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Hepatic c-Jun regulates glucose metaholism via
FGF21 and modulates body temperature through
the neural signals
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ABSTRACT

Objective: c-Jun, a prominent member of the activator protein 1 (AP-1) family, is involved in various physiology processes such as cell death and
survival. However, a role of hepatic c-Jun in the whole-body metabolism is poorly understood.

Methods: We generated liver-specific c-Jun knock-out (c-junA II) mice to investigate the effect of hepatic c-Jun on the whole-body physiology,
particularly in blood glucose and body temperature. Primary hepatocytes were also used to explore a direct regulation of c-Jun in
gluconeogenesis.

Results: c-junA " mice showed higher hepatic gluconeogenic capacity compared with control mice, and similar results were obtained in vitro. In
addition, fibroblast growth factor 21 (FGF21) expression was directly inhibited by c-Jun knockdown and adenovirus-mediated hepatic
FGF21 over-expression blocked the effect of c-Jun on gluconeogenesis in c-junA " mice. Interestingly, c-junA " mice also exhibited higher body
temperature, with induced thermogenesis and uncoupling protein 1 (UCP1) expression in brown adipose tissue (BAT). Furthermore, the body
temperature became comparable between c-jun A_" and control mice at thermoneutral temperature (30 °C). Moreover, the activity of sympathetic
nervous system (SNS) was increased in c-jun " mice and the higher body temperature was inhibited by beta-adrenergic receptor blocker
injection. Finally, the activated SNS and increased body temperature in c-junA " mice was most likely caused by the signals from the brain and
hepatic vagus nerve, as the expression of c-Fos (the molecular marker of neuronal activation) was changed in several brain areas controlling body
temperature and body temperature was decreased by selective hepatic vagotomy.

Conclusions: These data demonstrate a novel function of hepatic c-Jun in the regulation of gluconeogenesis and body temperature via FGF21

and neural signals. Our results also provide novel insights into the organ crosstalk in the regulation of the whole-body physiology.
© 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION glucose requirement for other organs such as brain. Diminished

homeostatic control of glucose metabolism is a common characteristic

The liver is a vital organ that plays an important role in whole-body
physiology, especially in the regulation of glucose homeostasis. It
regulates glucose homeostasis by controlling various pathways of
glucose metabolism, including glycogenesis, glycogenolysis, glycol-
ysis, and gluconeogenesis [1]. Each process involves many enzymes
and it is critical to control the expression of these enzymes to meet the

related to many metabolic diseases [2]. For example, gluconeogenesis,
taking place mainly in the liver, is a target of therapy for type 2 dia-
betes, such as the drug metformin [3]. Key enzymes in this process
include glucose 6-phosphatas (G6Pase) and phosphoenolpyruvate
carboxykinase (PEPCK) [1]. cAMP-response element binding protein
(CREB), forkhead box protein 01 (Fox01) and some nuclear receptors
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are important transcription factors for the regulation of hepatic
gluconeogenesis [4]. Given the importance of liver in metabolism
control in the whole body, it is interesting to use liver-specific knockout
mice to explore more regulators of hepatic glucose metabolism
to understand the mechanism underlying glucose homeostasis in
mammals.

On the other hand, the liver also regulates thermogenesis in brown
adipose tissue (BAT) and body temperature [5,6]. For example,
liver-specific tuberous sclerosis complex 1 (TSC1) knockout mice
display reduced body temperature [5]; hepatic glucokinase over-
expression decreases adaptive thermogenesis by downregulating
thermogenesis-related genes in BAT [6]. Over the years, although
many regulatory mechanisms regarding these processes have been
identified, detailed molecular causes for the hepatic regulation of
glucose homeostasis and body temperature remain elusive.

c¢-Jun, a prominent member of the activator protein 1 (AP-1) family [7],
was discovered as a novel oncoprotein encoded by a cellular insert in
the genome of avian sarcoma virus 17 [8]. Mice lacking c-Jun in liver
display reduced hepatocyte proliferation [9] and impaired liver gen-
eration after partial hepatectomy [10]. In addition, c-Jun controls cell
survival in liver cancer initiation [11,12] and acute hepatitis [13]. c-Jun
is also a key target of c-Jun N-terminal kinase (JNK) and over-
expression of JNK in the liver of wild-type mice decreases insulin
sensitivity [14]. Based on the above knowledge, we hypothesized that
hepatic ¢c-Jun may have a profound role in the regulation of the whole-
body physiology, particularly in blood glucose and body temperature.
Fibroblast growth factor (FGF) 21, a member of the FGF family, binds to
FGF receptor and is involved in a variety of biological processes. As a
key metabolic regulator, FGF21 is mainly expressed in several meta-
bolically active tissue organ such as the liver [15] and regulates hepatic
glucose homeostasis. For example, recent reports have shown that
FGF21 improves glucose tolerance and insulin sensitivity [16,17]. In
addition, FGF21 plays role in hepatic gluconeogenesis and glycogen-
olysis [18]. FGF21 levels are increased under a variety of physiological
conditions, including fasting, overfeeding and high-carbohydrate diets
[15]. Well known regulators for FGF21 expression include E4-binding
protein-4 (E4BP4) [19] and peroxisome proliferator activated recep-
tor alpha (PPARa) [20]. Transcription regulation of FGF21 remains
largely unknown.

