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CREB/TRH pathway in the central nervous system regulates
energy expenditure in response to deprivation of an essential

amino acid

T Xia', Q Zhang', Y Xiao, C Wang, J Yu, H Liu, B Liu, Y Zhang, S Chen, Y Liu, Y Chen and F Guo

BACKGROUND: In the central nervous system (CNS), thyrotropin-releasing hormone (TRH) has an important role in regulating
energy balance. We previously showed that dietary deprivation of leucine in mice increases energy expenditure through
CNS-dependent regulation. However, the involvement of central TRH in this regulation has not been reported.

METHODS: Male C57J/B6 mice were maintained on a control or leucine-deficient diet for 7 days. Leucine-deprived mice were either
third intracerebroventricular (i.c.v.) injected with a TRH antibody followed by intraperitoneal (i.p.) injection of triiodothyronine
(T3) or i.c.v. administrated with an adenovirus of shCREB (cAMP-response element binding protein) followed by i.c.v. injection of
TRH. Food intake and body weight were monitored daily. Oxygen consumption, physical activity and rectal temperature were
assessed after the treatment. After being killed, the hypothalamus and the brown adipose tissue were collected and the expression
of related genes and proteins related was analyzed. In other experiments, control or leucine-deficient medium incubated primary
cultured neurons were either infected with adenovirus-mediated short hairpin RNA targeting extracellular signal-regulated
kinases 1 and 2 (Ad-shERK1/2) or transfected with plasmid-overexpressing protein phosphatase 1 regulatory subunit 3C (PPP1R3C).
RESULTS: l.c.v. administration of anti-TRH antibodies significantly reduced leucine deprivation-stimulated energy expenditure.
Furthermore, the effects of i.c.v. TRH antibodies were reversed by i.p. injection of T3 during leucine deprivation. Moreover, i.c.v.
injection of Ad-shCREB (adenovirus-mediated short hairpin RNA targeting CREB) significantly suppressed leucine deprivation-
stimulated energy expenditure via modulation of TRH expression. Lastly, TRH expression was regulated by CREB, which was
phosphorylated by ERK1/2 and dephosphorylated by PPP1R3C-containing protein Ser/Thr phosphatase type 1 (PP1) under leucine

deprivation in vitro.

CONCLUSIONS: Our data indicate a novel role for TRH in regulating energy expenditure via T3 during leucine deprivation.
Furthermore, our findings reveal that TRH expression is activated by CREB, which is phosphorylated by ERK1/2 and
dephosphorylated by PPP1R3C-containing PP1. Collectively, our studies provide novel insights into the regulation of energy
homeostasis by the CNS in response to an essential amino-acid deprivation.
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INTRODUCTION

Leucine is an essential amino acid (EAA), and altered leucine
homeostasis is associated with numerous metabolic manifesta-
tions including glucose use, lipid metabolism and energy
expenditure."” Notably, leucine deprivation serves as a research
model that is essential for exploring whole-body metabolism.>™®
Mammals exhibit multiple adaptive mechanisms that sense and
respond to fluctuations in AA starvation.” The response to AA
deprivation in mammals is considered to be characterized by
repression of protein synthesis and upregulation of the AA
biosynthesis and their transporters.®™'® When rats were fed a diet
with a balanced EAA profile but moderately low in protein ( < 50%
of protein restriction), they became hyperphagic because the
increased food intake could provide adequate protein for
the maintenance of many important physiological activities in the
body.""'? Despite the increased energy intake, body weight was

not increased, suggesting an altered energy partition.'? Similar
experiments have been performed in human subjects. For
example, human subjects who ate low-protein omelettes
consumed nearly two times as much energy as participants who
ate high-protein omelettes.'”> A 9-week study on elderly women
found that energy intake is increased under a low-protein diet, but
they do not gain weight, suggesting elevated energy expenditure.'®
Thus, low-protein diet leads to compensatory hyperphagia to meet
nutritional requirements in animals and humans, as well as
compensatory increases in energy expenditure, possibly to fight
for the extra energy intake. However, in the case when energy
expenditure is not induced, they might gain weight.'® Therefore, it
is very important to study the underlying mechanisms.

