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Abstract

Non-alcoholic fatty liver disease (NAFLD) currently affects about 25% of the world’s population,
and the numbers continue to rise as the number of obese patients increases. However, there are
currently no approved treatments for NAFLD. This study reports on the evaluation of the
therapeutic effect of a recombinant human serum albumin-fibroblast growth factor 21 analogue
fusion protein (HSA-FGF21) on the pathology of NAFLD that was induced by using two high-
fat diets (HFD), HFD-60 and STHD-01. The HFD-60-induced NAFLD model mice with obesity,
insulin resistance, dyslipidemia and hepatic lipid accumulation were treated with HSA-FGF21
three times per week for 4 weeks starting at 12 weeks after the HFD-60 feeding. The
administration of HSA-FGF21 suppressed the increased body weight, improved hyperglycemia,
hyperinsulinemia, and showed a decreased accumulation of plasma lipid and hepatic lipid levels.
The elevation of C16:0, C18:0 and C18:1 fatty acids in the liver that were observed in the HFD-
60 group was recovered by the HSA-FGF21 administration. The increased expression levels of
the hepatic fatty acid uptake receptor (CD36) and fatty acid synthase (SREBP-1c, FAS, SCD-1,
Elovl6) were also suppressed. In adipose tissue, HSA-FGF21 caused an improved adipocyte
hypertrophy, a decrease in the levels of inflammatory cytokines and induced the expression of
adiponectin and thermogenic factors. The administration of HSA-FGF21 to the STHD-01-induced
NAFLD model mice resulted in suppressed plasma ALT and AST levels, oxidative stress,
inflammatory cell infiltration and fibrosis. Together, HSA-FGF21 has some potential for use as a

therapeutic agent for the treatment of NAFLD.
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1. Introduction
Non-alcoholic fatty liver disease (NAFLD) is a condition in which an excessive intake of energy
results in the accumulation of triglycerides in the liver. It is classified as either non-alcoholic fatty
liver (NAFL) and non-alcoholic steatohepatitis (NASH). NASH is a progressive disease with a
high risk of progressing to cirrhosis and cancer, and about 20% of NAFLD patients have NASH.
NAFLD currently affects about 25% of the world’s population[1], and this number continues to
rise as the number of obese patients increases. By 2030, NASH-induced liver failure is expected
to be the leading cause of liver transplantation[1-3]. However, there are currently no approved
treatments for NAFLD/NASH.

NAFLD/NASH is regarded as a type of metabolic syndrome, and many patients have
obesity, type 2 diabetes and dyslipidemia as underlying diseases[1, 4]. Insulin resistance is a
particularly important risk factor, and NAFLD patients with insulin resistance eventually develop
NASH which, in turn, is a high risk factor for progression to end-stage liver failure and a high
mortality rate[5-8]. The pathophysiology of NAFLD is complicated due to the variety of
pathophysiological backgrounds of these subjects. The “multiple parallel hits hypothesis”
proposed by Tilg et al. is widely recognized as the mechanism responsible for the progression of
this disease[9]. In this hypothesis, which is based on obesity and insulin resistance, the
pathogenesis is thought to occur through the simultaneous interaction of a number of factors that
include fat accumulation in hepatocytes, the abnormal secretion of adipokines, the production of
inflammatory cytokines derived from immune cells and oxidative stress. Therefore, therapeutic
drugs against NAFLD/NASH should be able to target the above multiple disease progression
factors.

Fibroblast growth factor 21 (FGF21) is a hormone-like protein with a molecular weight

of 19.5 kDa that belongs to the FGF family of proteins and is produced by liver, adipose tissue,



muscle and pancreas. Serum levels of FGF21 are elevated in obesity, type 2 diabetes and
NAFLD/NASH[10, 11]. In the case of NAFLD, serum FGF21 levels increases with the
progression of the disease[12]. On the other hand, it was reported that the pharmacological
administration of FGF21 to obesity model mice, type 2 diabetes model mice and monkeys showed
hypoglycemic effects, improved insulin sensitivity, the reduction of serum triglycerides and
cholesterol, which lead to weight loss and an improved fatty liver[13-15]). Furthermore, it also
reported that FGF21 has pleiotropic pharmacological effects such as enhanced heat production in
adipose tissue and the induction of adiponectin[16-19]. Given these observations, FGF21 would
be expected to be a novel and unique therapeutic agent that can comprehensively improve the
overall pathology associated with NAFLD.

However, since the recombinant wild type FGF21 was unstable and the plasma half-life
was very short due to its low molecular weight, wild type FGF21 itself could not be allowed for
clinical application. In fact, the stabilized FGF21[20] and several long-acting FGF21 such as
FGF21 molecule linked to a humanized immunoglobulin[21] or polyethylene glycol[22] in
addition to Fc-fusion type[23] have been developed so far. We recently successfully generated a
long-acting recombinant FGF21 analogue, in which the stabilized mutant FGF21 (AHPIP, P171G,
A180E, L118C-A134C, S167A) was fused with human serum albumin (HSA) (HSA-FGF21) via
a polypeptide linker (GGGGSGGGGS), then expressed using a Pichia expression system[24].
We also reported that HSA-FGF21 exerts a sustained hypoglycemic effect without causing
hypoglycemia in streptozotocin-induced type 1 diabetes model mice[24]. These findings
suggested that HSA-FGF21 could also be effective for the treatment of NAFLD/NASH.

In this study, we report on the first pharmacological evaluation of HSA-FGF21 for the
treatment of the pathology associated with NAFLD/NASH. Considering the diversity of NAFLD

pathology models, we selected two high-fat diet (HFD)-induced NAFLD model mice, HFD-60



and STHD-01.



2.Material & Methods
2.1. Preparation of HSA-FGF21 analogue fusion
The HSA-FGF21 analogue was expressed using Pichia expression system. The preparation of

HSA-FGF21 analogue fusion was reported in a previous study[24].