The aim of our current study was to investigate the possible role of
hepatic c-Jun in metabolic control and elucidate the underlying
mechanisms. We found that hepatic c-Jun regulates glucose meta-
bolism via FGF21 and modulates body temperature through the neural
signals. Because communication between organs is essential for
maintaining systemic metabolism homeostasis, our study provides
new insights into the crosstalk among different tissues in the regu-
lation of whole-body metabolism and the transcriptional regulation of
FGF21.

2. MATERIAL AND METHODS

2.1. Animals and treatment

(:-jun”f mice were kindly provided by Dr. Erwin F. Wagner (Cancer Cell
Biology Program, Spanish National Cancer Research Center). c-jun’"
mice were crossed with albumin (Alb)-Cre mice to generate c-Jun
liver-specific knockout (c-junA II) mice. 8- to 12-week-old male mice
were maintained on a 12-hr light/dark cycle at 22 °C. Food intake and
body weight were measured daily. Mice were given an intraperitoneal
(i.p.) injection of propranolol (Sigma, MO, USA) at 5 mg/kg [21] and
then temperature was detected. Mice exposed to thermoneutral
temperature were placed at 30 °C in an intelligent artificial climate
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chamber (Ningbo Saifu Experimental Instrument Co., Ltd, Ningbo,
China) for 30 h. Mice were intraperitoneally (i.p.) injected with 10 pg/
mice FGF21 antibody (Santa Cruz Biotechnology, CA, USA) in a single
injection 30 min prior to the experiment [22]. All animal experiments
were performed in accordance with the guidelines of the Institutional
Animal Care and Use Committee of Shanghai Institute of Nutrition and
Health, Chinese Academy of Sciences (CAS).

2.2. Metabolic parameters measurements

Maintained with regular chow, the mice were single-housed in
metabolic chamber (Columbus Instruments, OH, USA) to record
oxygen consumption, respiratory exchange ratio and locomotor
activity [23]. Nuclear magnetic resonance (NMR) imaging system
(Bruker, Rheinstetten, GER) was used to measure mice body
composition.

2.3. Plasmids construction and cell treatments

The DNA fragment encoding c-Jun was amplified from human HepG2
cells cDNA. Double-stranded siRNA targeting mouse c-Jun was
purchased from GenePharma. The siRNA sequence specific for mouse
c-Jun: 5'-ggcacagcuuaagcagaa-3’. Mouse primary hepatocytes
prepared by collagenase perfusion [24] and 293T cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) as described
previously [24]. Primary hepatocytes were transfected with c-Jun
expressing plasmid by Effectene Transfection Reagent (Qiagen, Hilden,
Germany) or ¢c-Jun siRNA by X-tremeGene siRNA Transfection Reagent
(Roche Diagnostics, Mannheim, Germany), respectively.

2.4. Generation and administration of recombinant adenoviruses
The adenovirus expressing FGF21 was generated as previously
described [16]. Adenoviruses were delivered into mice by tail vein
injection using 1 x 10°% 2.5 x 10% or 1.25 x 10® pfu/mice as
indicated for a single injection.

2.5. Blood glucose, serum insulin, glucose tolerance tests (GTTSs),
pyruvate tolerance tests (PTTs), insulin tolerance tests (ITTs), HOMA-
IR index and glucose-stimulated insulin secretion assays (GSIS)
Blood glucose was measured with a Glucometer Elite monitor.
Serum insulin was determined by ELISA assay using Mercodia Ul-
trasensitive Rat Insulin ELISA kit (ALPCO Diagnostic, NH, USA) in
accordance with the manufacturer’s instructions. After overnight
fasting, GTTs and PTTs were conducted by i.p. injection of 2 g/kg
glucose or 2 g/kg pyruvate, respectively [25]. For ITTs, mice were
injected with 0.75 units/kg insulin after 4 h fasting. HOMA-IR index
was calculated as follows: [fasting glucose levels (mmol/
L)] x [fasting serum insulin (uU/ml)}/22.5. Islet isolation and glucose-
stimulated insulin secretion assay were performed as previously
reported [26].