In the central nervous system (CNS), numerous hormones
including thyrotropin-releasing hormone (TRH) have important
roles in the regulation of energy homeostasis.'® TRH-expressing
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neurons are located in the paraventricular nucleus of hypothalamus
(PVN)."” TRH increases biosynthesis and secretion of thyroid-
stimulating hormone from the pituitary,'®'® which in turn
stimulates biosynthesis of the thyroid hormones thyroxine (T4)
and triiodothyronine (T3). Conversely, TRH itself responds to
alterations in metabolism and external environment, including
thyroid hormones, glucocorticoids, leptin, cold and various
nutritional conditions.?®~2

TRH is regulated by several transcription factors including
cAMP-response element binding protein (CREB). Phosphorylated-
CREB binds to the consensus cAMP-response element (CRE) site in
TRH promoter and activates gene transcription.”> %" CREB can be
phosphorylated by an array of kinases including extracellular
signal-regulated kinases 1 and 2 (ERK1/2)?® and dephosphorylated
by protein phosphatases including protein Ser/Thr phosphatase
type 1 (PP1) and protein Ser/Thr phosphatase type 2A.2**° These
observations raise the possibility that CREB/TRH-dependent
signaling regulates energy homeostasis.

We previously showed that leucine deprivation-increased
energy expenditure in mice, which was controlled by a CNS-
dependent pathway.*® Our current study showed that CREB/TRH-
dependent pathway is crucial for regulating energy expenditure
under leucine deprivation.

23,24

MATERIALS AND METHODS
Animals and diets

Wild-type C57BL/6J mice were obtained from the Shanghai Laboratory
Animals Co. Ltd (Shanghai, China). Male, 8-10-week-old mice were
maintained on a 12-h light/dark cycle at 24 °C and provided free access
to commercial rodent chow and tap water before the experiments. Control
(nutritionally complete AA) and leucine-deficient ((—) leu) diets, which are
isocaloric and compositionally the same in terms of carbohydrate and lipid
component, were obtained from Research Diets Inc. (New Brunswick, NJ,
USA). As described previously,>” at the start of the feeding experiment,
mice were acclimated to a control diet for 7-10 days and then randomly
assigned to either control or (—) leu diet groups with free access to control
or (—) leu diet, respectively, for 7 days. These experiments were conducted
in accordance with the guidelines of the Institutional Animal Care and Use
Committee of INS, SIBS and CAS.

Construction of plasmids and adenovirus

pRC-CMV-PPP1R3C was described previously.>' Adenovirus-mediated
short hairpin RNA targeting CREB (Ad-shCREB) or adenovirus-expressing
ERK1/2-specific short hairpin RNA (Ad-shERK1/2) was generated with the
BLOCK-iT Adenoviral RNAi Expression System (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The sequence designed for the
knockdown of CREB is: 5'-CCTGCAGACATTAACCATGA-3" and for ERK1/2 is:
5'-GCAATGACCACATCTGCTACT-3'.

Primary hypothalamic neuron isolation and treatments

Primary cultures of hypothalamic neurons were prepared as described
previously.* On day 10, primary cultured hypothalamic neurons were
infected with Ad-shERK1/2 (10® pore-forming unit per 60 cm? cells), or
scramble control shRNA, followed by treatment with (—) leu medium or
complete medium, prepared as described previously.*

Intracerebroventricular administration experiments

Intracerebroventricular (i.c.v.) administration experiments were con-
ducted as described previously.*® A sterile stainless-steel cannula was
stereotaxically implanted into the right lateral brain ventricle (—-0.5 mm
anterior and 1.0 mm lateral relative to bregma and 2.5 mm below the
surface of the skull). After 7 days recovery, 1 pl of anti-TRH antibodies
(0.5pg in 1pl phosphate-buffered saline (PBS);*> PROGEN Biotechnic
GmbH, Heidelberg, Germany) or PBS, 1 ul of TRH (P1319-50MG; Sigma,
St Louis, MO, USA) (0.1 mm in artificial cerebrospinal fluid®®) or artificial
cerebrospinal fluid was administered once daily for 7 days. A measure of
Tl 5x10% pore-forming unit per mice of Ad-shCREB or control
adenovirus was injected into the third ventricle (at the midline
coordinates of 1.6 mm posterior to the bregma and 5.0 mm below the
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bregma), followed by 5 days recovery before experimental diets were
applied. Our preliminary experiments showed that the best knockdown
efficiency of Ad-shCREB expression in the hypothalamus occurred on the
twelveth day after injection.

Intraperitoneal injection of T3
A measure of 100 pl T3 (0.1 mg ml~'; Sigma)** or 10 mm NaOH as a control
was administered once daily for 7 days.

T3 measurements

Thyroid hormone T3 in serum is determined using Elisa Kits from R&D
Systems (Minneapolis, MN, USA).