2.2. HFD-60-induced NAFLD model mice and the drug administration schedule

C57BL/6J mice (3-week-old, male) purchased from Japan SLC, Inc. (Shizuoka, Japan) were
preliminarily housed for 1 week and used as 4-week-old mice. Basal diet CE-2 (CLEA Japan, Inc.,
Tokyo, Japan) as a normal diet (ND) and HFD-60 (Oriental Yeast Co., Ltd. Tokyo, Japan) as a
high-fat diet (HFD) were bred ad libitum for 16 weeks. At 12 weeks after the HFD-60 feeding,
PBS (10 mL/kg) or HSA-FGF21 (250, 500 nmol/kg) was administered via the tail vein three times
a week. After 4 weeks, the mice were euthanized and evaluated. At the start of the HFD-60 feeding,
body weight was used to randomize the normal diet (ND) group and the HFD-60 feeding group,
and at 12 weeks after HFD-60 feeding, the HFD-60 feeding group was divided into the PBS group

and the HSA-FGF21 (250 or 500 nmol/kg) group based on body weight and blood glucose levels.

2.3. STHD-01-induced NAFLD/NASH model mice and the drug administration schedule

C57BL/6J mice (8-week-old, male) purchased from Japan SLC, Inc. (Shizuoka, Japan) were
preliminarily housed for 1 week and used as 9-week-old mice. STHD-01 was donated by EA
Pharma Co., Ltd. (Tokyo, Japan). Basal diet CE-2 (CLEA Japan, Inc., Tokyo, Japan) as a ND and
STHD-01 (Oriental Yeast Co., Ltd. Tokyo, Japan) as a HFD were fed ad libitum for 4 weeks. Two
weeks after the start of the STHD-01 feeding, PBS (10 mL/kg) or HSA-FGF21 (250, 500
nmol/kg) was administered via the tail vein three times a week. Telmisartan (5 mg/kg: Tokyo

Kasei, Tokyo, Japan) was orally administered daily for 2 weeks.



2.4. Measurement of plasma biochemical parameters
Plasma lipid concentrations were measured using a Fuji Dry Chem 7000Z (FUJIFILM Tokyo,
Japan) and Fuji Dry Chem Slide TG-PIII and TCHO-PIII. Transaminase C-II Test Wako

(FUJIFILM Wako Pure Chemical, Tokyo, Japan) was used to measure ALT and AST.

2.5. Measurement of plasma leptin, insulin and adiponectin levels
ELISA kits (LBIS Mouse Insulin and LBIS Leptin-Mouse: FUJIFILM Wako Shibayagi, Tokyo,
Japan, Mouse/Rat Adiponectin ELISA Kit: Otsuka Pharmaceutical Co., Ltd. Japan) were used

and performed according to the attached protocol.

2.6. Measurement of blood glucose level

In the case of the HFD-60-induced NAFLD model mice, a self-monitoring blood glucose meter
Glutest NEO Super (Sanwa Chemical Co., Ltd.) was used. Using a Glutest NEO sensor (Sanwa
Chemical Co., Ltd.) as a dedicated sensor, the tip of the tail of the mouse was cut and measured.
Fasting blood glucose levels were measured after a 12 hour period of fasting. In the study of
STHD-01-induced NASH model mice, a glucose CII-Test Wako (FUJIFILM Wako Pure

Chemical Industries, Ltd.) was used.

2.7. Oral glucose tolerance test

After fasting for 12 hours, the mice were given a glucose solution (2 g/kg body weight) and blood
glucose levels were measured after 0, 15, 30, 60 and 120 minutes. The glucose solution was
prepared by diluting D-(+)-glucose with saline, filter sterilizing, and allowing it to stand at room

temperature overnight.



2.8. Oil Red O staining

An Oil Red O staining solution was prepared by adding 0.3 g of Oil Red O powder (FUJIFILM
Wako Pure Chemical Industries, Ltd.) to 100 mL of 99% isopropanol followed by incubating at
60°C (6 hours). Frozen liver sections were stained with an Oil Red O staining solution for 15 min
and washed with deionized water for 5 min. The sample was then stained with Mayer's
hematoxylin solution for 3 minutes, washed with ion-exchanged water for 5 minutes, mounted
with a water-soluble mounting medium, Mount-Quick “Aqueous” (Daido Sangyo Co., Ltd.,
Tokyo, Japan). Images and analysis were performed using a Keyence BZ-X710 microscope

(Keyence, Osaka, Japan).

2.9. HE staining

HE staining was performed as described in our previous study[24].

2.10. Determination of hepatic triglycerides (TG) and total cholesterol (TCHO)

After collecting the liver from the mouse, 0.5 mL of methanol was added to about 150 mg of the
liver and the sample was then homogenized. The homogenate was mixed with 1 mL of chloroform,
1 mL of 0.9% saline was added, and the suspension was centrifuged (2,800 rpm, 10 min, 4°C).
After collecting the lower layer in the vial, it was placed in a block incubator at 55 °C for about
8 hours to allow the solvent to evaporate and to concentrate the sample. Samples were
resuspended in 1% Triton X/isopropanol and measured with a Triglyceride E Test Wako and

Cholesterol E Test Wako (FUJIFILM Wako Pure Chemical Industries, Ltd.).

2.11. Measurement of various mRNA expression levels by a quantitative RT-PCR method

Measurement of various mRNA expression levels was performed according to our previous



study[24]. The primers used are listed in the Supplemental Table 1.

2.12. Western blotting and enzyme immunostaining
Western blotting and enzyme immunostaining were performed according to our previous study

[24]. The antibodies used are listed in the Supplemental Table 2.

2.13. Measurement of fatty acid composition by gas chromatography-mass spectrometry (GC-
MS)
Measurement of fatty acid composition by GC-MS was performed as described in our previous

study[25].

