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Abstract

Background/Aims: The liver is a vital organ in vertebrates and has a wide range of functions,
including glucose absorption, glycogen storage and glucose production. Fibroblast growth
factor (FGF)-21 is a metabolic regulator that is primarily produced by the liver. In this paper,
we studied the effect of FGF-21 on glucose metabolism in the liver. Methods: The glucose
uptake of cells was detected by 2-Deoxy-d-[*H] glucose; the synergy between insulin and
FGF-21 was evaluated. The mRNA expression of GLUT1-4, G6Pase and PEPCK was detected
by real-time PCR. Glycogen synthesis was examined by the anthrone method. Blood samples
to monitor glucose in db/db diabetic mice were obtained by tail snip. Glucose metabolism in
the liver and adipose tissues was observed by fluorescence microscopy. Results: In this study,
FGF-21 stimulated glucose uptake by liver cells in both a dose and time-dependent manner,
and at the same time, FGF-21 specifically stimulated GLUT1 expression in the liver cells.
Furthermore, FGF-21 demonstrated a synergistic effect with insulin on glucose absorption,
which is in accordance with enhanced GLUT-1 and -4 expression. Treatment with FGF-21
increased glycogen storage in liver cells. Consistent with in vitro results, FGF-21 lowered the
plasma glucose level and stimulated GLUTL expression and glycogen synthesis in db/db
diabetic mice. Simultaneously, FGF-21 inhibited the gene expression of G6Pase and PEPCK.
Conclusion: Our results suggest that FGF-21 clears up plasma glucose by stimulating glucose
absorption in the liver of diabetic animals and decreases glucose release from the liver by
inhibiting gluconeogenesis. Overall, these data indicate that the liver is an important target

organ of FGF-21 to regulate glucose metabolism.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Fibroblast growth factor 21 (FGF-21) is a metabolic regulator of glucose and lipid
homeostasis and is implicated as a potential therapeutic reagent for diabetes [1, 2], non-
alcoholic fatty liver disease (NAFLD) [3], obesity [4] and other metabolic disorders [5-8].
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Kharitonenkov etal. [1]. first studied the function of FGF-21 and showed that FGF-21 enhances
glucose uptake in 3T3-L1 adipocytes through the upregulation of glucose transporter-1
(GLUT1) expression. In vivo, FGF-21 transgenic mice are resistant to diet-induced weight
gain and fat accumulation, having significantly lower levels of glucose in fasting conditions
compared to the control group. When FGF-21 is administered to diabetic mice and non-
human primates, it provides an effective and sustained control over blood glucose and lipids
[1, 2]. FGF-21 preserves the mass and function of 3-cells [9], improves insulin sensitivity
[10], and ameliorates lipoprotein profiles including an increase and decrease in the high and
low-density lipoprotein, respectively, as well as by other beneficial changes [11]. In addition,
other studies showed that adipose tissue is not an exclusive target of FGF-21, and FGF-21
plays a valuable role in hepatic steatosis in diet-induced obese mice [12, 13] as well. Li et al.
[3] showed that serum FGF-21 can be potentially used as a biomarker for non-alcoholic fatty
liver disease in humans. Taken together, these findings demonstrate that the liver is a target
organ of FGF-21 that has a potent regulatory role in hepatic lipid metabolism [3, 12-14].

The liver is one of the most important organs in vertebrates, which plays a central role
in regulating whole body metabolism, including glucose and lipids [15]. The most important
role of the liver in glucose homeostasis is to maintain a stable fast blood glucose level in the
fasting state through gluconeogenesis, glycogenolysis and glycogen synthesis. Deregulation
between glucose uptake and production by the liver is thought to contribute to the onset of
type 2 diabetes [16, 17]. Although FGF-21 has been implicated in the regulation of hepatic
function [6, 14, 18-21], no direct evidence has been found showing the effect of FGF-21 on
regulation of glucose uptake in hepatic cells. We hypothesized that FGF-21 regulates plasma
glucose via its beneficial effects on glucose uptake and production by the liver. To prove
this, we chose the HepG2 cell model and mouse primary hepatocytes to study the effect of
FGF-21 on liver glucose regulation in vitro. In vivo, chronic administration of FGF-21 in db/
db diabetic mice was performed to explore the relationship between glucose metabolism
in the liver and plasma glucose. We detected the changes in glycogen synthesis and gene
expression of key enzymes induced by FGF-21 to study the mechanism of FGF-21 activity.
In conclusion, our data suggest that FGF-21 regulates plasma glucose by regulating GLUT1,
stimulates glycogen synthesis, and inhibits gluconeogenesis in the liver.