Metabolic parameters measurements

Indirect calorimetry was measured in a comprehensive lab animal
monitoring system (CLAMS; Columbus Instruments, Columbus, OH, USA),
as described previously.® Regarding mice receiving i.c.v. injection or cannula
implanted, mice were put in CLAMS on the fifth day following initiation of
experimental diets. Rectal temperatures of mice were measured at
1500 hours (basal metabolic state) using a rectal probe attached to a digital
thermometer (Physitemp Instruments, Clifton, NJ, USA).

RNA isolation and relative quantitative RT-PCR

RNA isolation and reverse transcription-polymerase chain reaction was
performed as described previously.>*° The sequences of primers used in
this study are available upon request.

Western blot analysis

Western blot was performed with primary antibodies (anti-p-ERK1/2
(Ser235/236), anti-ERK1/2, anti-p-CREB (Ser133) and anti-CREB antibodies
(Cell Signaling Technology, Beverly, MA, USA), anti-UCP1, anti-PTG
antibodies (above from Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
anti-actin antibody (Sigma) as described previously.*®

Immunohistochemistry staining

Immunohistochemistry (IHC) staining was performed with primary
antibodies anti-p-CREB (Ser133) antibody (Cell Signaling Technology) and
anti-TRH antibody (PROGEN Biotechnic GmbH), as described previously.*®

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation assays were performed according to the
manufacturer’s protocol (Millipore, Bedford, MA, USA). Immunoprecipita-
tion was performed with anti-CREB antibodies (Cell Signaling Technology)
or normal rabbit immunoglobulin G (Santa Cruz Biotechnology) for
negative control at 4°C overnight. Immunoprecipitated TRH promoter
was quantified using polymerase chain reaction with primers designed to
amplify the region encompassing the 180 bp containing the CRE site in
mouse TRH (forward, 5-ATGAGGACTGTGAGGTATAAC-3' and reverse,
5'-GAGGGGTGGTCCTGTGATA-3’) or an upstream region encompassing
180 bp (NC, from —2000 to —1820) that is not involved in CREB response
(forward, 5’- TTGGCTTAGATCCCAAG -3’ and reverse, 5-TTAATTGGTGGG
GGAA-3').

Phosphatase activity assay

Phosphatase activity was determined by Phosphatase Assay Kit (Invitrogen)
according to the manufacturer's instruction. Phosphatase activity was
measured in a fluorescence microplate reader.

Statistical analysis

All values are presented as mean + s.e.m. Differences between groups were
analyzed either by the Student's t-test or one-way analysis of variance
(ANOVA), followed by the Student-Newman-Keuls (SNK) test, differences
in which P < 0.05 were considered statistically significant.
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RESULTS
Intracerebroventricular administration of anti-TRH antibodies
significantly reduces leucine deprivation-stimulated energy
expenditure
To investigate the possible involvement of TRH in leucine
deprivation-stimulated energy expenditure, we measured TRH
levels in the hypothalamus. The levels of the Trh mRNA and
protein were increased in the hypothalamus of leucine-deprived
mice compared with control diet-fed male C57J/B6 mice (Figures
1la and b). TRH is produced almost exclusively in the PVN
neurons.'” Here, we found that the levels of TRH were higher in
PVN of leucine-deprived mice compared with mice fed a control
diet, as shown by IHC staining (Figure 1c). Furthermore, serum
thyroid-stimulating hormone levels were also increased in the
leucine-deprived mice (Supplementary Figure S1), which indicated
the presence of elevated levels of mature TRH.>*3¢

The method of i.c.v. antibodies to TRH can selectively neutralize
the activities of endogenous TRH, which has also been used in
many other published studies3*3738 The effects of neutralizing
the central effects of TRH were determined by the decreased
levels of T3, which is a downstream factor of TRH.2° To access the
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contribution of hypothalamic TRH in leucine deprivation-induced
energy expenditure, we blocked TRH function by i.c.v. adminis-
tration of anti-TRH antibodies***”*® once daily while maintaining
the mice on a control or (=) leu diet for 7 days. l.c.v. injection of
TRH-Ab did not affect food intake, but attenuated the reduction in
body weight caused by leucine deprivation compared with control
mice (Supplementary Figure S2). Next, we assessed energy
expenditure by performing indirect calorimetry, and measuring
physical activity and rectal temperature of the mice. Consistent
with previous results,® the 24-h O, consumption was markedly
increased and the respiratory exchange ratio (RER, VCO,:VO,) was
lower during both dark and light phases in PBS-treated mice
maintained on a (—) leu diet, as compared with mice maintained
on a control diet (Figures 1d and e). By contrast, the effects of
leucine deprivation on oxygen consumption and RER were
abolished in mice icv. injected with anti-TRH antibodies
(Figures 1d and e). However, locomotor activities were not
affected by i.c.v. administration of anti-TRH antibodies in mice
under either diet (Figure 1f). Lcv. administration of anti-TRH
antibodies also significantly blocked leucine deprivation-increased
rectal temperature (Figure 1g) and UCP1 expression in brown
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l.c.v. administration of anti-TRH antibodies significantly reduces leucine deprivation-stimulated energy expenditure. Mice received i.