2.14. Picro-Sirius Red staining

After removing the paraffin attached to the prepared paraffin section by treatment with xylene
and ethanol, the sample was stained with iron hematoxylin, washed with water, and stained with
a Picro-Sirius red solution. Stained sections were observed under an optical microscope (BZ-
X710, Keyence). 10-12 fields were randomly selected from each section and quantified using BZ-

Analyzer software

2.15. Culture and differentiation of mouse fibroblast cell line (3T3L1)

Subculture medium was prepared by adding 10 % calf serum, 0.1 mg/mL streptomycin, 100 U/mL
penicillin to DMEM (low glucose). The base medium was prepared by adding 10% FBS, 0.1
mg/mL streptomycin, and 100 U/mL penicillin to the DMEM (high glucose). The differentiation
medium was prepared by adding 2.5 uM dexamethasone, 500 uM isobutylmethylxanthine, and

10 pg/mL insulin to the basal medium. The maturation-promoting medium was prepared by



adding a 10 pg/mL solution of insulin to the basal medium. 3T3L1 was cultured in subculture
medium and used as preadipocytes. After inoculating the plate, it was cultured in subculture
medium until it reached confluence. After 24 hours, the medium was replaced with differentiation
medium. After inducing differentiation for 48 hours, the medium was replaced with a maturation-

promoting medium and cultured for 12 days to obtain mature adipocytes.

2.16. Examination of adiponectin induction ability using 3T3L1 cells
3T3L1 cells were seeded in a 12-well plate at 2.0x10° cells/well and differentiated into mature
adipocytes. After starvation for 4 hours, PBS, HSA (10, 100 nM), HSA-FGF21 (10-100 nM) and

FGF21 (10 nM) were added, RNA extraction was then performed 12 hours later.

2.17. Statistical analyses

All experimental data are shown as the meantstandard error. GraphPad Prism 9 (GraphPad
Software, CA) was used as statistical analysis software. The means for more than two groups
were compared by one-way ANOVA, and multiple comparison test was performed by the Turkey

method. A probability value of P<(0.05 were considered to be significant.
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3. Results

3-1. Therapeutic effect of HSA-FGF21 on obesity

Therapeutic effect of HSA-FGF-21 on obesity was evaluated using NAFLD model mice.
Considering the pathological background of NAFLD/NASH patients, we used high-fat diet
(HFD)-60-induced NAFLD model mice with obesity and abnormal glucose and lipid metabolism.
After 12 weeks of HFD-60 feeding, PBS (10 mL/kg, i.v.) or HSA-FGF21 (250, 500 nmol/kg, i.v.)
was administered three times a week for 4 weeks (Fig. 1A). In the 12th week of HFD-60 feeding,
randomization was performed by body weight and blood glucose level. The HFD-60 feeding
caused a gradual increase in body weight, and after 12 weeks, a difference of about 15 g was
observed compared to the normal diet (ND) group (Fig. S1A). In the HSA-FGF21 administration
group, body weight gain was suppressed (Fig. 1B and C). Body weight was significantly
decreased from 20 days after administration in the 500 nmol/kg group, and from 25 days after
administration in the 250 nmol/kg group (Fig. 1C). In addition, HFD-60 feeding significantly
increased the weight of epididymal white adipose tissue (eWAT), mesenteric white adipose tissue
(mWAT), inguinal subcutaneous white adipose tissue (ingWAT) and interscapular brown adipose
tissue (iBAT) (Fig. 1D-H). At this time, eWAT, ingWAT, and iBAT had all been observed to have
accumulated lipid droplets by HE staining (Fig. S1B). On the other hand, the administration of
HSA-FGF21 (250, 500 nmol/kg) reduced this accumulation (Fig. S1B) and suppressed the weight
of adipose tissues that had been induced by HFD-60 (Fig. 1D-H,). Food intake was slightly
increased in the HSA-FGF21 (250, 500 nmol/kg) administration group compared to the ND group
and the PBS administration group (Fig. S1C), indicating that the effects of HSA-FGF21 was
independent of food intake. The administration of HSA-FGF21 suppressed the elevation in
plasma leptin levels associated with obesity (Fig. SID). These data suggest that HSA-FGF21

ameliorates the obesity induced by feeding HFD-60.
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Figure 1. Effect of HSA-FGF21 on obesity

(A) Experimental procedure for evaluating the therapeutic effect of HSA-FGF21 on HFD-60-
induced NAFLD model mice: C57BL/6J mice (4-week-old, male) were fed a normal diet (ND) or
high fat diet (HFD-60). Mice were randomized at 12 weeks of HFD-60 feeding, and PBS (10
mL/kg) or HSA-FGF21 (250, 500 nmol/kg) were administered intravenously three times a week for
4 weeks. (B) Representative image of mice from each group at 4 weeks after the administration of
PBS or HSA-FGF21. (C) Body weight was monitored during the 4 week treatment. (D)
Representative images of adipose tissues harvested from mice after the treatment. Weight of (E)
eWAT, (F) mWAT, (G) ingWAT and (H) iBAT of mice at 4 weeks after the administration of HSA-
FGF21. Results are the means=S.E. (n=4-6). “p<0.05, “*p<0.01 compared with ND group, 'p<0.05,
"p<0.01 compared with PBS-treated HFD-60 group.