Materials and Methods

Ethics statement: The animal protocols were approved by the Heilongjiang animal care and use
committee.

Materials

HepG?2 cells were obtained from American Type Culture Collection (ATCC). Human recombinant insulin
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Cell culture media and blood serum were obtained
from Invitrogen Corporation (Gaithersburg, USA). 2-Deoxy-d-[*H] glucose was obtained from China Isotope
Corporation. 2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino] -2-deoxy-D-glucose (2-NBDG) was obtained
from Invitrogen Corporation. All other reagents were commercially available and of highest purity grade.

Expression and purification of mouse FGF-21
The FGF-21 cDNA was prepared from mouse liver. The FGF-21 protein was expressed and purified by
Sumo expression as previously described [22].

Cell cultures and glucose uptake assay

Primary hepatocytes were isolated from Kunming mice using a collagenase perfusion method [23]
and seeded onto collagen-coated 24-well plates. The hepatocytes were grown in DMEM containing 10%
FBS, 100 units/ml of penicillin and 100 pg/ml of streptomycin supplemented with 10 pg/ml insulin. The
HepG?2 cells were planted onto 96-well plates and cultured with DMEM containing 10% NBCS. For glucose
uptake assay, primary hepatocytes and HepG2 cells were serum starved for 12 h, and the cells were treated
with different concentrations of FGF-21 (0, 0.1, 1, 10, 100, 1000 nM) for 24 h. The plain medium was used
as blank control. To detect the cumulative action of insulin and FGF-21, HepG2 cells were co-treated with
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1 nM FGF-21 and different concentrations of insulin (0, 0.01, 0.1, 1, 10, 100, 1000 nM) for 24 h. Cells were
washed twice in KRP buffer (136 mM NacCl, 4.7 mM KCl, 1.25 mM CaClZ, 1.25 mM MgSO,x7H,0, and 10 mM
HEPES, pH 7.4) and 100 pl of 2-Deoxy-d-[3H]glucose (0.1 puCi/ml, 0.1 mM) was added for 10 min at 37 °C.
Finally, cells were washed three times with ice-cold KRP buffer, lysed in 1 M NaOH, and the cell-associated
radioactivity was counted using liquid scintillation counter. Aliquots of cell lysates were further used for the
determination of protein content by a BCA Protein Assay Kit.

Animals and treatments

Male db/db mice were obtained from Shanghai Slac Laboratory Animal Co. Ltd. They were housed at
21+2°Cina12hlight/dark cycle and had free access of food and water. Blood samples for monitoring glucose
were obtained by tail snip. The mice were randomly assigned to treatment and vehicle groups regardless
of their glucose levels and body weights. Four groups of db/db mice were injected intraperitonally (ip)
once daily with vehicle (0.9% saline), 4U insulin (Sigma), 0.5 mg/kg FGF-21, or a mixture of 0.125 mg/
kg FGF-21 and 4U insulin for 8 consecutive weeks. Mice were maintained on a standard diet and plasma
glucose was monitored during the period of drug treatment. Fed glucose was determined after 1 h of drug
administration on 0, 1, 2, 3, 4, 5, 6, 7 days. Then mice were fasted for 10 h and fasting glucose after 1 h drug
administration on 2, 12, 22, 32, 42 days were detected.

Determination of 2-NBDG in liver and adipose tissue

Mice were injected intraperitoneally (ip) once daily with 0.5 mg/kg FGF-21 for 8 consecutive weeks.
Mice were fasted for 2 h before FGF-21 administration and then subcutaneously injected with 2-NBDG (250
pg/mice). Blood samples were collected from the tails at 0, 30, 60 min after glucose loading to determine
the glucose concentrations. Mice were sacrificed by cervical dislocation 60 min after 2-NBDG injection. The
liver and epididymal adipose tissue were immediately fixed in 4% formaldehyde for 16 h before paraffin
embedding. The paraffin-embedded tissues were cross-sectioned (6 pm thickness) stepwise and the
fluorescent sections were analyzed by fluorescence microscopy.

