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ARTICLE INFO ABSTRACT

Managing Editor: Jingling Bao/ Zhiyu Wang Background: Cholestasis plays a critical role in sepsis-associated liver injury (SALI). Intestine-derived fibrob-

last growth factor 19 (FGF19) is a key regulator for bile acid homeostasis. However, the roles and underlying
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years-old diagnosed with sepsis at Shanghai Children’s Hospital from January to December 2018 and 30 healthy
individuals. The serum FGF19 levels of these patients with sepsis were analyzed and compared with those of
healthy controls. Recombinant human FGF19 was intravenously injected in mice once a day for 7 days at a dose of
0.1 mg/kg body weight before lipopolysaccharide (LPS) treatment. Liver bile acid profiles and the gene expression
involved in bile acid homeostasis were investigated in the mice groups. Metabolomic data were further integrated
and analyzed using Ingenuity Pathways Analysis (IPA) software. In the in vitro analysis using HepG2 cells, the
influence of FGF19 pretreatment on reactive oxygen species (ROS) production and mitochondrial dysfunction
was analyzed. Compound C (CC), an inhibitor of AMP-activated protein kinase (AMPK) activation, was used to
confirm the roles of AMPK activation in FGF19-mediated hepatoprotective effects.

Results: Serum FGF19 levels were significantly lower in children with sepsis than in healthy controls (115 pg/mL
vs. 79 pg/mL, P=0.03). Pre-administration of recombinant human FGF19 alleviated LPS-induced acute liver injury
(ALI) and improved LPS-induced cholestasis in mice. Moreover, FGF19 directly reversed LPS-induced intracellular
ROS generation and LPS-decreased mitochondrial membrane potential in vitro and in vivo, resulting in hepato-
protection against LPS-induced apoptosis. More importantly, the inhibition of AMPK activity partially blocked
the protective effects of FGF19 against LPS-induced oxidative stress and mitochondrial dysfunction.

Conclusions: Intestine-derived FGF19 alleviates LPS-induced ALI via improving bile acid homeostasis and directly
suppressing ROS production via activating the AMPK signaling pathway.

injury during sepsis. Significantly, the mortality rate of patients
with sepsis-associated liver injury (SALI) ranges from 54% to

Introduction

Sepsis is defined as life-threatening organ dysfunction caused
by a dysregulated host response to infection and is one of the
main causes for mortality in patients admitted to the intensive
care unit (ICU).['! Apart from defending the body during an in-
fection, the liver is also the direct target organ of inflammatory

68%, which is significantly higher than that in septic patients
without liver injury.[?] Therefore, prevention of SALI could be
an additional potential strategy for improving sepsis outcome.
A specific and effective therapy for preventing SALI could be
crucial for the prognosis of sepsis.
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Cholestasis is one of the main pathological mechanisms
underlying SALIL Intrahepatic cholestasis activates inflamma-
tion and oxidative stress, leading to apoptosis or necrosis of
hepatocytes.[®! During sepsis, the disturbance of bile acid en-
terohepatic circulation promotes bacterial translocation and
endotoxin absorption in the intestine and forms a vicious
circle.[*5] Under normal conditions, bile acids bind to the far-
nesoid X receptor (FXR) and promote the secretion of fibrob-
last growth factor 15/19 (FGF15 [mouse]/19 [human]) in the
intestine. FGF15/19 is transported to the liver via the portal
vein and interacts with the fibroblast growth factor receptor
4 (FGFR4)/p-Klotho dimer in hepatocytes to suppress the ex-
pression of cholesterol 7-a-hydroxylase (CYP7A1), leading to
bile acid homeostasis.[°®] In patients with sepsis, the normal
feedback inhibition of CYP7A1 transcription by bile acid is im-
paired, which in turn leads to increased levels of bile acids in
the liver.!®!°1 More importantly, cholestasis destroys the bal-
ance between pro-oxidation and antioxidants, leading to lipid
peroxidation and liver damage.['!! In patients with obstructive
cholestasis, elevated levels of the oxidative stress marker mal-
ondialdehyde (MDA) and reduced levels of glutathione (GSH)
are associated with increased levels of alanine aminotrans-
ferase (ALT), alkaline phosphatase (ALP), and total bilirubin
(TBIL).!'?) In addition, reactive oxygen species (ROS) produced
by inflammatory cells leads to the diffusion of oxidants into
target cells and produces intracellular oxidant stress in target
cells.['®] Furthermore, oxidative stress leads to mitochondrial
dysfunction, which eventually triggers the necrosis of cells and
tissues.['®-141 Recent studies have indicated that FGF19 pro-
motes mitochondrial biosynthesis and antioxidant response and
reduces production of ROS.[15:16] FGF19 pretreatment signifi-
cantly reduces the apoptosis of colon epithelial cells induced
by hydrogen peroxide (H,0,).l'”1 These results suggest that in
addition to bile acids homeostasis, FGF19 also likely directly
regulates antioxidant capacity.