3-2. Therapeutic effect of HSA-FGF21 on glucose metabolism and dyslipidemia

We also investigated the therapeutic effect of HSA-FGF21 on abnormal glucose metabolism.
Fasting blood glucose levels and plasma insulin concentrations were measured on day 25 after
the administration of PBS or HSA-FGF21. As a result, the elevated fasting blood glucose level
and plasma insulin concentration in the PBS-treated group were both reduced by the
administration of HSA-FGF21 (250, 500 nmol/kg) (Fig. 2A, B). In order to evaluate the effect of
HSA-FGF21 on glucose tolerance, an oral glucose tolerance test (OGTT) was performed at 25
days after the administration of HSA-FGF21 (Fig. 2C). Compared with the PBS-administered
group, the blood glucose levels were significantly decreased in the HSA-FGF21 (250, 500
nmol/kg)-administered group after glucose loading, suggesting that HSA-FGF21 improves
glucose tolerance. As an evaluation of insulin resistance, the level of phosphorylated Akt in the
liver was evaluated by Western-blotting. As a result, the levels of phosphorylated Akt increased
in the HSA-FGF21 (250, 500 nmol/kg) administration group, suggesting that insulin signaling by
HSA-FGF21 had been enhanced (Fig. S2A). The expression of GLUT4 mRNA in eWAT and

ingWAT was also determined. The decreased GLUT4 mRNA expression tended to recover to the

13



same level as the ND group (Fig. S2B and C). These data suggest that HSA-FGF21 improved
insulin sensitivity followed by improving glucose metabolism.

We next evaluated the effect of HSA-FGF-21 on dyslipidemia. Plasma triglyceride (TG)
and total cholesterol (TCHO) levels, which were markedly increased in the PBS-treated group,
were both significantly reduced by the administration of HSA-FGF21 (250, 500 nmol/kg) (Fig.
2D, E). This finding indicates that HSA-FGF21 is capable of ameliorating the dyslipidemia that

was induced by feeding HFD-60.
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Figure 2. Effect of HSA-FGF21 on glucose metabolism and dyslipidemia

Fasting (A) blood glucose and (B) plasma insulin levels of mice fasted for 12 hours were measured
at day 25 after the administration of HSA-FGF21. (C) OGTT was performed at day 25 after the
administration of HSA-FGF21. Mice were fasted for 12 hours prior to an oral administration of D-
glucose (2 g/kg). Blood glucose levels were measured at 0, 15, 30, 60 and 120 mins after glucose
injection. (D) Plasma triglyceride levels and (E) total cholesterol levels were measured at 4 weeks
after the administration of HSA-FGF21. Results are the meantS.E. (n=4-6). "p<0.05, “p<0.01
compared with ND group, 'p<0.05, Tp<0.01 compared with PBS-treated HFD-60 group.

3.3 Therapeutic effect of HSA-FGF21 on hepatic steatosis and liver injury

We next evaluated the accumulation of lipid in the liver. In the PBS-administered group, the liver
showed whitening due to the accumulation of excess fat, and this color change was improved by
the administration of HSA-FGF21 (250, 500 nmol/kg) (Fig. 3A upper panels). Liver weight
tended to increase in the PBS-administered group, but it was significantly decreased in the HSA-
FGF21 (250, 500 nmol/kg)-administered group (Fig. 3B). Histological evaluation of liver tissue
revealed that extensive vesicular and macrovesicular cellular vacuoles, lipid droplets and fat
infiltration into hepatocytes were observed in the PBS-administered group, whereas the HSA-
FGF21 (250, 500 nmol/kg) administered group showed less lipid droplets and the infiltration of
fat into the liver was decreased (Fig. 3A middle and lower panels). Reflecting these histological
findings, the amount of TG in the liver was significantly increased in the PBS-administered group,
whereas the administration of HSA-FGF21 (250, 500 nmol/kg) resulted in the TG levels being
decreased to the same level as that for the ND group (Fig. 3C). TCHO levels in the liver and

plasma ALT or AST levels showed a similar tendency to the TG levels (Fig. 3D~E).
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Figure 3. Effect of HSA-FGF21 on hepatic steatosis and liver injury

(A) Representative liver tissues that were harvested from mice at 4 weeks after the administration
of HSA-FGF21. Representative photomicrographs of hematoxylin and eosin (HE) and Oil red O
stained liver sections at 4 weeks after the administration of HSA-FGF21 are shown. Original
magnification: x200. Scale bars represent 100 um. (B) Liver weight of mice at 4 weeks after the
administration of HSA-FGF21. (C) Hepatic TG and (D) TCHO levels were measured at 4 weeks
after the administration of HSA-FGF21. Plasma (E) ALT and (F) AST levels were measured at 4
weeks after the administration of HSA-FGF21. Results are the meantS.E. (n=4-6). ~p<0.01
compared with ND group, 'p<0.05, "'p<0.01 compared with PBS-treated HFD-60 group.

3.4 Changes in hepatic fatty acids composition by HSA-FGF21

It was recently reported that changes in the fatty acid content in the liver contribute to the

16



exacerbation of NAFLD/NASH and insulin resistance[26-29]. To address this issue, we extracted
the total lipids in the liver and measured the content of the individual fatty acids using gas
chromatograph-mass spectrometry (GC-MS). In the case of the PBS-treated group, C16:0
(palmitic acid) and C18:0 (stearic acid), which are involved in the induction of oxidative stress
and inflammation[30, 31], C18:1 (oleic acid), which accumulates as lipids[32] and C18:2 (linoleic
acid) were all significantly increased (Fig. 4A). The administration of HSA-FGF21 (250, 500

nmol/kg) suppressed these increases in C16:0, C18:0, C18:1 and C18:2 levels.

