Research

A Tryptophan Hydroxylase Inhibitor Decreases Hepatic
FGF21 Expression and Circulating FGF21 in Mice Fed A
High-Fat Diet
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Abstract
Background:

Fibroblast growth factor 21 (FGF21) is primarily secreted by the liver as an endocrine
hormone, and circulating FGF21 levels are elevated in mice with diet-induced obesity and an
insulin-resistant state. The aim of our study was to determine the role of serotonin (5-HT) in
the regulation of hepatic FGF21 production and circulating FGF21 levels in relation to insulin
resistance in mice fed a high-fat diet.

Methods and Results:

Treatment with p-chlorophenylalanine (PCPA;500 mg/kg), a tryptophan hydroxylase inhibitor,
for 3 days, which decreases brain-derived and peripheral serotonin (5-HT), significantly
decreased food intake, body weight, and plasma insulin and FGF21 levels in mice fed a high-
fat diet for 9 weeks compared with controls, while having no statistically significant effect
on blood glucose levels. PCPA treatment significantly decreased the expression of hepatic
FGF21 and increased the expression of hepatic nuclear factor (erythroid-derived 2)-like
2, while having no effects on the expression of hepatic peroxisome proliferator-activated
receptor (PPAR)a, PPARy, and transcriptional factor 4. Moreover, PCPA treatment significantly
increased the expression of hypothalamic 5-HT2C receptors and pro-opiomelanocortin in
mice fed a high-fat diet.

Conclusions:

A tryptophan hydroxylase inhibitor decreases hepatic FGF21 production and circulating
FGF21 in relation to insulin resistance and increases the expression of hypothalamic 5-HT2C
receptor receptors and POMC in mice fed a high-fat diet.
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ntroduction isoforms: Tphl, which is primarily expressed in

Serotonin (5-HT) has an important role in the peripheral tissues, and Tph2, which is expressed
regulation of energy homeostasis. Tryptophan in neural tissues, including the central nervous
hydroxylase (Tph) is the initial and rate-limiting ~ system [1]. Although Tphl-deficient mice fed
enzyme in the synthesis of 5-HT. Tph has two  a normal diet display normal food intake, body

Department of Diabetes Technology, Tohoku University Graduate School of Biomedical Engineering, Japan

fAuthor for correspondence: Katsunori Nonogaki, Department of Diabetes Technology, Tohoku University Graduate School of
Biomedical Engineering, 6-6-11 Aramakiaza-Aoba, Aoba-ku, Sendai, Miyagi 980-8579, Japan, Tel: +81-22-795-3865; Fax: +81-22-795-
3865; email: katsu@trc.med.tohoku.ac.jp or knonogaki-tky@umin.ac.jp

10.4172/Neuropsychiatry.1000358 © 2017 Neuropsychiatry (London) (2018) 8(1), 372-377 p-ISSN 1758-2008 372
e-ISSN 1758-2016



Research

Katsunori Nonogaki

weight, and glucose tolerance, Tphl-deficient
mice fed a high-fat diet are protected against
obesity, insulin resistance, and non-alcoholic
fatty liver [1]. On the other hand, Tph2-
deficient mice fed a normal diet exhibit decreased
food intake and increased energy expenditure,
leading to decreases in body weight and fat
pad weight [2,3]. Systemic administration of
p-chlorophenylalanine (PCPA), a Tph inhibitor,
remarkably decreases brain and serum 5-HT
levels in mice [4-6] and prevents obesity and
impaired glucose tolerance in mice fed a high-fat

diet [7].

Fibroblast growth factor 21 (FGF21) isan atypical
member of the FGF family that functions as an
endocrine hormone to regulate glucose and lipid
metabolism [8]. Although FGF21 is expressed
in multiple organs, including the adipose tissue,
thymus, skeletal muscle, and pancreas, it is
primarily secreted by the liver as an endocrine
hormone [9,10]. Circulating FGF21 is liver-
derived and is elevated in mice fed a high-fat diet
[10]. Peroxisome proliferator-activated receptor
(PPAR) o, PPARy, transcriptional factor 4
(ATF4), and nuclear factor (erythroid-derived
2)-like 2 (Nrf2) are transcriptional factors of
FGF21 in the liver [11-15]. The role of 5-HT
in the regulation of hepatic FGF21 production
and circulating FGF21 in relation to insulin
resistance in mice fed a high-fat diet, however,
remains unclear.