c.v. administration of anti-TRH antibodies (+ TRH-Ab) or PBS (- TRH-Ab) once a day for 7 days under a control (+ leu) or — leu diet for 7 days.
Energy expenditure was measured by indirect calorimetry. Data are means + s.e.m. of at least two independent experiments (n=6-10 for each
group). Statistical significance was determined by one-way ANOVA followed by the SNK test: *P < 0.05 (for the effect of (—) leu versus control
diet within the same i.c.v. group), *P < 0.05 (for the effect of with versus without anti-TRH antibodies under () leu diet). (@) Trh mRNA; (b) TRH
proteins (upper, western blot; lower, quantitative measurements of TRH relative to actin); (c) IHC staining for TRH in the hypothalamus: images
of TRH staining in the PVN. 3V, third ventricle. Scale bar, 200 um. Images shown are representative of several animals for each group.
(d) Twenty-four- h oxygen consumption (VO,); (e) RER; (f) physical activity; (g) rectal temperature; (h) UcpT mRNA in BAT; (i) UCP1 protein in
BAT (upper, western blot; lower, quantitative measurements of UCP1 protein relative to actin); (j) T3 levels in the serum.
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adipose tissue (BAT) compared with PBS administration (Figures
1h and i). Notably, baseline conditions showed no significant
differences in body weight and food intake among the groups
when the anti-TRH antibodies were administered. This could be
because of the different sensitivity of the hypothalamus to TRH
antibodies because of the different secretory volumes of TRH
between control and leucine-deprived mice.

TRH stimulates energy expenditure via altering serum T3 levels
under leucine deprivation

Increased TRH expression has been shown to promote T3
production,?® suggesting that the effects of hypothalamic TRH
are possibly mediated by alteration of serum T3 levels under
leucine deprivation. Supporting this possibility, we found that
serum T3 levels were increased under leucine deprivation and
this increase was blocked by i.c.v. administration of anti-TRH
antibodies (Figure 1j). To assess the role for T3 in mediating
effects of TRH, we i.c.v. injected anti-TRH antibodies and
examined whether subsequent intraperitoneal (i.p.) injection
of T3 could reverse the suppressive effect of anti-TRH
antibodies on leucine deprivation-induced energy expenditure
in mice.

l.p. injection of T3 promoted food intake, but reversed the
blocking effect of anti-TRH antibodies on leucine deprivation-
decreased body weight (Supplementary Figure S3), which
agrees with the well-known effect of T3 on increasing energy
expenditure with a compensatory increase in food intake.?® As
predicted, T3 injection reversed the suppressive effect of
anti-TRH antibodies on leucine deprivation-induced oxygen
consumption and RER (Figures 2a and b), and on rectal
temperature and UCP1 expression in BAT (Figures 2d-f). T3
injection, however, had no effect on physical activity in any
group (Figure 2c). As expected, T3 injection increased serum T3
levels (Figure 2g).