2.6. Glucose output and glycogen content assays

Glucose output was determined in mouse primary hepatocytes as
described previously [27]. We added both lactate and pyruvate
as substrates in glucose output experiments. Liver glycogen was
measured by a phenol-sulfuric acid colorimetric method [28].

2.7. Measurements of serum norepinephrine (NE) and FGF21

levels

NE and FGF21 levels in serum were measured by ELISA assay using a
commercially available NE and FGF21 ELISA kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) in accordance with the
manufacturer’s instructions.
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2.8. Rectal temperature and infrared image

Rectal temperatures of mice were taken at 3:00 P.M. (basal metabolic
state) using a digital thermometer provided with a rectal probe
(Physitemp Instruments, NJ, USA). BAT temperature was measured
using an infrared camera (Magnity Electronics Co., Ltd, Shanghai,
China) according to previous publications [29].

2.9. Luciferase assay

Fgf21 promoter (—1911 to +5), its deletion and mutant version were
constructed in pGL3-Basic (Promega) utilizing a PCR-based cloning
strategy. We found potential AP-1 sites in the Fgf27 promoter using
Genomatix Software. HEK293T cells were cotransfected with the in-
ternal control vector pRL Renilla (Promega, WI, USA) and plasmids
indicated using Lipofectamine 2000. The firefly and Renilla luciferase
activities were assayed using Dual-Glo Luciferase Assay System after
24 h (Promega, WI, USA).

2.10. Chromatin immunopricipitation (ChIP) assay

ChlIP assays were performed according to the manufacturer’s protocol
(Millipore, CA, USA) with anti-c-Jun antibody (Cell Signaling Technology,
MA, USA) or normal rabbit immunoglobulin G (Santa Cruz Biotechnology,
CA, USA) for negative control. Immunoprecipitated Fgf27 promoter was
quantified using PCR with primers designed to amplify the 130-bp region
encompassing the AP-1 site (forward, 5'-GCCCTTTTCATTCAGACCCC-3';
reverse, 5-TGCCCT CCCCACTCCTG -3') or a 135-bp upstream region not
involved in c-Jun response (forward, 5’- CCTCCCTCAGACCCAAGAGC-3’;
reverse, 5'-GTGGCTGGGCTCTGCAGTT-3).

The annealing temperature of PCR was 52 °C and PCR products were
amplified with TaKaRa Ex Taq® DNA polymerase (Takara Bio Inc.,
Shiga, Japan).

2.11. Selective hepatic vagotomy
Hepatic branch vagotomy or sham surgery (isolation of the nerve
without resection) was performed in mice as previously described [30].

2.12. Immunofluorescence (IF) staining

We performed IF staining as previously described [23]. After incubated
with anti-c-Fos antibody (Santa Cruz Biotechnology, CA, USA; 1:500)
overnight, brain slides were treated with Alexa Fluor 555 and 488—
conjugated anti-rabbit antibody (Invitrogen, MA, USA) at room tem-
perature for 1 h. Images were taken by a Zeiss LSM 510 confocal
microscope (Carl Zeiss Imaging, Oberkochen, Germany).

2.13. Western blot analysis and measurement of PEPCK and
GBPASE activities

Western blot analysis was performed with primary antibodies obtained
as follows: anti-c-Jun (Cell Signaling Technology, MA, USA; 1:1000),
anti-UCP1, anti-FGF21 and anti-PEPCK (all from Santa Cruz Biotech-
nology, CA, USA; 1:500 for UCP1 and FGF21, 1:1000 for PEPCK), anti-
GB6PASE (Abcam, Cambridge, UK; 1:500). PEPCK and G6PASE activities
were determined using a PEPCK activity kit (Solarbio Life Sciences,
Beijing, China) and a GBPASE activity kit (Solarbio Life Sciences,
Beijing, China), respectively. All of these assays were performed
according to the manufacturer’s instructions.

2.14. RNA isolation and relative quantitative RT-PCR

mRNA levels were examined by RT-PCR with the sequences of primers
described as follows: c-Jun: forward, 5'-GCAGAGAGGAAGCGCATGAG-
3’; reverse, 5-CCTTTTCCGGCACTTGGA-3'. Fgf21: forward, 5'-ATGGAA
TGGATG AGATCTAGAGTTGG-3’; reverse, 5-TCTTGGTGGTCATCTGTGTA
GAGG-3’. Ucpt: forward, 5-ACTGCCACACCTCCAGTCATT-3; reverse,
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5'- CTTTGCC TCACTCAGGATTGG-3’. Pepck. forward, 5-‘CTTCTCTGCC
AAGGTCATCC-3', reverse, 5'-TTTTGGGGATGGGCAC-3'; G6pase, for-
ward, 5- ATGACTTTGGGA TCCAGTCG-3', reverse, 5- TGGAACCA-
GATGGGAAAGAG-3'.

