HepG2 cells stimulated by bTSH isolated in
the absence of NaF relative to those isolated with NaF,
which indicated that TSH could decrease the HMGCR
phosphorylation.

KO technology is one of the effective means of genetic
function. T’s#~KO mice have been used commonly as an ef-
fective method in the research of TSH and TSHR (31, 32).
The Tsh=KO mice were hypothyroid because of being un-
able to respond to pituitary TSH. If weaned at the usual
time, the mice wasted and died, perhaps as a result of the
small intestine defect seen in the thyroid hormone receptor
(TR) KO mouse (33). However, Tsh=KO mice survived when
weaned at day 21 onto a thyroid powder-supplemented diet.
In contrast, thyroid-replaced animals had normal gross de-
velopmental patterns and were fertile, despite the absence
of the TSHR. In our study, all 754=KO (homozygotic type)
mice were fed a diet containing 100 ppm thyroid powder
from the third week, testing the levels of thyroid hormones
at the end of 6 and 8 weeks, respectively. Animal studies
have shown that HMGCR exhibits a diurnal variation in ac-
tivity (34-36). The HMGCR activity varies with the time of
day and reaches a peak at the middle of the dark period
(midnight) (37). So we harvested the blood and liver tissue
at the midnight. We found the serum T4, FT4, and TSH
levels showed no differences. The Tsh=KO mice, which had
the ablation of TSHR, had decreased HMGCR expression,
serum cholesterol, and liver cholesterol levels. However, the
expression of the phosphorylated HMGCR increased com-
pared with the wild-type mice. In addition, we failed to test
the change of liver deiodinase expression (data not shown),
thus, the results suggest the all changes we tested were inde-
pendent of thyroid hormones.

Several protein kinases, such as AMPK, PKC, and Ca*
calmodulin-dependent kinase, can phosphorylate the
HMGCR in vitro (16, 17). However, AMPK seems to be
the major kinase that regulates the phosphorylation of the
HMGCR in the liver. AMPK is known to play a major role
in energy homeostasis and is sensitive to the intracellular
AMP/ATP ratio. AMPK is a heterotrimeric protein, con-
sisting of three subunits «, 3, and vy and possesses its full
activity owing to the existing three subunits. The o subunit
is the catalytic subunit, and its activation via the phosphor-
ylation of the threonine residue 172 is crucial for AMPK
activation under ATP-depleted conditions. AMPK is acti-
vated upon phosphorylation and, in turn, inactivates the
HMGCR via phosphorylation of the enzyme (38, 39). In
the present study, the AMPK activity, which was accompa-
nied by an increased TSH level, decreased in the TSH-
treated primary mouse hepatocytes and HepG2 cells.
CA-AMPK increased the expression of phosphorylated
HMGCR and phosphorylated ACC, which was decreased
by the TSH treatment. In the 7sh»KO mice, the ratio of
liver p-AMPK/AMPK was increased relative to the littermate
wild-type mice. These results indicated that TSH-suppressed
phosphorylated HMGCR expression was mediated via de-
creasing AMPK activation.

Benoit Viollet and colleagues have shown that in total and
liverspecific AMPKa2 "/~ mice, plasma levels for total and
HDL cholesterol are not statistically different compared with
controls but have a tendency to be higher. This suggesm that
the remaining al subunit activity in AMPKa2 mice is
sufficient to control hepatic cholesterol synthesis and that
HMGCR is probably a target for both AMPK catalytic sub-
units (40). Further studies are needed to elucidate which sub-
unit, AMPKal, AMPKa?2, or both, affect the activation of
TSH on HMGCR phosphorylation.

It has been proposed that the ability of upstream kinases
(LKBI1, TAKI1, and CAMKK) to activate AMPK is attenu-
ated in response to agents that increase intracellular cAMP
and induce PKA activation. The phosphorylation of the
AMPK-Ser485/491 residues of AMPK decreases the acces-
sibility of the AMPK-Thr172 site to its upstream kinase
(41). Djouder et al. (19) found that PKA associates with
and phosphorylates AMPKal at Serl73 to impede threo-
nine (Thrl72) phosphorylation and thus activation of
AMPK. Interestingly, we found that stimulating TSH in-
creased the level of p-AMPK (S173) expression in HepG2
cells (data not shown). These results indicated that PKA
phosphorylates and inactivates AMPK.

The cAMP/PKA pathway plays an important role in TSH
stimulation. In the current study, we noticed that the TSH
inhibited AMPK phosphorylation in the HepG2 cells, but the
effect was partly blocked (decreased by 56.5%) by the PKA
inhibitor H89, providing evidence that the PKA pathway
played the main role. However, the results also suggest that
there were other molecules to take partin the process of TSH
suppressing AMPK activation in a PKA-dependent manner.
As we all know, TSH-induced dissociation of heterotrimeric
G proteins leads to Go and Gy activation. Zaballos, Garcia,
and Santisteban (42) found that TSHR-mediated G3+y activa-
tion could directly stimulate PI3K in rat thyrocytes leading
to diminished sodium iodide symporter expression. Hahn-
Windgassen et al. (43) showed in Aktl/Akt2 DKO cells that
the AMP/ATP ratio was markedly elevated with a concomi-
tant increase in AMPK activity, whereas in cells expressing
activated Akt there was a dramatic decrease in AMP/ATP ra-
tio and a decline in AMPK activity, demonstrating that Akt is
a negative regulator of AMPK. At present, our group has
found that TSH can increase the activated state of AKT in the
liver (data not shown). Further studies are needed to eluci-
date whether the AKT participates in TSH downregulating
AMPK activity.

In summary, our study demonstrates a novel mechanism
in which TSH regulates hepatic HMGCR and manages el-
evated cholesterol levels. Hypercholesterolemia is a great
problem in the world; our research showed that TSH could
regulate the HMGCR phosphorylation via the AMPK in
hepatocytes, establishing a potential mechanism for hy-
percholesterolemia involved in a direct action of the TSH
in liver and indicated specific anti-TSHR in the liver as a
potential therapeutic target of hypercholesteremia. il
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