Intracerebroventricular injection of Ad-shCREB significantly blocks
leucine deprivation-stimulated energy expenditure via modulation
of TRH expression
We previously showed that hypothalamic phosphorylated-CREB
was increased during leucine deprivation.*® In this study, IHC
staining showed that the levels of phosphorylated-CREB were
mainly increased in the PVN (Figure 3a) and elevated slightly in
other regions of the hypothalamus (data not shown) in leucine-
deprived mice, when compared with mice fed a control diet. To
determine whether CREB binds to the CRE site of TRH promoter
under leucine deprivation, we performed chromatin immunopre-
cipitation assays. Consistent with a Trh expression in the
hypothalamus under leucine deprivation, the amounts of TRH
promoter were higher in immunoprecipitates obtained using anti-
CREB antibodies in leucine-deprived mice compared with the
control group (Figure 3b). By contrast, in the absence of the
CREB-specific antibody, the CRE-containing promoter was not
precipitated in any of the cases (Figure 3b). To ensure that the
CRE-containing promoter was being specifically precipitated, we
also amplified, from the same immunoprecipitates, the upstream
region that is not involved in the CREB response. No band was
detected in the hypothalamus of mice under any treatments when
either anti-CREB antibody or control immunoglobulin G was used
(Figure 3b). To test the possibility that CREB mediates the effects of
leucine deprivation-induced energy expenditure, we inhibited the
expression of hypothalamic CREB by i.cv. administration of
Ad-shCREB. First, we validated the effects of i.c.v. Ad-shCREB by
examining mRNA levels of Creb in the hypothalamus. As predicted,
Creb gene expression was significantly lower in the Ad-shCREB
group than in the control group (Figure 3c). Furthermore, down-
regulation of CREB also blocked leucine deprivation-induced Trh
expression compared with Ad-scramble mice (Figure 3c).

We found that i.c.v. administration of Ad-shCREB did not affect
food intake, but it attenuated leucine deprivation-dependent
reduction in body weight relative to control (Supplementary
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Figure 2. TRH regulates energy expenditure via alteration of serum T3 levels under leucine deprivation. Mice received i.c.v. injection of anti-
TRH antibodies (+TRH-Ab) or PBS (—TRH-ADb), followed by i.p. injection of thiiodothyronine (+T3) or NaOH (- T3) once daily and maintenance
on a (—) leu diet for 7 days. Data are means + s.e.m. of at least two independent experiments (n = 6 for each group). Statistical significance was
determined by the Student's t-test: *P < 0.05 (for the effect of with versus without anti-TRH antibodies in the absence of T3), *P < 0.05 (for the
effect of with versus without T3 in mice receiving anti-TRH antibodies administration). (a) Twenty-four-h oxygen consumption (VO,); (b) RER;
(c) physical activity; (d) rectal temperature; (€) Ucp1l mRNA in BAT; (f) UCP1 protein in BAT (upper, western blot; lower, quantitative
measurements of UCP1 protein relative to actin); (g) T3 levels in the serum.
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Figure 3. l.c.v. injection of Ad-shCREB significantly blocks leucine deprivation-stimulated energy expenditure via modulation of TRH
expression under leucine deprivation. (a and b) Mice were fed a control (+leu) or (—) leu diet for 7 days. (c—j) Mice received i.c.v. injection of
Ad-shCREB (+Ad-shCREB) or scrambled RNA (- Ad-shCREB) and then fed a control (+leu) or (—) leu diet for 7 days. Energy expenditure was
measured by indirect calorimetry. Data are means+s.e.m. of at least two independent experiments (n=6 for each group). Statistical
significance was determined by one-way ANOVA followed by the SNK test: *P < 0.05 (for the effect of (—) leu versus control diet within the
same i.c.v. group), P < 0.05 (for the effect of with versus without Ad-shCREB under (-) leu diet), P < 0.05 (for the effect of with versus
without Ad-shCREB under control diet). (k-n) Mice received i.c.v. injection of +Ad-shCREB or — Ad-shCREB, followed by injection of +TRH or
artificial cerebral spinal fluid (- TRH) once daily and maintenance on a (-) leu diet for 7 days. Data are means +s.e.m. of at least two
independent experiments (n=6-7 for each group). Statistical significance was determined by the Student's t-test: *P < 0.05 (for the effect of
with versus without Ad-shCREB in the absence of TRH), *P < 0.05 (for the effect of with versus without TRH in mice receiving Ad-shCREB).
(@) IHC staining for phosphorylated (p)-CREB in the hypothalamus: images of TRH staining in the PVN. 3V, third ventricle. Scale bar, 200 pm.
Images shown are representative of several animals for each group; (b) chromatin immunoprecipitation (ChlP) assay in the hypothalamus;
(c) Trh and Creb mRNA; (d) 24-h oxygen consumption (VO,); (e) RER; (f) physical activity; (g) rectal temperature; (h) Ucp1 mRNA in BAT; (i) UCP1
protein in BAT (upper, western blot; lower, quantitative measurements of UCP1 protein relative to actin); (j) T3 levels in serum; (k) rectal
temperature; (I) Ucp1 mRNA in BAT; (m) UCP1 protein in BAT (upper, western blot; lower, quantitative measurements of UCP1 protein relative
to actin); (n) T3 levels in the serum.
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Figure S4). Ad-shCREB exposure also significantly blocked
leucine deprivation-increased total energy expenditure (24-h O,
consumption). The RER in the Ad-shCREB-treated mice showed a
slight but significant reversal compared with Ad-scramble-treated
mice under leucine deprivation (Figures 3d and e). However, we
did not detect significant differences in physical activity among
the groups (Figure 3f). Consistent with changes in energy
expenditure, the increased body temperature and UCP1 expres-
sion in BAT caused by leucine deprivation were also significantly
attenuated in Ad-shCREB mice (Figures 3g-i). Moreover, similar
blocking effects on leucine deprivation-induced increase in serum
T3 levels were also observed following i.c.v. administration of
Ad-shCREB (Figure 3j).