3.5 Improvement mechanism of HSA-FGF21 on hepatic lipid accumulation

We next investigated the mechanism by which HSA-FGF21 prevents lipid accumulation in the
liver. There are mainly four pathways involved in the accumulation of lipid in the liver: 1) fatty
acid uptake, 2) fatty acid synthesis, 3) fatty acids B-oxidation, and 4) the excretion of lipids from
the liver into the blood[33]. To examine these possibilities, we evaluated the effects of HSA-
FGF21 on these four pathways. We initially evaluated the fatty acid uptake pathway. CD36, a
scavenger receptor, is involved in fatty acid uptake in the liver, and it has been reported that the
expression of CD36 increases with the progression of NAFLD/NASH pathology, thus
contributing to the exacerbation of the pathology[34, 35]. Regarding CD36 mRNA expression in
the liver, the expression was found to be significantly elevated in the PBS-administered group,
and was significantly suppressed by HSA-FGF21 (250, 500 nmol/kg) (Fig. 4B). We next
evaluated the fatty acid synthesis pathway. We measured the mRNA expression level of fatty acid
synthase (SREBP-1c, FAS, SCD-1, Elovl6) in the liver. The findings indicate that the expression
of these molecules tended to increase in the PBS-administered group but that HSA-FGF21
administration suppressed these expression levels (Fig. 4C). We also evaluated the fatty acid -

oxidation pathway. Concerning the level of phosphorylation of AMPK in the liver, no significant
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change was observed in any group (Fig. 4D). Similarly, no significant changes were observed in
the mRNA expression levels of AMPK downstream factors (PPARa, CPT-1a), but CPT-1a tended
to decrease with the administration of HSA-FGF21 (250, 500 nmol/kg) (Fig. 4E). Finally, we
evaluated the lipid excretion pathway. Activation of the lipid excretion pathway was evaluated by
measuring the level of expression of microsomal triglyceride transport protein (MTP) mRNA in
the liver. There was no significant change in the expression of MTP in any group (Fig. 4F). These
data suggest that HSA-FGF21 suppressed hepatic lipid accumulation by suppressing fatty acid

influx and excessive fatty acid synthesis in the liver.
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Figure 4. Effect of HSA-FGF21 on fatty acids composition and genes expression related to
hepatic lipid accumulation

(A) Hepatic fatty acid composition was determined using GC-MS at 4 weeks after the
administration of HSA-FGF21. (B) Lipid uptake-related gene (CD36) and (C) lipid synthesis-
related genes (SREBP-1c, FAS, SCD-1, Elovl6) mRNA expression in liver were determined by
quantitative RT-PCR. (D) Western blot analysis of AMPK protein and phosphorylated AMPK in the
liver, and (E) fatty acid oxidation-related genes (PPARa, CPT-1a) and (F) lipid efflux-related gene
(MTP) mRNA expression in liver were determined at 4 weeks after the administration of HSA-
FGF21. Results are the meantS.E. (n=4-6). "p<0.05, “p<0.01 compared with ND group, 'p<0.05,
"p<0.01 compared with PBS-treated HFD-60 group.

3.6 Effect of HSA-FGF21 on adipose tissue

Since FGFRI1c, the receptor for FGF21, is expressed at very low levels in hepatocytes[36], it is
unlikely that FGF21 acts directly on the liver[37], and is thought to exert its effects indirectly
through the actions on other organs.

Adipose tissue stores excess energy in the body in the form of TG, and when energy is
insufficient, TG molecules are converted into free fatty acids and supply energy to the whole body,
thereby regulating the energy in the body. Adipose tissue also functions as the largest endocrine
organ in the body, secreting a variety of physiologically active substances called adipokines[38].
It is known that FGF21 acts on adipose tissue where it then suppresses hepatic lipid accumulation
and insulin resistance through the induction of adiponectin, which functions to improve glucose
and lipid metabolism[19]. In fact, an increase in plasma adiponectin concentration was observed
4 weeks after HSA-FGF21 administration (Fig. 5A). Next, HSA-FGF21 was added to
differentiated 3T3L1 adipocytes in vitro, and the adiponectin mRNA expression level was
measured. As a result, the addition of HSA had no effect on adiponectin expression level, but the

addition of HSA-FGF21 increased the mRNA expression level and this increase was
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concentration-dependent. In addition, FGF21 was confirmed to induce the same level of
expression as HSA-FGF21 at a concentration of about 1/6 that of HSA-FGF21 (Fig. 5B). This
indicates that HSA-FGF21 retains the ability to induce the formation of adiponectin that is derived
from FGF21.

Adipose tissues include white adipocytes that store energy in the form of TG, while
brown and beige adipocytes consume energy as heat. BAT and beige adipose tissue have attracted
interest as therapeutic targets for the treatment of obesity-related diseases. It has been reported
that the activation of BAT and ingWAT by continuous cold stimulation, and the induction of
thermogenic factors in WAT increase energy consumption throughout the entire body, and
improve obesity, abnormal glucose metabolism and fatty liver[39, 40]. FGF21 is known to
promote energy expenditure by increasing the expression of thermogenic factors in adipose
tissues [16]. Therefore, to investigate the issue of whether HSA-FGF21 has the same effect, we
determined the mRNA expression levels of thermogenic factors (UCP1, PGC-1a, CPT-1a) in
ingWAT, a major thermogenic tissue. As a result, the administration of HSA-FGF21 (250, 500
nmol/kg) caused an increase in the expression of all thermogenic factors (Fig. SC-E). A similar

effect was also found in eWAT and iBAT (Fig. S3).
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Figure 5. Effect of HSA-FGF21 on adipose tissue

(A) Plasma adiponectin levels were measured at 4 weeks after the administration of HSA-FGF21
in HFD-60-induced model mice (n=4-6). (B) Evaluation of adiponectin-inducing effect of HSA-
FGF21 in differentiated 3T3L1 adipocytes. Adiponectin mRNA expression were determined by
quantitative RT-PCR (n=3). Results are the mean+S.E. "p<0.05 compared with ND group. ap<0.05,
aap<0.01 compared with HSA 10 nM, bp<0.05 compared with HSA 100 nM, ¢p<0.05 compared
with HSA-FGF21 10 nM. (C-E) mRNA expression of thermogenic genes (UCP1, PGC-1a, CPT-
la) in ingWAT were determined by quantitative RT-PCR in HFD-60-induced model mice. Results
are the means=S.E. (n=4-6). "p<0.05, “p<0.01 compared with ND group, "'p<0.01 compared with
PBS-treated HFD-60 group.
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3.7 Therapeutic effect of HSA-FGF21 on STHD-01-induced NAFLD/NASH model mice