2.15. Statistics

All data are expressed as mean + SEM. Significant differences were
assessed either by two-tailed student t-fest or one-way ANOVA
followed by the Student-Newman-Keuls (SNK) test, as indicated. For
GTTs, PTTs and ITTs, t-fest or one-way ANOVA were used to compare
the difference between or among different groups of mice at each time
point examined. P < 0.05 was considered statistically significant.

3. RESULTS

3.1. c¢-Jun regulates gluconeogenesis in vivo and in vitro

To investigate the role of hepatic c-Jun in glucose metabolism, we
generated liver-specific c-Jun knock-out (c—junA ") mice. The efficiency
of c-junA " mice was demonstrated by the almost completely abolished
expression of c-Jun in the liver of c—junA " mice compared with control
mice (Figure 1A). In contrast, the expression of c-Jun was not altered in
the hypothalamus and BAT of c-junA " mice (Supplementary Figure 1A).
As described previously [9], apart from the reduction in body size
(Supplementary Figure 1B), c—junA " mice were phenotypically normal.
There was no difference in food intake and fat mass relative to body
weight as evaluated by nuclear magnetic resonance (NMR) between
c—junA" and control mice (Supplementary Figure 1C). Compared with
control mice, the oxygen consumption was increased in c-junA " mice
(Supplementary Figure 1D) with no significant change in the respiratory
exchange ratio (RER, VCO,/V0,) and locomotor activity (Supplementary
Figure 1E and F). Both fed and fasting blood glucose levels increased
significantly in c-jun " mice compared with the control mice
(Figure 1B). Glucose tolerance, glucose generation and insulin tolerance
were examined by glucose tolerance tests (GTTs), pyruvate tolerance
tests (PTTs) and insulin tolerance tests (ITTs), respectively. The exog-
enous glucose was cleared slower and gluconeogenesis capacity was
higher in the livers of c-jun " mice than in the control mice
(Figure 1C,D). In contrast, there was no difference in the insulin sensi-
tivity between c-junA“ and control mice, as demonstrated by the un-
altered ITTs, serum insulin levels and the HOMA-IR index (Figure 1E—G).
No difference in serum insulin levels were observed at any time point
examined during GTTs (Supplementary Figure 2A). In addition, we
isolated primary mouse islets from control and c-jun " mice and
conducted glucose-stimulated insulin secretion assays (GSIS). The
glucose-stimulated index (GSI), which reflects the insulin secretion ratio
of pancreatic B cells stimulated by high and low glucose [26], remained
the same between islets from control and c-junA“ mice
(Supplementary Figure 2B).

Besides gluconeogenesis, glucose metabolism is also affected by
glycogenolysis and glycogen synthesis. We therefore examined
glycogen content in the livers of c—junA " mice to evaluate the possible
contribution of these processes to the elevated blood glucose levels.
However, no differencde was observed in hepatic glycogen contents
under fed and fasting conditions between c-jun "and control mice
(Figure 1H,l). Furthermore, we explored the effect of ¢c-Jun on gluco-
neogenesis in vitro. Inhibition of c-Jun significantly increased the
glucose production in primary hepatocytes in the presence or absence
of glucagon (Figure 1J). Conversely, the glucose output was lower in
primary hepatocytes overexpressing c-Jun (Figure 1K).

We also examined the expression and activity of PEPCK and G6PASE,
two key enzymes involved in gluconeogenesis [1], in vivo and in vitro.
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Figure 1: c¢-Jun regulates gluconeogenesis in vivo and in vitro. (A) c-Jun mRNA and protein levels in the liver of c-junA " mice. (B) Blood glucose levels. (C) glucose tolerance
tests (GTTs). (D) pyruvate tolerance tests (PTTs). (E) insulin tolerance tests (ITTs). (F) Serum insulin levels. (G) HOMA-IR index. (H, 1) Liver glycogen content under fed and fasting
state. (J, K) Glucose output. Primary mouse hepatocytes were transfected with or without c-Jun siRNA for 48 h, or with or without c-Jun over-expressing plasmids for 24 h, and
then treated with or without 100 nM glucagon for 10 h, followed by the measurement of glucose production. Data were obtained with mice indicated (n = 6—10 mice per group,
10—12 weeks old) or at least three independent in vitro experiments and presented as means 4+ SEMs. Statistical significance was calculated using two-tailed student t-test for

the effects of c-jun

" mice versus control mice (*: p < 0.05) in A-I or one-way ANOVA followed by the Student-Newman-Keuls (SNK) test in J and K (*: p < 0.05 for the effects of

any group versus the control group without glucagon stimulation, #: p < 0.05 c-Jun knockdown or over-expression group versus control group after glucagon stimulation).