To determine the role of 5-HT in the regulation
of hepatic FGF21 production and circulating
FGF21 levels in relation to insulin resistance
induced by a high-fat diet, we examined the
effects of PCPA on food intake, body weight,
blood glucose, plasma FGF21 and insulin
levels, expression of hepatic FGF21 and the
transcriptional factors of FGF21, and expression of
hypothalamic 5-HT receptors and neuropeptides
involved in the regulation of appetite in mice
fed a high-fat diet. We hypothesized that 5-HT
might contribute to increases in hepatic FGF21
expression and circulating FGF21 levels in mice

fed a high-fat diet.

Methods
m General procedures

Five-week-old male C57BL6] mice were
purchased from Japan CLEA. The mice were
individually housed in cages with free access
to water and chow pellets in a light- and
temperature-controlled environment (12 h

on/12 h off, lights on at 08:00; 20-22°C). Six-
week-old male C57BL6] mice were provided a
high-fat diet (High Fat Diet 32, Japan CLEA) for
9 weeks. Then, the mice were intraperitoneally
injected with saline or PCPA (500 mg/kg) once
daily for 3 days. Daily food intake and body
weight changes were determined. At the fourth
day, the animals were decapitated and blood was
obtained for the measurement of blood glucose,
plasma FGF21 and insulin levels. The liver and
hypothalamus were excluded for determining

mRNA levels.

The experiment was performed between 9:00-
12:00. PCPA was purchased from Sigma
Chemical Co., Japan. The PCPA was suspended
in 0.2 ml 1% Tween saline. The dose of PCPA
(500 mg/kg) was selected based on evidences
that treatment with PCPA for 3 days remarkably
decreased brain 5-HT and serum 5-HT levels in
mice [5,6].

Whole blood was mixed with EDTA-2Na
(2 mg/ml) and aprotinin (500 kIU/ml) to
determine the plasma levels of FGF21. Plasma
levels of FGF21 and insulin were measured by
an enzyme-linked immunosorbent assay (rat/
mouse FGF21 ELISA kits; R&D System,
Tokyo, Japan, mouse Insulin ELISA KIT(TMB)
(AKRIN-011T, Shibayagi,Gunma, Japan) as
described previously [16,17]. Blood glucose
levels were measured using glucose strips (blood
glucose monitoring  system;  Accu-Check,
Roche Diagnostics, Tokyo, Japan). The animal
studies were conducted in accordance with the
institutional guidelines for animal experiments
at the Tohoku University Graduate School of
Medicine.

m Real-time quantitative reverse
transcription-polymerase chain reaction
(RT-PCR)

Total RNA was isolated from mouse liver using
the RNeasy Midi kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions.
cDNA synthesis was performed using a Super
Script I1I First-Strand Synthesis System for RT-
PCR Kit (Invitrogen, Rockville, MD) with 1 pg
total RNA. cDNA synthesized from total RNA
was evaluated in a real-time PCR quantitative
system (LightCycler Nano Instrument Roche
Diagnostics, Mannheim, Germany). The
primers were used as follows: mouse FGF21,
sense, 5’-CACCGCAGTCCAGAAAGTC
-3, and antisense,
5’-ATCAAAGTGAGGCGATCCA-3;
mouse PPARa«, sense,
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5’-CGGGTAACCTCGAAGTCTGA-3’,

and antisense,
5’-CTAACCTTGGGCCACACCT-3’;
mouse PPARYy, sense,

"CTGCTCAAGTATGGTGTCCATGAG-3’,
a n t i s e n s e s
5’-GAGGAACTCCCTGGTCATGAATC-3%;
mouse Nrf2, sense,
5-CAAGACTTGGGCCACTTAAAAGAC-3,
and antisense,
5-AGTAAGGCTTTCCATCCTCATCAC-3’;
mouse ATF4, sense,
5’-AGACACCGGCAAGGAGGATG-3’,
and antisense,
5’-CGAAACAGAGCATCGAAGTCAAC-3’;
mouse Tph2, sense,
5’-CGTGTGTGAAATCCTTTGAC-3’,
and antisense,
5>-GGGGTTGAAGTATACCGAGA-3’;
mouse [-actin, sense, 5-TTG TAA CCA ACT
GGG ACG ATA TGG-3’, and antisense, 5'-
GAT CTT GAT CTT CAT GGT GCT AGG-
3. The other primers were used as described
previously [18-20].