To test whether hypothalamic CREB regulates leucine
deprivation-induced energy expenditure by modulating TRH, we
i.cv. injected Ad-shCREB (which lowered Trh expression; see
Figure 3c), and then examined whether subsequent i.c.v.
administration of TRH could reverse the suppressive effect of
Ad-shCREB on leucine deprivation-induced increase in rectal
temperature and UCP1 expression in BAT in mice. Food intake
was not affected in Ad-shCREB-treated leucine-deprived mice
following injection with TRH, but the suppressive effects of
Ad-shCREB on leucine deprivation-decreased body weight was
significantly reversed by TRH injection (Supplementary Figure S5).
In accord with these results, i.c.v. injection of TRH also largely
reversed the suppressive effects of i.c.v.-injected Ad-shCREB on
leucine deprivation-induced increase in rectal temperature, UCP1
expression in BAT and serum T3 levels (Figures 3k-n).

Trh expression is regulated by CREB that is phosphorylated by
ERK1/2 and dephosphorylated by PPP1R3C-containing PP1 under
leucine deprivation in vitro

CREB is known to be phosphorylated by a collection of kinases,
including ERK1/2.2® We found that ERK1/2 phosphorylation was
increased significantly in the hypothalamus of leucine-deprived
mice compared with control mice (Figure 4a). To confirm a role
for ERK1/2 in the regulation of CREB phosphorylation and
Trh expression, we infected primary cultured neurons with
Ad-shERK1/2 or control Ad-scramble and then maintained these
cells in a medium with or without leucine. Knocking down of
ERK1/2 blocked leucine deprivation-induced CREB phospho-
rylation partially, which is to be expected because CREB can
also be phosphorylated by numerous other kinases.”® However,
leucine deprivation-induced Trh expression was completely
arrested compared with control adenovirus-infected cells
maintained on a (—) leu medium (Figures 4b and c).

CREB can be dephosphorylated by several protein phospha-
tases, including PP1.2°°° In this study, we found that total
phosphatase activity was lower in the hypothalamus of leucine-
deprived mice compared with control mice (Figure 4d). By
analyzing mRNA levels of different subunits of PP1, we found
that mRNA levels of protein phosphatase 1 regulatory subunit 3C
(Ppp1r3c),*" but not other subunits, were markedly lower in the
hypothalamus of leucine-deprived mice compared with control
mice (Figure 4e). To investigate the possibility that PPP1R3C has a
key role in PP1-dependent attenuation of CREB phosphorylation,
we transfected a PPP1R3C-overexpressing plasmid or a control
vector into primary cultured hypothalamic neurons and main-
tained these cells in a (=) leu medium or in a control medium.
Overexpression of PPP1R3C attenuated leucine deprivation-
induced CREB phosphorylation and Trh expression compared with
control cells maintained on a (—) leu medium (Figures 4f and g);
in parallel, phosphatase activity assays demonstrated that the
overexpression of PPP1R3C was accompanied by a significant
increase in phosphatase activity in the cells (Figure 4h).
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DISCUSSION

The CNS, particularly the hypothalamus, has a crucial role in
maintaining energy homeostasis by integrating signals from
nutrients and hormones.®>'® TRH has an important role in the
regulation of energy balance?® and is considered as a metabolic
sensor?' An alteration in central TRH expression results in
corresponding changes in serum T3 levels and sympathetic
nervous system activity, which are also key players in mediating
the effects of TRH on metabolic changes in peripheral tissues.?%**
Here, we demonstrate a key role for central TRH in the stimulation
of energy expenditure during leucine deprivation, which extends
the understanding of TRH function under different nutritional
status. Furthermore, we found that the effects of TRH are
mediated via modulation of serum T3 levels, as T3 injection
largely reversed the suppressive effects of i.c.v. anti-TRH
antibodies on UCP1 expression in BAT during leucine deprivation.
We previously showed that physical activity was not altered under
leucine deprivation.® Here we found that physical activity was also
not affected by i.c.v. TRH-Ab. These results suggest that physical
activity and thermogenesis are possibly controlled by disparate
mechanisms under leucine deprivation. Supporting this notion,
other studies have also shown that physical activity and
thermogenesis are not necessarily changed in the same
manner.*4*