Compared with control mice, mRNA and protein abundance of
PEPCK, but not G6PASE, was increased in the liver of c—junA" mice
(Supplementary Figure 3A). Similar results were observed in primary
hepatocytes with c-Jun knockdown (Supplementary Figure 3B).
Furthermore, c-Jun over-expression decreased mRNA and protein
abundance of PEPCK and didn’t change the expression of GBPASE in
primary hepatocytes (Supplementary Figure 3C). The activities of
PEPCK and G6PASE were changed accordingly under each condition
(Supplementary Figure 4).

3.2. Fibroblast growth factor (FGF) 21 is required for ¢c-Jun
regulation of glucose metabolism

FGF21 is an important regulator for glucose metabolism [18,31], and
we found that the Fgf27 promoter had AP-1 binding sites analyzed
by Genomatix Software, which is related to c-Jun [7], suggesting
that FGF21 may mediate c-Jun regulation of glucose metabolism. As
predicted, FGF21 expression was decreased by c-Jun knockdown and
increased by c¢-Jun over-expression in primary hepatocytes
(Figure 2A,B). Further study showed that c-Jun can directly bind to
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Fgf21 promoter as demonstrated by luciferase assays and chromatin
immunoprecipitation (ChIP) assays (Figure 2C,D). As observed in vitro,
hepatic and serum FGF21 levels were also decreased significantly in
c—junA " mice (Figure 2E,F). To confirm a role for FGF21 in mediating
c-Jun regulation of glucose metabolism, we injected adenoviruses
expressing FGF21 (Ad-FGF21) or control adenoviruses expressing
green Aqu.orescen’[ protein (Ad-GFP) at a dose of 1 x 10° pfu/mice to
c-jun " and control mice. As expected, hepatic FGF21 expression
and serum FGF21 levels were significantly increased by Ad-FGF21
(Figure 3A,B). Ad-FGF21 significantly decreased the levels of fed and
fasting blood glucose and serum insulin, but not fasting insulin, in
c-junA" mice (Figure 3C,D). Moreover, the impaired glucose clear-
ance and elevated gluconeogenesis capacity in c-jun " mice were
also markedly reversed by Ad-FGF21 (Figure 3E,F).

Because FGF21 expression after virus infection was very strong in
the above experiment, we reduced the dose of Ad-FGF21 viruses from
1 % 10° pfu/mice to 2.5 x 108 or 1.25 x 10® pfu/mice, respectively.
We found that injection of ¢-jun”" mice with Ad-FGF21 at the dose of
2.5 x 108 pfu/mice led to a FGF21 expression comparable to the level
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expressing c-Jun. (D) ChIP assay was performed in primary mouse hepatocytes. (E) c-Jun and Fgf21 mRNA and protein expression in the liver of c-jun

" mice (top, western blot;

bottom, quantitative measurements of FGF21 protein relative to actin). (F) Serum FGF21 levels. Data were obtained with mice indicated (n = 6—10 mice per group, 10 weeks old)
or at least three independent in vitro experiments and presented as means + SEMs. Statistical significance was calculated using two-tailed student t-test for the effects of c-Jun

knockdown or over-expression versus the control group (*:

observed in control mice (Supplementary Figure 5A and B). Under this
condition (using Ad-FGF21 at the dose of 2.5 x 108 pfu/mice),
Ad-FGF21 also significantly decreased the levels of fed and fasting
blood glucose and fed serum insulin, but not fasting serum insulin,
in c-jun " mice (Supplementary Figure 5C and D). Moreover, the
impaired glucose clearance and elevated gluconeogenesis capacity
in c-jun mice were also markedly reversed by Ad-FGF21
(Supplementary Figure 5E and F).