In order to examine the therapeutic effect of HSA-FGF21 in mice with advanced liver damage,
we investigated the effect of HSA-FGF21 using high-fat mice that do not develop obesity or
abnormal glucose metabolism, but develop liver damage and fibrosis with short-term feeding.
The study was conducted using a high-fat and high-cholesterol diet, STHD-01[41]. Early NASH
pathology is induced by feeding STHD-01 for 4 weeks[41]. Two weeks after STHD-01 feeding,
PBS (10 mL/kg, iv) or HSA-FGF21 (500 nmol/kg, iv) was administered three times a week for 2
weeks. Telmisartan (5 mg/kg, po) was used as a positive control, based on previous reports, and
was administered daily[42](Fig. 6A). Histological evaluation of the liver by Oil Red O staining
and HE staining showed that, in the PBS-administered group, large-vesicle lipid droplets and
hepatocytes with balloon-like hypertrophy, characteristic indicators of NASH, were observed in
a wide area (Fig. 6B and C). The administration of HSA-FGF21 and telmisartan reduced the
numbers of lipid droplets and improved lipid accumulation. The amount of TG in the liver
increased significantly in the PBS-administered group, while this increase was significantly
suppressed in the HSA-FGF21 and telmisartan groups (Fig. 6F). A similar trend was also observed
for the amount of TCHO in the liver (Fig. 6G). As a result of measuring plasma ALT and AST,
which were elevated as the result of STHD-01 feeding, tended to decrease in the HSA-FGF21
group and the telmisartan group (Fig. 6H, I).

To evaluate oxidative stress in the liver, we performed enzyme immunostaining for
nitrotyrosine, a marker for protein oxidative damage. As a result, nitrotyrosine staining was
observed mainly around blood vessels in the PBS-administered group, but the intensity of this
staining was reduced in the HSA-FGF21 group (Fig. 6D, J). Interestingly, no decrease in
nitrotyrosine was observed in the telmisartan group. Regarding inflammation, based on HE

staining, multinucleated inflammatory cells was observed, but little such infiltration was observed
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in the HSA-FGF21 and telmisartan administration groups (Fig. 6C). Fibrosis is an important
prognostic event in the pathology of NASH[43, 44]. Sirius red staining indicated that the
accumulation of collagen was observed in the PBS-administered group, but it was suppressed by

the administration of HSA-FGF21 (Fig. 6K).
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Figure 6. Effect of HSA-FGF21 on hepatic steatosis and liver injury in STHD-01-induced
NASH model mice

Experimental procedure for evaluating the therapeutic effect of HSA-FGF21 in STHD-01-induced
NAFLD/NASH model mice: C57BL/6] mice (9-week-old, male) were fed a ND or STHD-01. Mice
were randomized at 14 days after STHD-01 feeding. STHD-01 fed mice were divided into 3 groups:
PBS (10 mL/kg, i.v., three times a week), HSA-FGF21 (500 nmol/kg, i.v., three times a week) and
telmisartan (5 mg/kg, p.o., everyday) treated group (n=5). Representative photomicrographs of (B)
Oil red O, (C) HE, (D) immunohistochemical staining of nitrotyrosine and (E) Sirius red stained
liver sections are shown. Original magnification: X200, 400. Scale bars represent 100 um. Black
arrows indicate inflammatory cells. (F) Hepatic TG and (G) TCHO, plasma (H) ALT and (I) AST
levels were measured at 2 weeks after the administration of HSA-FGF21. Quantification of
immunohistochemical staining of (J) nitrotyrosine or (K) Sirius red stained area was shown. Results

are the means=S.E. (n=5). "p<0.05, “"p<0.01 compared with ND group.
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4. Discussion
In recent years, the numbers of NAFLD/NASH patients have been increasing, but there is no
effective treatment currently available. Many NAFLD/NASH patients have comorbid obesity and
insulin resistance, which are the basis of disease progression. In this study, we prepared a long-
acting FGF21 by fusing HSA and mutant FGF21 (HSA-FGF21), and investigated its efficacy
against NAFLD/NASH pathology. As a result, HSA-FGF21 exerted a therapeutic effect on
hepatic lipid accumulation, obesity and insulin resistance in HFD-60-induced NAFLD model
mice. It was revealed that the administration of HSA-FGF21 to STHD-0l-induced
NAFLD/NASH model mice suppressed the progression of NASH, such as liver damage and
fibrosis.

Obesity and insulin resistance are pathological progression factors of NAFLD[1, 6, 45,
46]. In fact, it has been clarified that “improvement of obesity and insulin resistance” in NAFLD
model mice is a factor that determines the efficacy of therapeutic drug candidates[47]. In this
study, the administration of HSA-FGF21 to HFD-60-induced NAFLD mice simultaneously
improved hepatic lipid accumulation, increased body weight and adipose tissue weight, impaired
glucose tolerance, and dyslipidemia. These collective findings suggest that HSA-FGF21 could be
a new single drug candidate for treating NAFLD pathology.