TRH biosynthesis has been studied in various cell lines that were
co-transfected with the TRH promoter and expression vectors of
thyroid hormone receptors or CREB.***”*> Several studies have
indicated that phosphorylated-CREB can bind to the CRE site in
the TRH promoter, the one overlapping the thyroid hormone
response element, named Site-4 (TGACCTCA; at —59/—-52 of rat
TRH promoter),?'?** to activate the gene expression.?>2%
However, the regulation of Trh by CREB in vivo and the
physiological manifestations are still poorly understood.

Many studies, including those conducted on brain-specific CREB
knockout mice,”” have demonstrated that CREB is vital for many
functions in the CNS, including memory formation, survival and
growth of multiple neuronal subtypes.*®*° It has also been shown
that deletion of CREB in the PVN in mice results in the
development of obesity due to the impaired BAT activation and
body temperature.®® Consistent with these results, our current
study also indicates a key role for CREB in the regulation of energy
expenditure under leucine deprivation. Moreover, we have shown
that the effects of CREB are mediated by modulation of TRH
expression, which agrees with an in vitro study showing that CREB
can regulate TRH expression.?® In contrast to our observations,
Franck Chiappini et al.>' reported that deletion of CREB in the PVN
stimulates Trh expression. This discrepancy, however, might be
explained by the upregulation of another protein named
CREM, which is responsible for increased Trh expression in the
animal models used by Chiappini and co-workers.*'

Protein phosphorylation and dephosphorylation are both
posttranslational modifications that turn many protein enzymes
on and off, and thereby alter their function and activity.> CREB
can be phosphorylated by an array of kinases,® including ERKs.
Our results show that ERK activation is required for CREB
phosphorylation and induction of TRH during leucine deprivation.
Consistent with our results, another study showed that ERK can
regulate TRH expression in vitro.”> Conversely, CREB can also be
dephosphorylated by phosphatases such as PP1 and protein Ser/
Thr phosphatase type 2A.°*° Our data suggest that PP1 is the
protein phosphatase responsible for dephosphorylation of CREB.
PP1 contains a catalytic subunit and a regulatory subunit.>®
PPP1R3C is a regulatory subunit of PP1, which can modulate its
substrate specificity and activity. Our studies revealed that
PPPTR3C expression was decreased in the hypothalamus of
leucine-deprived mice, and overexpression of PPP1R3C largely
restored protein phosphatase activity and inhibited leucine
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Figure 4. Trh gene expression is regulated by CREB that is phosphorylated by ERK1/2 and dephosphorylated by PPP1R3C-containing PP1
under leucine deprivation in vitro. (a, d and e) Mice were fed a control (+leu) or (—) leu diet for 7 days. Data are mean + s.e.m. for at least two
independent experiments with mice maintained on each diet for each experiment (n=6-9 for each group). Statistical significance was
determined by one-way ANOVA followed by the SNK test: *P < 0.01 (for the effect of (—) leu versus control diet). (b, ¢, f and g) Primary
cultured hypothalamic neurons were infected with adenovirus-expressing ERK-specific short hairpin RNA (+Ad-shERK) or control scramble
SshRNA (—Ad-shERK) in (b and c), or transfected with plasmid pRC-CMV-PPP1R3C (+PPP1R3C) or control plasmid pRC-CMV (—PPP1R3C) in
(f and g), followed by incubation in medium with (+leu) or without (—leu) for another 48 h. Data are means +s.e.m. of at least two
independent experiments (n=6 for each group). Statistical significance was determined by one-way ANOVA followed by the SNK test:
*P < 0.05 (for the effect of (—) leu versus (+) leu within the same adenovirus or plasmid group), #P < 0.05 (for the effect of with versus without
Ad-shERK1/2 (or pRC-CMV-PPP1R3C) under (—) leu diet). (@) ERK1/2 proteins (upper, western blot; lower, quantitative measurements
of p-ERK1/2 protein relative to total ERK1/2); (b) CREB and ERK1/2 proteins (left, western blot; right, quantitative measurements of
phosphorylated (p)-CREB and p-ERK1/2 protein relative to total CREB and total ERK1/2, respectively); (c) Trh mRNA; (d) total phosphatase
activity; (e) gene expression of phosphatase subunits; (f) CREB and PPP1R3C proteins (left, western blot; right, quantitative measurements of
p-CREB relative to total CREB); (g) Trh mRNA; (h) total phosphatase activity.