To further confirm a role for FGF21 in mediating c-Jun regulation of
glucose metabolism, we used a FGF21- neutrallzmg antibody to see if
it could block the effect of Ad-FGF21. ¢ /un " mice were treated with
FGF21 antibody after injected with 2.5 x 108 pfu/mice Ad-FGF21. In
Ad-FGF21 c-junA” mice, treatment with FGF21 antibody reduced
serum FGF21 levels, increased the levels of fed and fasting blood
glucose and fed serum insulin, decreased the glucose clearance and
increased gluconeogenesis capacity (Supplementary Figure 6). Theses
results confirm an important role of FGF21 in mediating the effects of
hepatic c-Jun.

3.3. BAT thermogenesis contributes to the increased body
temperature in c¢-jun " mice

Besides the important role of c-Jun in regulating glucose metabolism,
surprisingly, we found that hepatic c-Jun also modulates body tem-
perature. Rectal temperature was significantly higher in c-junA " mice
compared with control mice (Figure 4A). The higher body temperature
observed in c-jun T mice was possibly caused by increased ther-
mogenesis, which is regulated by uncoupling protein 1 (UCP1) in BAT
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p < 0.05) in A-C, E and F.

[32]. Consistently, infrared images analy3|s showed that thermogen-
esis was stronger in BAT of c-jun compared with control mice
(Figure 4B). What’s more, BAT UCP1 expression was significantly
elevated in c-jun " mice (Figure 4C). If enhanced thermogenesis in
BAT contributes to the increased body temperature of c¢-jun t mice,
placing them at thermoneutral temperature (30 °C) would reduce the
higher body temperature. Indeed, in this condition, c-jun " and
control mice displayed similar body temperature (Figure 4D).

3.4. c-Jun modulates body temperature via regulating sympathetic
nervous system (SNS) activity

BAT thermogenesis is induced by activation of SNS with the release of
norepinephrine (NE) [33]. Not surprisingly, c-junAII mice had higher
serum NE levels, with no change in serum T3 levels, compared with
control mice (Figure 5A and Supplementary Figure 7). To determine
whether the increased SNS activity contributes to the increased BAT
thermogenesis in c-jun " mice, we blocked SNS signaling by intra-
peritoneal (i. p.) injection of propranolol, a [-adrenergic receptor
antagonist [34], in c-jun " mice. Propranolol treatment S|gn|f|cantly
decreased body temperature and BAT UCP1 expression in c- junA
mice (Figure 5B—D).

3. 5ASeIectlve hepatic vagotomy reverses body temperature in c-
jun™" mice

A previous study has shown that SNS activation of BAT thermogenesis
is regulated by the afferent signals from the hepatic vagus-brain axis
[6], suggesting that hepatic c-Jun may employ a similar mechanism in
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Figure 3: FGF21 is required for c-Jun regulation of glucose metabolism. (A—F) c—junA " mice or control mice were injected with Ad-FGF21 (+-Ad-FGF21) or Ad-GFP (- Ad-
FGF21), followed by examination of FGF21 and c-Jun expression at day 14 in A, measurement of serum FGF21 levels at day 14 in B, fed blood glucose and serum insulin levels at
day 2 or fasting blood glucose and serum insulin levels at day 3 in C and D, performance of GTTs and PTTs at day 3 or 7 in E and F. Data were obtained with mice indicated
(n = 6—10 mice per group, 10—12 weeks old) and presented as means + SEMs. Statistical significance was calculated using the one-way ANOVA followed by the Student-
Newman-Keuls (SNK) test in A-F (*: p < 0.05 for the effects of any group of mice versus control mice injected with Ad-GFP; *: p < 0.05 for the effects of Ad-FGF21 versus

Ad-GFP in c<un” " mice).

the regulation of body temperature. To test this possibility, we
examined the expression of c-Fos, a molecular marker of neuronal
activation [35], in the brain of c-junA "and control mice. Surprisingly,
c-Fos expression was decreased in the ventromedial preoptic nucleus
(VMPO), increased in the dorsomedial hypothalamus (DMH) and rostral
raphe pallidus nucleus (rRPa), areas that control body temperature
[35—37], of c-junA" compared with control mice (Figure 6A). To
investigate a role of hepatic vagus nerve in the regulation of body
temperature in c-jun I mice, we dissected the hepatic branch of the
vagal nerve in c-jun "and control mice. Food intake and blood
glucose levels were not affected by dissecting the hepatic branch of
the vagal nerve in both genotypes of mice (Supplementary Figure 8).
After selective hepatic vagotomy (HV), the body temperature was
significantly decreased in c-jun " mice (Figure 6B). What’s more,
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infrared images analysis showed that the increased thermogenesis
in BAT was reversed by HV in c—junA“ mice (Figure 6C). In addition,
increased BAT UCP1 expression observed in ¢-jun " mice was also
reversed by HV (Figure 6D). In contrast, HV had no effect on the
parameters mentioned above in control mice (Figure 6B—D).