To date, the role and underlying mechanisms of FGF15/19
in SALI have not been reported. To further investigate whether
FGF15/19 can alleviate lipopolysaccharide (LPS)-induced acute
liver injury (ALI) and elucidate its specific mechanisms, we con-
ducted the experimental study.

Methods
Study approval

A total of 58 children diagnosed with sepsis at Shanghai Chil-
dren’s Hospital from January to December 2018 were included
in this study, along with 30 healthy individuals as controls. Sera
were collected from sepsis patients at the time of admission to
the pediatric intensive care unit (PICU). The residual blood sam-
ples from healthy children after routine physical examination
were utilized for comparison.

This research study was approved by the Ethics Commit-
tee of Children’s Hospital affiliated to Shanghai Jiao Tong Uni-
versity (approval number: 2018R039-F01) and was carried out
in accordance with the tenets of the Declaration of Helsinki.
The informed consent form was signed by the parents or legal
guardians of the patients. The inclusion and exclusion criteria of
patients and detailed methods can be found in the Supplemen-
tary Material.
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Animal experiments

In all, 24 male C57BL/6 mice (8-12 weeks old) were bought
from the Shanghai Lab, Animal Research Center (Shanghai,
China). The mice were exposed to a standard 12-h light/dark
cycle and had ad libitum access to chow and water. The animals
were cared for according to the Ethics Committee guidelines
of Shanghai Jiao Tong University Affiliated Children’s Hospi-
tal (approval number: 2,018,014). To investigate the protective
function of FGF19 on LPS-induced ALI, mice were randomly sep-
arated into four groups as follows: control (Control), LPS treat-
ment (LPS), FGF19 pretreatment (FGF19), and pretreatment
with FGF19 followed by LPS administration (LPS + FGF19). The
specific treatment methods for each group are as follows: Con-
trol group (n=6): Normal phosphate buffered saline (PBS) in a
volume equivalent to the following drug FGF19 was adminis-
tered via intravenous injection for 7 days, followed by intraperi-
toneal injection of normal PBS in a volume equivalent to the
following drug LPS on the eighth day; LPS group (n=6): PBS
was administered via intravenous injection for 7 days, followed
by intraperitoneal injection of LPS (5.0 mg/kg body weight,
L2630, Escherichia coli 0111:B4, Sigma-Aldrich, St. Louis, Mis-
souri, USA) on the eighth day for 24 h to induce ALI; FGF19
group (n=6): Recombinant human FGF19 (Novoprotein, Suzh-
hou, Jiangsu, China) was administered via intravenous injection
(0.1 mg/kg body weight) for 7 days, followed by intraperitoneal
injection of PBS on the eighth day; LPS + FGF19 group (n=6):
FGF19 was administered via intravenous injection (0.1 mg/kg
body weight) for 7 days, followed by intraperitoneal injection
of LPS on the eighth day for 24 h to induce ALL

On the ninth day, anesthetize the mice using sodium pento-
barbital at a dose of 60 mg/kg, administered via intraperitoneal
injection. Then the blood was collected from the eyeball, cen-
trifuged to obtain the supernatant, and stored at —80 °C for cy-
tokine analysis. Carefully lift the liver tissues with forceps, cut
out about 10 mg of tissue, and immediately freeze it in liquid
nitrogen. Store the excised tissue temporarily at —80 °C.

Analysis of bile acids profiles in the livers of mice

We conducted metabolomics analysis of mouse livers (n = 5)
with the Q300 Kit (Metabo-Profile, Shanghai, China). Details
are described in the Supplementary Material. The annotated
metabolites were mapped to the Ingenuity Pathway Analy-
sis (IPA) database; then, the up-down relationships between
metabolites were analyzed based on literature data to finally
identify the potential metabolic pathways.

Detection of biochemical indicators of serum in mice

The Hitachi 7180 automatic biochemical analyzer at Shang-
hai Children’s Hospital was used to detect blood biochemical in-
dicators including aspartate aminotransferase (AST), ALT, and
TBIL. An enzyme-linked immunosorbent assay (ELISA) kit (Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China) was
used for the determination of serum interleukin-6 (IL-6) levels.

Histopathology

Liver samples were collected and fixed overnight in 4 %
paraformaldehyde at 4 °C. The next day, the tissues were embed-
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ded in paraffin, and 4-um-thick sections were obtained on glass
slides (LEICA, Wetzlar, Hesse, Germany). Dye tissue sections
were stained with hematoxylin and eosin and observed under
an optical microscope. The laboratory personnel were blinded
to the mice grouping during the experiments.