The relative amount of mRNA was calculated
using@@-actin mRNA as the invariant control.
Data are shown as fold-change of the mean value
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of the control group, which received saline as
described previously [16-20].

Statistical methods

Data are presented as mean + SEM (n= 6).
Comparisons  between two groups
performed using Student’s t-test. A P value
of less than 0.05 was considered statistically
significant. Comparisons between more than

were

two groups were performed using analysis
of variance with Bonferroni’s correction for
multiple comparisons.

Results

m Effects of treatment with PCPA on food
intake, body weight, hyperglycemia and
plasma insulin and FGF21 levels in mice
fed a high-fat diet

Intraperitoneal injection of PCPA (500 mg/
kg) for 3 days significantly decreased daily food
intake (Figure 1A), body weight (Figure 1B),
plasma insulin (Figure 1D) and FGF21 levels
(Figure 1E) compared with saline controls in
C57BL6 mice fed a high-fat diet while having

no significant effect on blood glucose levels
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Figure 1: Effects of intraperitoneal injection of PCPA (500 mg/kg) or 1% Tween in saline on daily food intake (A), body weight changes (B), blood glucose levels
(C), plasma insulin (D), and FGF21 (E) levels in mice. Data are presented as the mean + SEM (n = 6/group). * P < 0.05.
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(Figure 1C). These findings demonstrated that
a tryptophan hydroxylase inhibitor suppresses
daily food intake, body weight, plasma insulin
and FGF21 levels in mice fed a high-fat diet.

m Effects of treatment with PCPA on
expression of hepatic FGF21 and the
transcriptional factors in mice fed a high-
fat diet

The treatment with PCPA for 3 days significantly
decreased expression of hepatic FGF21 (40%
decrease) and increased expression of hepatic
Nif2 (1.7-fold) while having no significant
effects on expression of hepatic PPARa,
PPARy, and ATF4 (Figure 2). These findings
demonstrate that a tryptophan hydroxylase
inhibitor decreases expression of hepatic FGF21
and increases expression of hepatic Nrf2 in mice

fed a high-fat diet.
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Figure 2: Effects of intraperitoneal injection of PCPA (500 mg/kg) or 1% Tween in saline on
the expression of hepatic FGF21, PPARa., PPARy, ATF4, and Nrf2. Data are presented as the
mean + SEM (n = 6/group). * P < 0.05.
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Figure 3: Effects of intraperitoneal injection of PCPA (500 mg/kg) or 1% Tween in saline
on the expression of hypothalamic 5-HT2C receptors, 5-HT1B receptors, 5-HT2A receptors,
POMC, CART, AgRP, orexin, CRH, and Tph2. Data are presented as the mean + SEM (n = 6/
group). * P < 0.05.

m Effects of treatment with PCPA on
expression of hypothalamic 5-HT
receptors and neuropeptides involved in
regulation of appetite in mice fed a high-
fat diet

The treatment with PCPA for 3 days significantly
increased expression of hypothalamic 5-HT2C
receptors (1.5-fold) and pro-opiomelanocortin
(POMC) (1.4-fold) associated with decreased
expression of hypothalamic Tph2 (50 %)
in mice fed a high-fat diet while having no
significant effect on expression of hypothalamic
cocaine and amphetamine-regulated transcript
(CART), agouti-related peptide (AgRP), orexin,
corticotropin-releasing ~ hormone (CRH),
5-HT1B receptors, and 5-HT2A receptors
(Figure 3). These findings suggest that a
tryptophan  hydroxylase inhibitor increases
hypothalamic 5-HT2C receptor and POMC

expression in mice fed a high-fat diet.