Extraction of RNA, cDNA synthesis and real-time PCR

Total RNA was prepared from the cells and liver samples using Trizol reagent (Invitrogen Corporation,
Carlsbad, CA) in accordance with the manufacturer’s instructions. Total RNA (2 ng) was reverse-transcribed
by oligodT18 (Takara) using SuperScript First-Strand Synthesis System (Invitrogen Corporation). The
target cDNAs were analyzed by real-time PCR with QuantiTest SYBR Green PCR kit (Takara) using ABI 7300
(Applied Biosystems, Foster City, CA) according to the protocols provided by the manufacturer. All primer
sequences [24, 25] are presented in Table 1.

Detection of glycogen content

After treatment with 100 nM FGF-21 and 100 nM insulin alone or in combination for 24 h, the HepG2
cells were washed twice with PBS and resupended in 0.5 ml media. The stimulated cells were adjusted to a
concentration of approximately 10° cells /ml. Liver samples were washed twice with normal saline and 200
mg of liver tissue was homogenized in 4 ml of 5% TCA for 1 min. All samples were centrifuged at 3000 rpm
for 15 min. The precipitate was dissolved in 5% TCA and centrifuged once again. 1 ml of the supernatant
was mixed with 4 ml of 95% ethanol. After incubating overnight at the room temperature, the mixture was
centrifuged at 3000 rpm for 15 min. The resultant white precipitate was washed once with 95% ethanol and
then dissolved in water. Glycogen contents were examined by anthrone method [26].

Statistical analysis
Data were represented as

mean + SE, and all experiments Table 1. Primer sequences for real-time PCR

were repeated at least with Genes Sense primer Antisense primer
three batches of samples. All GLUT1(HepG2) CATCAATGCCCCCCAGAA AAGCGGCCCAGGATCAG
o GLUT4(HepG2) CTGGGCCTCACAGTGCTAC GTCAGGCGCTTCAGACTCTT
data were tested for significance GAPDH(HepG2)  GGAAGGTGAAGGTCGGAGTC ACTCCACGACGTACTCAGCG
using ANOVA, and results with GLUT1 CCATCCACCACACTCACCAC GCCCAGGATCAGCATCTCAA
*P<0.05 and **P <0.01 were GLUT4 CCTTTGAGATTGGCCCTGG AGGTGAAGATGAAGAAGCCAAGC
' : GK GGAGACCAGCCCTGTTAAGCT GTCCACTGCTCCCACCAATG
considered as statistically sig- G6Pase TCAACCTCGTCTTCAAGTGGATT ~ GCTGTAGTAGTCGGTGTCCAGGA
nificant. PEPCK GGCGGAGCATATGCTGATCC CCACAGGCACTAGGGAAGGC
B-actin GAGACCTTCAACACCCC GTGGTGGTGAAGCTGTAGCC
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Results

FGF-21 induces glucose uptake in liver cells

The HepG2 cell model was chosen to model the liver, which is considered to retain most
of the functions of glucose metabolism and lipid metabolism. Asrih et al. found that FFA
impairs the effect of FGF21 on hepatic lipid metabolism in HepG2 cells [27]; however, the
direct effect of FGF-21 on glucose metabolism in HepG2 cells has not been fully examined. To
evaluate whether FGF-21 stimulates glucose metabolism in the liver, glucose uptake assays
were carried out in HepG2 cells and mouse primary hepatocytes. After treatment with FGF-
21, glucose consumption in both cell types was significantly increased in a dose-dependent
manner (Fig. 1A and B), suggesting that both cell types responded to FGF-21 treatment.
To test whether FGF-21 displays a synergistic effect with insulin as previously reported in
adipocytes [28], HepG2 cells were treated with either FGF-21 or insulin alone or co-treated
with fixed FGF-21 and variable amounts of insulin. The results showed that both proteins
could stimulate glucose consumption of HepG2 cells in a dose-dependent manner. However,
compared to either FGF-21 or insulin treatment alone, co-treatment of HepG2 cells with

both proteins significantly enhanced glucose uptake (Fig. 1C), suggesting that FGF-21 could
enhance the effect of insulin.