The effects of HSA-FGF21 in improving NAFLD pathology include five pathways, i.e.,
1) suppression of fatty acid uptake into the liver, 2) suppression of excessive fatty acid synthesis,
3) changes in fatty acid composition, 4) the induction of adiponectin and 5) the induction of
thermogenesis in adipose tissue (Fig. 7). In particular, the inhibition of hepatic fatty acid uptake
and fatty acid synthesis has an effect on the improvement of hepatic lipid accumulation. SREBP-
Ic, which regulates the expression of CD36 and fatty acid synthase (FAS, SCD-1, Elovl6) is

regulated by the nuclear transcription factor liver X receptor (LXR)[48, 49]. Previous reports
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showed that feeding HFD activates LXR and increased the expression of SREBP-1c and CD36[50,
51]. Therefore, it was speculated that the suppression of LXR may be involved in the effect of
HSA-FGF21. In addition, the hepatic expression of the FGF21 receptor (FGFR1c) is low so that
HSA-FGF21 appears to act on adipose tissue in the same manner as FGF21. FGF21 suppressed
LXR activity in the liver via inducing the production of adiponectin and promoting energy
consumption in adipose tissues. Adiponectin activates AMPK in the liver, and AMPK has been
reported to suppress the activity of LXR[52-54]. Although AMPK activation was not observed at
the time of this study, Bernardo et al. reported that the administration of FGF21 activates AMPK
in the liver[55]. Taking these data into consideration, the AMPK/LXR pathway may be involved
in the suppression of hepatic SREBP-1c¢ and CD36 expression as the result of the action of HSA-
FGF21.

In addition to SREBP-1c¢, the increased expression of fatty acid synthases such as Elov16o
and SCD-1 was shown to induce insulin resistance in tissues such as the liver and muscle[56, 57]
[58]. It is particularly noteworthy that SREBP-1c was shown to induce insulin resistance by
suppressing the expression of insulin receptor substrate 2 (IRS-2), which is responsible for insulin
signaling. In addition, when insulin resistance occurs, the levels of IRS-1, which mediates lipid
synthesis via increasing SREBP-1c, was also induced[59, 60]. It therefore appears that HSA-
FGF21 could suppress the vicious cycle of insulin resistance and fatty acid synthesis.

In recent years, it has been shown that qualitative changes in fatty acids, such as
differences in fatty acid chain length and double bonds, are involved in the homeostasis and
pathogenesis of various organs such as the liver and pancreatic B-cells[28, 29]. In fact, in patients
with fatty liver and NASH, it was reported that fatty acid composition in the liver changes with
the progression of the disease[26]. Consistent with previously reported clinical data, this study

showed that C16:0, C18:0, C18:1 and C18:2 fatty acids were increased with HFD-60 feeding. In
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the HSA-FGF21 administration group, these increases in C16:0, C18:0, C18:1 and C18:2 were
suppressed in all cases, and HSA-FGF21 caused the composition of abnormal fatty acids in the
liver became normal. Since saturated fatty acids such as C16:0 or C18:0 induce oxidative stress,
ER stress, inflammation and apoptosis, it has been reported that an increase in saturated fatty
acids is involved in the development of insulin resistance and NASH[61-63]. On the other hand,
unsaturated fatty acids such as C18:1 are less toxic than saturated fatty acids, but are easily taken
up by TGs and are involved in cellular lipid accumulation [32]. Therefore, the suppression of
C16:0, C18:0 and C18:1 accumulation by HSA-FGF21 appears to be a factor in the improvement
of liver damage and hepatic lipid accumulation.

It is very important to consider both in vivo pharmacokinetic advantage and in vitro
activity in the albumin-fusion protein. In this study, FGF21 induced the same level of adiponectin
expression as HSA-FGF21 at a concentration of about 1/6 that of HSA-FGF21 in differentiated
3T3L1 adipocytes (Fig. 5B). Previously, it was demonstrated that albumin-interferon-o fusion
protein showed higher blood retention and antiviral activity in monkey but approximately 20
times less in vitro antiviral activity as compared with non-fused interferon-a[64]. These data
suggested that the in vivo pharmacokinetic advantage was important even if the in vitro activity
was less potent.

We previously demonstrated that HSA-FGF21 exerts a hypoglycemic effect at a dose of
500 nmol/kg in studies of the pharmacological effects of HSA-FGF21 on streptozotocin (STZ)-
induced type 1 diabetes model mice[24]. In addition, Xu et al. reported that the daily
administration of 500 nmol’kg FGF21 improved this pathology after 12 weeks of HFD
feeding[15]. In this study, we investigated the pharmacological effects of HSA-FGF21 on HFD-
60 or STHD-01-fed mice at doses of 250 nmol/kg and 500 nmol/kg, and found that the

administration of 250 nmol/kg three times a week exerted similar disease-improving effects with
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that of 500 nmol/kg. In the future, it will be necessary to consider optimizing the dosage and
dosing schedule. Currently, several FGF21 products with a higher blood retention such as Fc-
fusion or pegylated FGF21 are under development[65]. Based on our previous pharmacokinetic
study[24], the adipose tissue distribution of FGF21 might be better in the albumin fusion product
compared with Fc-fusion or pegylated FGF21. This study utilized only male mice. It could be

important in early-stage pharmacotherapy studies to include both genders in the future.

'hl“' '3
) .é%‘; Improved
D ?A(g . D glucose metabolism
J3 -
[ # .
Cssd - 2 ) 4 : Improved
©e N Antigggsity lipid metabolism
53 !
HSA-FGF21 Lipid accumulation
& Oxidative stress T Fibrosis

Inflammation

Adiponectin -~ J ..
®

Thermogenesis »

NAFLD/NASH

Adipose tissue

Figure 7. Proposed mechanism responsible for the pharmacological effect of HSA-FGF21
in NAFLD/NASH model mice

5. Conclusion

The findings reported in this study indicate that HSA-FGF21 suppresses hepatic lipid
accumulation, improved obesity and insulin resistance, improved adipokine secretion and
promoted energy expenditure in high-fat diet-induced NAFLD model mice. In addition, HSA-
FGF21 ameliorated the liver damage and fibrosis in early NASH model mice. HSA-FGF21

represents a potentially useful therapeutic agent for the treatment of NAFLD/NASH in the future.
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Figure Legends

Figure 1. Effect of HSA-FGF21 on obesity

(A) Experimental procedure for evaluating the therapeutic effect of HSA-FGF21 on HFD-60-
induced NAFLD model mice: C57BL/6J mice (4-week-old, male) were fed a normal diet (ND)
or high fat diet (HFD-60). Mice were randomized at 12 weeks of HFD-60 feeding, and PBS (10
mL/kg) or HSA-FGF21 (250, 500 nmol/kg) was administered intravenously three times a week
for 4 weeks to mice were fed high fat diet (HFD-60). (B) Representative image of mice from each
group at 4 weeks after the administration of PBS or HSA-FGF21. (C) Body weight was monitored
during the 4 week treatment. (D) Representative images of adipose tissues harvested from mice
after the treatment. Weight of (E) eWAT, (F) mWAT, (G) ingWAT and (H) iBAT of mice at 4
weeks after the administration of HSA-FGF21. Results are the meansS.E. (n=4-6). "p<0.05,

“p<0.01 compared with ND group, /p<0.05, 7p<0.01 compared with PBS-treated HFD-60 group.