Discussion

The results of the present study demonstrated
that PCPA treatment decreased food intake,
body weight gain, and insulin resistance
associated with decreases in hepatic FGF21
production and circulating FGF21 levels in
mice fed a high-fat diet. Our results support
a previous report that treatment with PCPA
prevents obesity in mice fed a high fat diet [7].
Treatment with PCPA inhibits lipogenesis in
epididymal white adipose tissue and promotes
thermogenesis via uncoupling prietin-1 (UCP1)
in brown adipose tissue, leading to weight loss in
mice fed a high- fat diet [7]. Although treatment
with PCPA (300 mg/kg) for 12 weeks did not
suppress daily food intake in the previous report
[71, our results demonstrated that treatment with
the PCPA (500 mg/kg) for 3 days significantly
suppressed daily food intake in mice fed a high-
fat diet. The differences in the effect of PCPA
on food intake might be due to the differences
in the doses of PCPA. Tphl-deficient mice fed
a high-fat diet are protected against obesity and
insulin resistance via promoting thermogenesis
via UCP-1 in brown adipose tissue without
affecting food intake [1,2]. On the other hand,
Tph2-deficient mice fed a normal diet exhibit
decreased food intake and increased energy
expenditure, leading to decreases in body weight
and fat pad weight [1,3]. Although treatment
with PCPA (500 mg/kg), an inhibitor of both
Tphl and Tph2, remarkably decreases brain
5-HT synthesis and serum 5-HT levels [5,6], the
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lower dose (300 mg/kg) might be less effective
on the inhibition of Tph2 in mice fed a high-fat
diet. We also cannot rule out the differences in
the acute and chronic effects of PCPA.

FGF21 is induced by PPAR«a in the liver in
response to fasting, PPARa agonists, and a high-
fat and low-carbohydrate ketogenic diet [8-12].
In addition, FGF21 is a downstream target of
PPARyY and is required for the anti-diabetic
effects of PPARy agonists [13]. Moreover,
hepatic FGF21 is induced by ATF4, which
is activated by metformin [14]. On the other
hand, Nrf2 downregulates hepatic FGF21
production [14]. Nrf2-deficient mice have
higher plasma FGF21 levels and higher FGF21
mRNA levels in the liver than wild-type mice
[15]. Our results demonstrated that treatment
with PCPA decreased hepatic FGF21 expression
independently of PPARa, PPARy, and ATF4,
but possibly due to increased expression of Nrf2
in mice fed a high-fat diet. Thus, a tryptophan
hydroxylase inhibitor might contribute to the
expression of hepatic Nrf2 and FGF21 in mice
fed a high-fat diet.

In addition, our results demonstrated that
decreases in hepatic FGF21 production and
circulating FGF21 induced by PCPA treatment
were associated with decreased insulin resistance
in mice fed a high-fat diet. On the other hand,
circulating FGF21 is based on liver-derived
FGF21 and FGF2l1-liver specific knockout
mice fed a high-fat diet display increased insulin
resistance [15]. The differences might be due to
the differences in plasma FGF21 levels between
mice treated with PCPA and mice with liver-
specific FGF21 knockout. Plasma FGF21 levels
are completely abolished in liver-specific FGF21
knockout mice fed a high fat diet, whereas the
mean FGF21 levels in plasma were decreased
(64%) in the PCPA-treated mice fed a high-
fat diet. We previously reported that increases
in physiologic circulating FGF21 levels are
related to impaired glucose tolerance in mice
[19]. Moreover, in humans, plasma FGF21
levels are reportedly increased in subjects with
prediabetes and type 2 diabetes [21], and predict

the insulin resistant state and development of
type 2 diabetes [21,22]. From these findings,
we raise the hypothesis that the increases in
physiologic circulating FGF21 levels in mice fed
a high-fat diet are related to insulin resistance,
and that decreasing the abnormally increased
FGF21 levels to a physiologic range might lead

to improved insulin resistance.

Moreover, our results demonstrated that the
decreased hepatic FGF21 production and
insulin resistance induced by PCPA treatment
were associated with increased expression of
hypothalamic 5-HT2C receptors and POMC
in mice fed a high-fat diet. 5-HT2C receptor-
deficient mice fed a high-fat diet rapidly develop
obesity, insulin resistance, and type 2 diabetes
[23]. 5-HT2C receptors expressed by POMC
neurons are physiologically relevant regulators
of insulin sensitivity and glucose homeostasis
in the liver [24]. The increased hypothalamic
5-HT2C receptor and POMC expression might
therefore contribute to decrease food intake,
body weight and insulin resistance induced
by PCPA in mice fed a high-fat diet. Further
studies will be needed to determine mechanisms
by which the pharmacologic inhibitor of 5-HT
synthesis decreases hepatic FGF21 expression
and circulating FGF21 levels, and increases
hypothalamic 5-HT2C receptor and POMC

expression in mice fed a high-fat diet in future.

In summary, these findings suggest that a Tph
inhibitor * decreases hepatic FGF21 production
and circulating FGF21 levels in relation to
improved insulin resistance, and increases the
expression of hypothalamic 5-HT2C receptors
and POMC in mice fed a high-fat diet.
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