FGF-21 stimulates glucose uptake by HepGZ2 cells in a time-dependent manner

The effect of FGF-21 on glucose uptake with time in liver cells was evaluated by
measuring 2-Deoxy-d-[*H] glucose incorporation in HepG2 cells at 2, 4, 6, 8, 12, 24 and 36
h after 100 nM FGF-21 treatment. The results showed that the effect of FGF-21 on glucose
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Fig. 1. FGF-21 stimulates glucose uptake and shows a synergistic effect with human recombinant insulin
in liver cells. FGF-21 dose response on HepG2 (A) and primary hetapocytes (B) in glucose uptake assay. (C)
FGF-21 shows synergistic effect with insulin. HepG2 cells were treated with insulin and FGF-21 alone or co-
treated with fixed FGF-21 (1 nM) and variable doses (0.01, 0.1, 1,10, 100, 1000 nM) of insulin. The values (*
SE) shown are the average of at least 3 independent experiments. "'P<0.05, “P<0.01 compared to unstimu-
lated control (t-test). *P<0.05, **P<0.01 compared to insulin or FGF-21 treatment alone (t-test).
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uptake was observed after 4 h of treatment in HepG2 cells, and the cells stimulated with FGF-
21 showed enhanced glucose uptake compared to the cells treated with 100 nM insulin for 8
h (Fig. 2). The predominant effect of FGF-21 on glucose uptake in liver cells was sustained up
to 36 h. These results strongly indicated that the effect of FGF-21 on stimulation of glucose
uptake in HepG2 cells was time-dependent in nature.

Increase in GLUT1 mRNA level in liver cells contributes to glucose uptake stimulated by

FGF-21

Glucose uptake in HepG2 cells was affected by FGF-21 after 4 h of treatment, suggesting
that transcriptional and translational activation were both involved. GLUT1 has been shown
as an important player for FGF-21-induced glucose uptake in adipocytes. However, GLUT1
to GLUT4 all exist in hepatocytes and GLUTZ2 is the main glucose transporter stimulated

Fig. 2. FGF-21 stimulates glucose uptake by HepG2

cells in a time-dependent manner. HepG2 cells 6007 (3 Control kg
were treated with 100 nM human recombinant in- sp0{ @Insulin
BOFGF-21 wE

sulin and 100 nM FGF-21 respectively for different
length of times (h). The values (+ SE) shown are
the average of at least 3 independent experiments.
*P<0.05, **P<0.001 compared to unstimulated
control. *P< 0.05, **P<0.01 compared to human re-
combinant insulin treated cells.
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Fig. 3. FGF-21 enhances GLUT1 expression without any effect on GLUT2, GLUT3 and GLUT4 in HepG2 cells.
(A) FGF-21 specifically regulated GLUT1 mRNA expression in HepG2 cells. HepG2 cells were stimulated by
100 nM FGF-21 or 100 nM insulin for 6 h and mRNA expression was determined by semiquantitative PCR.
(B) mRNA expression of GLUT1 by real-time PCR reached the highest peak at 6 hours stimulated by 100 nM
FGF-21 in HepG?2 cells. (C) and (D) mRNA expression of GLUT1 and GLUT4 stimulated by FGF-21 and insulin
may help in understanding the synergistic effect of FGF-21 and insulin on glucose uptake. HepG2 cells were
stimulated by 100 nM FGF-21 or 100 nM insulin alone or co-treated with both. Real-time PCR analyses were
used to measure mRNA levels. The values (* SE) shown are the average of at least 3 independent experi-
ments. *P<0.05, **P<0.001 compared to unstimulated control.
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by plasma glucose [29]. To explore the mechanism of action of FGF-21 on glucose uptake
by hepatocytes, mRNA was extracted from HepG2 cells and incubated with or without 100
nM FGF-21. Gene specific primer sets were then used for amplification of GLUT1, GLUT?2,
GLUT3 and GLUT4. The results showed that only the GLUT1 mRNA level in HepG2 cells
increased with FGF-21 stimulation, whereas GLUT4 mRNA increased with 100 nM insulin
stimulation, as expected (Fig. 3A). To study the relationship between FGF-21 and GLUT1
mRNA expression, real-time PCR was used for quantitation of the GLUT1 mRNA expression
level. The results demonstrated that GLUT1 mRNA expression in HepG2 cells was increased
more than 5-fold at 6 h post treatment with 100 nM FGF-21, compared to the unstimulated
control (Fig. 3B). Altogether, these data suggested that FGF-21 induced GLUT1 expression
to transport the basal glucose in the liver cells. Further, we detected the combined effect of
insulin and FGF-21 on glucose transporters. Excitingly, compared to 100 nM FGF-21 and 100
nM insulin treatment alone at 6 h, the levels of GLUT1 and GLUT4 mRNA were increased
significantly with insulin and FGF-21 co-treatment (Fig. 3C, Fig. 3D). These results suggested
that FGF-21 and insulin might regulate the expression of glucose transporters in the liver
cells through a synergistic effect.