Figure 2. Effect of HSA-FGF21 on glucose metabolism and dyslipidemia

Fasting (A) blood glucose and (B) plasma insulin levels of mice fasted for 12 hours were
measured at day 25 after the administration of HSA-FGF21. (C) OGTT was performed at day 25
after the administration of HSA-FGF21. Mice were fasted for 12 hours prior to an oral
administration of D-glucose (2 g/kg). Blood glucose levels were measured at 0, 15, 30, 60 and
120 mins after glucose injection. (D) Plasma triglyceride levels and (E) total cholesterol levels
were measured at 4 weeks after the administration of HSA-FGF21. Results are the mean+S.E.
(n=4-6). "p<0.05, “*p<0.01 compared with ND group, »<0.05, "'p<0.01 compared with PBS-

treated HFD-60 group.

Figure 3. Effect of HSA-FGF21 on hepatic steatosis and liver injury
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(A) Representative liver tissues that were harvested from mice at 4 weeks after the administration
of HSA-FGF21. Representative photomicrographs of hematoxylin and eosin (HE) and Oil red O
stained liver sections at 4 weeks after the administration of HSA-FGF21 are shown. Original
magnification: x200. Scale bars represent 100 um. (B) Liver weight of mice at 4 weeks after the
administration of HSA-FGF21. (C) Hepatic TG and (D) TCHO levels were measured at 4 weeks
after the administration of HSA-FGF21. Plasma (E) ALT and (F) AST levels were measured at 4
weeks after the administration of HSA-FGF21. Results are the mean=S.E. (n=4-6). ~p<0.01

compared with ND group, p<0.05, 7/p<0.01 compared with PBS-treated HFD-60 group.

Figure 4. Effect of HSA-FGF21 on fatty acids composition and genes expression related to
hepatic lipid accumulation

(A) Hepatic fatty acid composition was determined using GC-MS at 4 weeks after the
administration of HSA-FGF21. (B) Lipid uptake-related gene (CD36) and (C) lipid synthesis-
related genes (SREBP-1c, FAS, SCD-1, Elovl6) mRNA expression in liver were determined by
quantitative RT-PCR. (D) Western blot analysis of AMPK protein and phosphorylated AMPK in
the liver, and (E) fatty acid oxidation-related genes (PPARa, CPT-1a) and (F) lipid efflux-related
gene (MTP) mRNA expression in liver were determined at 4 weeks after the administration of
HSA-FGF21. Results are the mean£S.E. (n=4-6). p<0.05, “"p<0.01 compared with ND group,

'p<0.05, "'p<0.01 compared with PBS-treated HFD-60 group.

Figure 5. Effect of HSA-FGF21 on adipose tissue
(A) Plasma adiponectin levels were measured at 4 weeks after the administration of HSA-FGF21
in HFD-60-induced model mice (n=4-6). (B) Evaluation of adiponectin-inducing effect of HSA-

FGF21 in differentiated 3T3L1 adipocytes. Adiponectin mRNA expression were determined by

43



quantitative RT-PCR (n=3). Results are the mean+S.E. "p<0.05 compared with ND group. *»<0.05,
p<0.01 compared with HSA 10 nM, °»<0.05 compared with HSA 100 nM, »<0.05 compared
with HSA-FGF21 10 nM. (C-E) mRNA expression of thermogenic genes (UCP1, PGC-1a, CPT-
la) in ingWAT were determined by quantitative RT-PCR in HFD-60-induced model mice. Results
are the means=S.E. (n=4-6). "p<0.05, "p<0.01 compared with ND group, "p<0.01 compared with

PBS-treated HFD-60 group.

Figure 6. Effect of HSA-FGF21 on hepatic steatosis and liver injury in STHD-01-induced
NASH model mice

Experimental procedure for evaluating the therapeutic effect of HSA-FGF21 in STHD-01-induced
NAFLD/NASH model mice: C57BL/6J mice (9-week-old, male) were fed a ND or STHD-01. Mice
were randomized at 14 days after STHD-01 feeding. STHD-01 fed mice were divided into 3 groups:
PBS (10 mL/kg, i.v., three times a week), HSA-FGF21 (500 nmol/kg, i.v., three times a week) and
telmisartan (5 mg/kg, p.o., everyday) treated group (n=5). Representative photomicrographs of (B) Oil
red O, (C) HE, (D) immunohistochemical staining of nitrotyrosine and (E) Sirius red stained liver
sections are shown. Original magnification: X200, 400. Scale bars represent 100 um. Black arrows
indicate inflammatory cells. (F) Hepatic TG and (G) TCHO, plasma (H) ALT and (I) AST levels were
measured at 2 weeks after the administration of HSA-FGF21. Quantification of immunohistochemical
staining of (J) nitrotyrosine or (K) Sirius red stained area was shown. Results are the means£S.E. (n=5).

*p<0.05,*p<0.01 compared with ND group.

Figure 7. Proposed mechanism responsible for the pharmacological effect of HSA-FGF21 in
NAFLD/NASH model mice
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