4. DISCUSSION

The transcriptional regulators of hepatic gluconeogenesis are consid-
ered potential therapeutic targets for the treatment of type 2 diabetes
[38,39]. The transcription factor c-Jun is a major regulator of cell death
and survival [40]; however, its function in glucose homeostasis
remains largely unknown. Null mutations of c-Jun cause embryonic
lethality [41], so liver-specific c-Jun knock-out mice models are often
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Figure 4: BAT thermogenesis contributes to the increased body temperature in c-junA" mice. (A) Rectal temperature of mice under normal temperature (22 °C).
(B) Infrared images of mice under normal temperature (22 °C). (C) Ucp7 mRNA and protein in BAT (fop, western blot; bottom, quantitative measurements of UCP1 protein relative to
actin). (D) Rectal temperature of mice under normal temperature (22 °C) or thermoneutral temperature (30 °C). Data were obtained with mice indicated (n = 6—10 mice per group,

10—12 weeks old) and presented as means + SEMs. Statistical significance was calculated using two-tailed student ¢-test for the effects of c-jun

" mice versus control mice

(*: p < 0.05) in A-C, or using the one-way ANOVA followed by the Student-Newman-Keuls (SNK) test in D (*: p < 0.05 for the effects of any group of mice versus control mice

under normal temperature; #. p < 0.05 for the effects of thermoneutral temperature versus normal temperature in c-jun

used as an experimental system. Here, we described a novel function
for hepatic c-Jun in the regulation of blood glucose via affecting
gluconeogenesis, as knockdown of hepatic c-Jun expression promotes
gluconeogenic capacity in vivo and in vitro.

Furthermore, we found that FGF21 is required for c-Jun regulation of
gluconeogenesis. Hepatic gluconeogenesis is tightly controlled by
many hormones including glucagon, insulin [42] and the hepatic
secreted protein FGF21 [18,31]. c-Jun is an important member of the
AP-1 transcription factor family [7]. AP-1 is a multimeric complex
consisting of members of the Jun family forming either homodimers or
heterodimers with Fos or activating transcription factor (ATF) proteins
[43]. Using Genomatix Software, we found several potential AP-1 sites
[44] on the Fgf21 promoter and provided evidence showing that c-Jun
can directly regulate FGF21 expression via binding to the Ap-1 site on
its promoter. Moreover, FGF21 protein levels were lower in the liver
and plasma of c:—junA " mice and adenovirus-mediated hepatic FGF21
over-expression reversed the effects of c-Jun on gluconeogenesis.
FGF21-neutralizing antibody could block this effect. These results
suggest an important role of FGF21 in mediating hepatic c-Jun effects
on gluconeogenesis. Our results also provide new evidence for the
transcriptional regulation of FGF21 expression by c-Jun.

Another important observation in this study is that c-jun mice
displayed an increase in body temperature. In fact, except for the
previous work showing that hepatic TSC1 and glucokinase regulates
body temperature [5,6], the molecular mechanisms underlying this
inter-organ crosstalk is poorly understood. Thus, our study provides
direct evidence showing that hepatic c-Jun contributes to the
metabolic alterations on the whole-body level.
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" mice).

Thermogenesis, the production of heat energy, is essential to maintain
body temperature, and BAT evolved as a specialized thermogenic
organ responsible for adaptive non-shivering thermogenesis [33]. The
high mitochondrial mass together with the abundant UCP1 content is
crucial for BAT-mediated heat production [33]. In this study, we found
the increased thermogenesis and UCP1 expression in BAT of z:-junA t
mice. The possible contribution for the increased BAT thermogenesis
to the elevated body temperature in c-junA" mice was supported by
the observation that c-junA" mice displayed no difference in body
temperature compared with control mice under thermoneutral (30 °C)
temperature (when thermogenesis was inhibited). BAT thermogenesis
is induced by the activation of SNS that promotes the release of NE
binding to [B-adrenergic receptor [32,45]. In this study, we found
that serum NE levels were increased in c-jun i mice. In addition,
suppression of SNS activity using -adrenergic receptor antagonist
decreased body temperature and BAT thermogenesis in c—junA"
mice. These results confirm an important role of SNS in regulating
body temperature of c-jun " mice.