deprivation-increased CREB phosphorylation and TRH induction in
primary cultured hypothalamic neurons. This key observation
demonstrates that the regulatory subunit PPPTR3C modulates PP1
activity. In fact, similar effects have been observed in the
regulation of other enzyme activities by regulatory subunits.>*
Given the importance of CREB and TRH in the regulation of
energy expenditure under leucine deprivation, we speculate that
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ERK/CREB-dependent pathway is crucial for the regulation of
energy expenditure during leucine deprivation. Supporting this
possibility, a recent study has shown that inhibition of hypotha-
lamic ERK activity by i.c.v. injection of an ERK inhibitor significantly
attenuates leptin activation of thermogenesis.>®> Furthermore,
whereas most of previous studies focused on the effects of AA
deprivation on protein synthesis mediated by translational control,
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our current study provide evidence demonstrating that protein
modification also occurs and has an important role in energy
expenditure during leucine deprivation.

The RER is the ratio of CO, produced to O, consumed by the
body (VCO,:VO,). In case of carbohydrate-only oxidation, RER is
equal to 1.0, whereas with fat-only oxidation, RER equals to 0.7.5
Therefore, the value of RER reflects the source of fuel under
conditions examined. Leucine deprivation decreases RER com-
pared with control diet-fed mice,® suggesting that fuel source has
switched to lipid. The fuel source is also changed following
different treatment in this study. l.c.v. injection of TRH-Ab or Ad-
shCREB attenuated the suppression of RER by leucine deprivation,
suggesting that more carbohydrate was used as fuel source in
these treatments. Furthermore, i.p. injection of T3 reversed the
upregulation of RER by i.c.v. TRH-Ab, reflecting that T3 elicits
increased fat oxidation. The fuel source change induced by leucine
deprivation is very likely mediated via adipose sympathetic
nervous system, as levels of serum norepinephine and
3-adrenoceptor expression in white adipose tissue and BAT were
increased in leucine-deprived mice.?

Mouse TRH is produced as a prepro-mRNA that encodes for five
copies of mature TRH, which is cleaved from basic amino acids by

phosphorylation

dephosphorylation

v

Energy expenditure

Figure 5. Model of leucine deprivation regulation of energy
expenditure. Leucine deprivation activates hypothalamic CREB via
phosphorylation and dephosphorylation synchronously, which
increases UCP1 in BAT through TRH signaling.
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prohormone convertases 1 and 2, and carboxypeptidase E.2%3%3¢

We assumed that both pro- and mature TRH should be induced
under leucine deprivation, based on our western blot results
showing increased hypothalamic pro-TRH expression and serum
T3 levels, as a reflection of mature TRH levels, in leucine-deprived
mice.? High-performance liquid chromatography fractionation and
radioimmunoassay analysis®> would be required to clarify this
issue more precisely in the future.

The effects of an imbalanced AA diet, such as a diet lacking a
single EAA, have not been tested in humans. However, the effects
of single EAA deprivation have been investigated in animal
models extensively. For example, a (—) leu diet has been shown to
lead to anorexia, but not hyperphagia, in mice and rats.>>” We
found the increased energy expenditure was caused by increased
thermogenesis, due to increased UCP1 expression in BAT of
leucine-deprived mice.®> These results also indicate that the
decreased food intake should not be the primary factor driving
to increased energy expenditure in leucine-deprived mice. Based
on the results obtained from mouse, we consider leucine
deprivation may influence fat mass in humans, which needs
further study and is a long-term goal of our laboratory.

In conclusion, our data indicate a novel role for TRH in
regulating energy expenditure via T3 during leucine deprivation
(Figure 5). We have further shown that TRH expression is activated
by CREB, which is phosphorylated by ERK1/2 and dephosphory-
lated by PPP1R3C-containing PP1. Taken together, our studies
provide novel insights into the regulation of energy expenditure
by the CNS. Our results also suggest that the enhancement of
posttranslational modification of proteins is another important
adaptive and beneficial response to the condition of an EAA
deprivation and more investigations on the molecular mechan-
isms should be carried on.
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