FGF-21 stimulates liver cells to store glycogen

One of the important functions of the liver is glycogen synthesis. To detect whether
FGF-21 stimulates glycogen storage in HepG2 cells, a colorimetric reaction by anthrone was
used to detect glycogen synthesis. The results showed that glycogen synthesis was markedly
increased in HepG2 cells treated with 100 nM FGF-21 (P<0.05) or 100 nM insulin (P<0.01).
A cumulative effect of FGF-21 and insulin on glycogen synthesis was observed (Fig. 4),
which was consistent with the synergistic effect on glucose uptake in the liver cells after co-
treatment. The results suggested that FGF-21 stimulates glucose uptake by liver cells to store
glycogen and might have a co-regulatory effect with insulin.

Detection of glycometabolism stimulated by FGF-21 in the livers of db/db mice with

fluorescent imaging

A fluorescent analogue of 2-deoxyglucose, 2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)
amino]-2-deoxy-D-glucose (2-NBDG) can be taken up by live cells and be phosphorylated.
Phosphorylated 2-NBDG cannot be metabolized and can thus be detected by fluorescence
microscopy. In this study, 2-NBDG was used to assess glucose transport stimulated by
FGF-21. After 60 min of 2-NBDG injection, the plasma glucose of db/db mice was lowered
near to a normal level with 0.5 mg/kg FGF-21 injection. After sacrificing the mice, glucose
metabolism in the liver and adipose tissues was observed by fluorescence microscopy. The
results showed that 2-NBDG was taken up by both the liver and epididymal adipose tissue
(positive control) when stimulated with FGF-21 in db/db mice (Fig. 5). The fluorescent
images suggested that FGF-21 could regulate glucose transport in liver cells in vivo.

FGF-21 stimulates glycogen synthesis and inhibits gluconeogenesis by the liver for

regulation of plasma glucose homeostasis in diabetic mice

FGF-21 regulates plasma glucose in vivo, which was first reported by Kharitonenkov et al.
in2005[1]. However, to date, the mechanism of action of FGF-21 has notbeen fully understood.

Fig. 4. FGF-21 stimulates glycogen synthesis in _ 167 "
HepG2 cells. Cells were incubated with FGF-21 % 14 - x I

or insulin alone or co-treated with both (100 [ 2 121 [

nM) for 24 h. Glycogen content was detected | % 19 :

with anthrone. The values (* SE) shown are the g_“'

average of at least 3 independent experiments. E ¢

*P<0.05, **P<0.01 compared to unstimulated %ﬁ :

control. 'P<0.01 compared to 100 nM FGF-21 | & | . . . .
or 100 nM insulin treatment alone. Control FGF-21 Insulin Insulin+FGF-21
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Control Insulin FGF-21

Adipose tissue

Liver tissue

Fig. 5. FGF-21 stimulates glucose transport in the livers of db/db mice. Male db/db mice were injected
intraperitonally (ip) once daily with 0.9% saline (A, D), 4U insulin (B, E) or 0.5 mg/kg FGF-21 (C, F) for 8
consecutive weeks. Mice were fasted for 2 h before FGF-21 administration and then subcutaneously injected
with 2-NBDG (250 pg/mice). 2-NBDG transport of in vivo was obseved by fluorescence microscopy as de-
scribed in Materials and Methods. (A) and (D), Shown are images of phosphorylated 2-NBDG in adipose
tissue and in liver tissue in control. (B) and (E), Shown are fluorescence enhancement images of 2-NBDG
transport in adipose tissue and in liver tissue that were stimulated with insulin in positive control. (C) and
(F), Fluorescent images suggest that FGF-21 stimulated 2-NBDG transport both in adipose tissue and in
liver tissue.