BAT thermogenesis is regulated by neural networks in the central
nervous system (CNS) [45]. Accumulating evidence has demonstrated
that the vagus nerve plays a crucial role in the brain-liver interaction
[46]. The vagus nerve is a mixed nerve composed of 20% efferent and
80% afferent fibers [46]. Previous studies also reported that hepatic
peroxisome proliferators-activated receptor y (PPAR-y) and glucoki-
nase affects SNS activity through the afferent vagal signals originating
in the liver [6,47]. Therefore, we hypothesized that hepatic c-Jun may
interact with the brain via vegus nerve to increase SNS activity, leading
to increased thermogenesis in BAT. We examined the c-Fos expression
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Figure 5: c¢-Jun modulates body temperature via regulating sympathetic nervous activity. (A) Serum norepinephrine (NE) levels. (B—D) c-junA " mice or control mice were
injected with propranolol (+propranolol) or saline (- propranolol). Then rectal temperature was measured at different time point after injection with propranolol in B, and UCP1
expression was examined in C and D. Data were obtained with mice indicated (n = 6—10 mice per group, 10—12 weeks old) and presented as means + SEMs. Statistical

significance was calculated using two-tailed student t-fest for the effects of c-jun

" mice versus the control group (*: p < 0.05) in A, or using one-way ANOVA followed by the

Student-Newman-Keuls (SNK) test in B-D. (*: p < 0.05 for the effects of any group of mice versus control mice injected without propranolol; #:p < 0.05 for the effects of

propranolol versus saline in c-jun” " mice).

in several brain areas and found that c-Fos expression was decreased
in VMPO, increased in DMH and rRPa area. In fact, several experi-
mental results have supported a role for neurons in VMPO, DMH and
rRPa in the control of BAT thermogenesis and body temperature
[37,48]. These findings revealed a role for CNS as a critical site where
hepatic c-Jun modulates thermogenesis in the BAT and body
temperature. Moreover, HV blocked hepatic c-Jun knockout-induced
increase of BAT thermogenesis, indicating involvement of a neural
route from the liver to hypothalamus.

The understanding of how the liver transmits signals to vagus-brain
remains largely unknown. We assume the possible mechanisms by
which c-Jun affects the vagus-brain axis include the following possi-
bilities. Some studies show that hepatic alterations in glucose meta-
bolism can affect vagal afferents to brain and sympathetic efferents
[6,49]. Our in vitro results obtained from primary hepatocytes sug-
gest a direct regulation of ¢c-Jun in gluconeogenesis. So hepatic c-Jun
may transmit signals to vagus via metabolite from glucose metabolism.
Furthermore, it has been shown that hepatic nervous system recog-
nizes changes in ion concentration [50]. An in vitro study found that
nerve growth factor (NGF)-inducible c-Jun can transactivate the
promoter of neuronal nicotinic acetylcholine receptors (nAChRs) 4
subunit, which are pentameric ligand-gated ion channels important for
synaptic transmission in nervous system [51]. Additionally, hepatic
secretary factors may affect neuron activity, as shown previously [50].
These possibilities may be involved in c-Jun regulation of vagus-brain
axis, which require to be studied in the future.

In addition to the nerve systems, the liver reciprocally interacts with the
brain and BAT via secreting hormones [52,53]. Studies have shown
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that FGF21 can exert its direct actions on the BAT to increase ther-
mogenesis [54]. FGF21 also acts centrally to induce sympathetic nerve
activity [53]. Because FGF21 protein levels were lower in the liver and
plasma of c-jun "mice compared with control mice, it is unlikely that
FGF21 contributes to the regulation of thermogenesis in BAT and the
body temperature of ¢c-jun " mice.

Usually, an increase in body temperature has positive consequences
on metabolism. However, although c-junA" mice exhibited higher
body temperature, glucose levels increased significantly in c-junA"
mice compared with the control mice. We assume the possible
reasons for the incoherence include: 1) the primary cause for both
higher body temperature and blood glucose is the deficiency of he-
patic c-Jun. Our in vitro results obtained from primary hepatocytes
suggest a direct regulation of c-Jun in gluconeogenesis. The effect of
hepatic c-Jun on blood glucose is stronger than the effect of higher
body temperature; and 2) indeed, there is no difference in food intake
between c-jun " and control mice. However, considering the smaller
body weight of c-jun”>" mice, the food intake of c-jun”>" mice was
relative higher than that of control mice that may compensate for the
possible increased energy expenditure caused by increased body
temperature. Taking the energy intake into account, the increased
body temperature and oxygen consumption may not affect total
energy homeostasis.

In summary, we showed that liver-specific inactivation of c-Jun
increased gluconeogenesis via decreasing FGF21 expression and
increased body temperature by promoting thermogenesis in BAT
(Figure 6E). Importantly, this liver-BAT system consists of the afferent
vagus from the liver and sympathetic efferents from the brain. Our
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