Quantitative real-time polymerase chain reaction

According to the manufacturer’s instructions, TRIzol reagent
was utilized for the extraction of total mouse liver RNA (Invit-
rogen Life Technologies, Carlsbad, CA, USA). Reverse transcrip-
tion of the extracted total RNA was performed using random
primers and M-MLV Reverse Transcriptase (Takara, Otsu, Shiga,
Japan). Quantitative real-time polymerase chain reaction was
carried out using SYBR Green I Master Mix reagent on the ABI
7500 system (Applied Biosystem, Foster, CA, USA). Supplemen-
tary Table 1 lists the primers used. The experimental outcomes
were quantified by the 2-(44¢) method.

Immunohistochemical staining

Liver tissue slices (4-um-thick) were treated with 3 % hy-
drogen peroxide (H,0,) for 20 min to block endogenous per-
oxidase activity, then incubated with 1 % bovine serum al-
bumin and anti-phospho-AMPK (#2535, Cell Signaling, Mas-
sachusetts, USA, 1:1000) for 2 h. Next, horseradish peroxidase
(HRP)-conjugated anti-goat IgG was incubated for 60 min.

Cell culture and treatment

HepG2 cells (HB-8065) were purchased from the Shanghai
Institute of Cell Biology (Shanghai, China), and then cultured
in Dulbecco’s Modified Eagle Medium (DMEM) in 10 % fetal
bovine serum (FBS) in a humidified incubator at 37 °C (5 %W
CO,). Control group (n=3): The HepG2 cells were cultured with
DMEM in 10% FBS without any other treatment measures and
served as the blank control. LPS group (n=3): LPS (40 ug/mL)
was used to treat HepG2 cells for 8 h to mimic sepsis-induced
hepatocyte injury. FGF19 group (n=3): HepG2 cells were pre-
treated with human recombinant FGF19 at a dose of 10 ng/mL
for 24 h. LPS + FGF19 group (n=3): HepG2 cells were pretreated
with FGF19 at a dose of 10 ng/mL for 24 h, followed by LPS
treatment for another 8 h.

To study the direct protective functions of FGF19 on oxida-
tive stress, H,O, was used at a dose of 750 ymol/L for 2 h to
construct the cell model for oxidative stress. To study the ef-
fect of AMP-activated protein kinase (AMPK) activation, AMPK
inhibitor Compound C (CC) was used to suppress the AMPK ac-
tivation. HepG2 cells were pretreated with 10 ymol/L CC for 2 h
prior to FGF19 treatment, followed by LPS treatment for another
8 h. All cell culture experiments were repeated in triplicate for
each group.

Western blotting

Liver tissue and HepG2 cells were homogenized in RIPA lysis
buffer for further analysis (Beyotime Biotechnology, Shanghai,
China). Primary antibodies were incubated overnight at 4 °C;
these included anti-Caspase 3 (ab13847, Abcam, Cambridge,
UK, 1:500); anti- BCL2-Associated X Protein (#5023, Cell Sig-
naling, 1:1000); anti-AMPK (#2532, Cell Signaling, 1:1000);
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anti-phospho-AMPK (#2535, Cell Signaling, 1:1000); anti-g-
actin (#4970, Cell Signaling, 1:1000); and anti-GAPDH (#2118,
Cell Signaling, 1:1000).

Peroxidase-conjugated goat anti-rabbit IgG (ZSGB-BIO, Bei-
jing, China) was purchased from Millipore (Bedford, MA, USA),
and staining was detected using the enhanced chemilumines-
cence technique (GE Health Care, Mississauga, Canada). Im-
ages were analyzed on a C-Digit chemiluminescent Western blot
scanner (LI-COR, Lincoln, USA). ImageJ® image processing pro-
gram v1.32 (National Institutes of Health, Bethesda, USA) was
used to measure the band intensities and normalized to GAPDH.

TdT-mediated dUTP nick-end labeling (TUNEL) staining

HepG2 cells were fixed in 4% paraformaldehyde for 30 min.
Then, 0.3% Triton X-100 in PBS was added and incubated at
room temperature for 5 min. After washing twice with PBS,
TUNEL detection solution was added and incubated at 37 °C
for 60 min in the dark. After washing thrice in PBS or Hank’s
Balanced Salt Solution, a fluorescence microscope was used to
visualize the images under an excitation wavelength of 450-
500 nm and emission wavelength of 515-565 nm.

Detection of intracellular ROS

HepG2 cells were incubated with ROS-specific fluorescent
dye DCFH-DA (Nanjing Jiancheng Bioengineering Institute) at
37 °C for 30 min in the dark. Intracellular ROS was observed un-
der fluorescence microscopy using appropriate filters (excitation
wavelength: 485 nm, emission wavelength: 525 nm) according
to the manufacturer’s instructions and operation manual.