To elucidate the role of the liver in glucose metabolism of diabetic mice administered with
FGF-21, we measured glycogen content and the gene expression of GK, G6Pase, and PEPCK
in db/db mice. These mice were administered FGF-21 protein for 8 consecutive weeks, and
plasma glucose was monitored daily. The results demonstrated that, after 1 day, the glucose
levels in db/db mice were significantly lowered with the administration of 0.5 mg/kg/d of
FGF-21 (P<0.05, Fig. 6A). After 4 days of injection, the glucose levels of db/db mice were
lowered to a normal level. Remarkably, FGF-21 also regulated the fasting glucose in db/db
mice (Fig. 6B) and glucose remained at normal levels up to 24 h after withdrawal of FGF-
21 (Fig. 6C). This led us to hypothesize that FGF-21 acted on the regulation of the glucose
level and might have a connection with hepatic glucose metabolism. We also examined the
synergistic effect of FGF-21 and insulin on glucose regulation in vivo. The db/db mice had
a minor change in glucose levels after 24 h of administration of 0.125 mg/kg of FGF-21 or
4U insulin (Fig. 6A). In contrast, the glucose levels of db/db diabetic mice were significantly
lowered after 1 day of administration of 0.125 mg/kg FGF-21 and 4U insulin mixture (P<0.01,
Fig. 6A). These data suggested that FGF-21 combined with insulin can regulate plasma
glucose much faster and can maintain glucose homeostasis for a prolonged period of time,
compared to insulin administration alone. No evidence of hypoglycemic mice was observed
during the 8 weeks of treatment with FGF-21.

Glucose production in the liver ensures a sufficient supply of glucose for the body in
the post-absorptive state, and at the same time, glycogen is stored by taking up a portion
of ingested carbohydrates in the post-prandial period [15].To investigate the mechanism of
regulation of plasma glucose by FGF-21, we measured glycogen content and mRNA levels of
some enzymes involved in the glycolysis and gluconeogenesis in the liver of db/db diabetic
mice. The results showed that both FGF-21 (0.05 mg/kg) and the mixture of FGF-21 (0.125
mg/kg) and insulin (4U) could significantly increase glycogen synthesis, compared to that
in the control (Fig. 6D). The real-time PCR results showed that FGF-21 reduced mRNA
expression of GK, G6Pase and PEPCK in the livers of db/db mice (Fig. 6E), suggesting that
FGF-21 regulates glucose release by inhibiting gluconeogenesis in the liver. We also detected
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w
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8 weeks. Hepatic mRNA analyses of
glucose transporter 1 (GLUT1), glucose
transporter 4 (GLUT4), glucokinase (GK), glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate car-
boxykinase (PEPCK) in db/db mice via real-time PCR. The values (+ SE) shown are the average of at least 3
independent experiments. *P<0.05, **P<0.01 compared to unstimulated control. *P<0.01 compared to the
groups treated with 0.125mg/kg FGF-21.

gene expression of GLUT1, GLUT2, GLUT3 and GLUT4 in vivo. GLUT1 and GLUT4 were
increased in the liver after treatment with FGF-21 and insulin, respectively. This revealed
that FGF-21 specifically induced GLUT1 mRNA up-regulation in the liver tissue to transport
glucose. Taken together, our study showed that the liver is one of the important target organs
of FGF-21 and plays an important role in the regulation of glucose homeostasis in diabetic
mice by FGF-21 administration.

Discussion

The liver contains many enzymes to maintain plasma glucose levels by breaking down
(glycogenolysis) or storing glycogen and converting non-carbohydrate precursors, such as
lactate, amino acids and glycerol, to glucose (gluconeogenesis). Under fasting conditions,
hepatic glucose production (HGP), which represents 90% of total glucose release, provides
sufficient glucose to glucose-dependent tissues, such as the central nervous system, and at the
same time regulates the plasma glucose concentration, as well. After feeding, the liver takes
up a portion of ingested carbohydrates to restore glucose as glycogen. Glucose metabolism
disorder in the liver is the main reason for hepatic insulin resistance and type 2 diabetes. The
crucial problem of diabetes therapy is to control blood glucose. Glucose metabolism plays
an important role in the development of diabetes. At present, FGF-21 is a potential drug
candidate, and the biological function of FGF-21 in hepatocytes/liver is widely unknown.
Badman et al. showed that hepatic fibroblast growth factor 21 is regulated by PPARalpha
and is a key mediator of hepatic lipid metabolism in ketotic states [6]. Fisher et al. reported
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that FGF-21 could activate FGF signalling in isolated hepatocytes [20], while Xu et al. showed
that FGF-21 could decrease glucose production in H4IIE cells [18]. Asrih et al. found that FFA
impairs FGF21 action in HepG2 cells [27]. In vivo, FGF21 enhances hepatic insulin sensitivity
[19], ameliorates AFLD [30], and regulates the adaptive metabolic response of the liver to
prolonged fasting [21]. However, whether and how FGF-21 directly stimulates hepatocytes
on glucose uptake is unclear. In contrast, we found that FGF-21 stimulated glucose uptake
in HepG2 cells, as well as in mouse primary hepatocytes, in a dose-dependent manner (Fig.
1A, B).

To analyse the molecular mechanism of FGF-21-induced glucose uptake in hepatocytes,
we investigated the direct effect of FGF-21 on mRNA and protein expression of GLUT1,
GLUT2, GLUT3 and GLUT4 in HepG2 cells. Consistent with the effects of FGF-21 on 3T3-L1
adipocytes, we showed that FGF-21 induced mRNA expression of GLUT1 in HepG2 cells (Fig.
3). Furthermore, mRNA levels of GLUT1 and GLUT4 were significantly increased by the co-
treatment of FGF-21 and insulin, compared to FGF-21 and insulin treatment alone. GLUT4
localized in storage vesicles responds to insulin and traffics to the cell surface to transport
glucose [31]. GLUT1 must be synthesized for delivery to the cell surface or returned to the
cell surface through a recycling pool [32]. The trafficking of GLUT1 and GLUT4 stimulated
by FGF-21 and insulin requires further study and research. Here, we hypothesized that both
GLUT1 and GLUT4 expression may help in understanding the synergistic effect of FGF-21
and insulin on glucose uptake.

Xuetal.found that FGF-21 treatmentrestored the glucose infusionrate and reduced clamp
hepatic glucose production in DIO mice [12]. The effects of FGF-21 led us to study glucose
metabolism by FGF-21 in liver cells. Glucose enters the liver cells and is phosphorylated by
glucokinases (GK) to form glucose-6-phosphate (G6P).Depending on the energy requirements
of the cells, G6P can be used to generate ATP via glycolysis or be metabolized to uridine
diphospho-(UDP)-glucose and stored as glycogen [33]. Thus, measurement of glycogen
content is a powerful tool to examine the probable metabolic responses of FGF-21 in vitro and
in vivo at the same time. We discovered that the glycogen content in HepG2 cells significantly
increased after FGF-21 treatment, compared to the control. Our studies demonstrated that
FGF-21 binds to its receptor initiating some signalling cascades to increase glucose uptake
via regulation of the glucose tranporter-1 (GLUT-1) and simultaneously participates in
glycogen storage in the liver. Although several studies focused on the identification of FGF21
mediators, such as PPARalpha and leptin, the information of the FGF21-specific signalling
pathway is still very limited at present [34]. FGF-21 enhances glucose uptake by hepatocytes,
suppresses hepatic glucose production and increases liver glycogen in vivo. We speculated
that FGF-21 controls the blood glucose concentration by promoting glucose uptake in liver
cells and glycogen synthesis, as well as inhibiting glycogenolysis and gluconeogenesis. The
db/db diabetic mice were used to study the relation between FGF-21-regulated blood glucose
levels and the effects of FGF-21 on glycogen synthesis, glycogenolysis and gluconeogenesis in
the liver. 2-NBDG was used to detect glucose metabolism in db/db mice, and phosphorylation
of 2-NBDG was detected in both the liver and the adipose tissue. Subsequently, we showed
that FGF-21 increased glycogen content and the GLUT1 mRNA level in vivo. In addition, we
showed that plasma glucose was maintained at a normal level for 5 days after withdrawal of
FGF-21 administration. Gene expression of GK, G6Pase and PEPCK, the key enzymes that are
involved in gluconeogenesis, were down-regulated by FGF-21 in the liver.

Conclusion

In conclusion, we analysed the effects of FGF-21 on liver cells and showed that FGF-
21 enhances glucose uptake of liver cells and regulates plasma glucose levels in diabetic
mice. Moreover, our study revealed that FGF-21 enhances glycogen content, increases gene
expression of GLUT1 and suppresses gene expression of GK, G6Pase and PEPCK. Overall,
these results suggest that FGF-21 may act in glycogen synthesis and gluconeogenesis in the
regulation of glucose metabolism in the liver.
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