JC-1 staining for detecting mitochondrial membrane potential

Mitochondrial transmembrane potential (Aym) of HepG2
cells was quantified under fluorescence microscopy with the
JC-1 Assay Kit (Beyotime Biotechnology) based on the man-
ufacturer’s instructions and operation manual. The ratios of
red/green fluorescent densities were analyzed by ImageJ® to
quantify the changes of relative Aym.

Cell viability detection

The ic1000 automatic cell counter (Count star, USA) was
used to calculate the HepG2 cells’ viability. The viability and the
absolute number of cells were recorded and repeated in three
different fields for each sample. Finally, the average of three
values was used.

Statistical analyses

Normally distributed data were expressed as the
mean+standard deviation (SD) or n (%). Non-normally
distributed data were statistically described using median
(interquartile range). All analyses were conducted by Graph-
Pad Prism version 6.0 (Graph-Pad Software, San Diego, CA,
USA). A two-tailed Student’s t-test was designed to contrast
the distinctions between different groups. One-way analyses of
variance or two-way analyses of variance with Bonferroni’s post
hoc correction was used when comparing among greater than
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3 or 4 groups. P <0.05 was considered to indicate statistically
significant differences.

Results
FGF19 demonstrates hepatoprotective properties against SALI

The baseline characteristics of pediatric patients with sepsis
are listed in Supplementary Table 2. Serum FGF19 levels were
significantly lower in children with sepsis than in healthy con-
trols (P=0.03). The average serum FGF19 concentration in the
control group children and sepsis group children was 115 pg/mL
and 79 pg/mlL, respectively (Figure 1A).

In animal experiments, the LPS + FGF19 group displaying
relived hepatic congestion and hepatic plate disorder and de-
creased inflammatory cell infiltration and focal necrosis com-
pares to the LPS group (Figure 1B). In addition, the elevated lev-
els of ALT (P=0.0007), AST (P=0.01), IL-6 (P=0.01), and TBIL
(P=0.01) in the LPS + FGF19 group mice were decreased com-
pared with the LPS group mice (Figure 1C-F).

The survival rate of HepG2 in the LPS + FGF19 group was
higher than in the LPS group (Figure 1G-I). Furthermore, the
expression of Caspase 3 in the LPS + FGF19 group was decreased
compared to the LPS group (Figure 1J and K).

FGF19 pretreatment improves LPS-induced bile acids disorder
in livers

Metabolomics analysis of mouse liver showed changes in
the metabolite composition compared to the LPS group, with
reductions observed in organic acids and bile acid levels in
the LPS + FGF19 group (Figure 2A). The bile acids heatmap
and total bile acid (TBA) level analysis from liver bile acid
metabolomics showed that FGF19 reversed the LPS-induced in-
crease in both TBA and almost all individual bile acid levels
(Figure 2B and C). Moreover, the bile acid profiles in livers
were changed considerably in response to LPS, which were par-
tially improved by FGF19 pretreatment (Figure 2D). FGF19 im-
proved the LPS-induced increased bile acids, especially in pri-
mary bile acids and conjugated bile acids (Figure 2E and F). Af-
ter LPS stimulation, the levels of tauro-a-muricholic acid/tauro-
p-muricholic acid (TeMCA/TSMCA), tauroursodeoxycholic acid
(TUDCA), a-muricholic acid («MCA), ursodeoxycholic acid
(UDCA), tauro-w-muricholic acid (TwMCA), taurohyodeoxy-
cholic acid (THDCA), and w-muricholic acid (wMCA) increased.
However, in the LPS + FGF19 group, the levels of these bile
acids in the liver, including TeMCA/TSMCA and TUDCA, were
reduced, indicating that they were reversed by FGF19 pretreat-
ment (Figure 2G and H).

FGF19 pretreatment suppresses LPS-induced bile acids
synthesis and stimulates the expression of bile acids exporter
in livers

Further analysis indicated that the mRNA expressions of
CYP7A1 and sterol 12a-hydroxylase (CYP8B1) involved in bile
acid synthesis were suppressed in livers in the LPS + FGF19
group compared to the LPS group (Figure 3A). In addition,
the mRNA expression of apical bile acid exporters including
the bile salt export pump (BSEP) and multidrug resistance-
associated protein-2 (MRP2), multidrug resistance-associated
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protein-3 (MRP3), and multidrug resistance-associated protein-
4 (MRP4) were decreased in response to LPS stimuli, which were
stimulated by FGF19 pretreatment (Figure 3B). The mRNA ex-
pressions of the basolateral bile acid uptake transporters, e.g.,
organic anion transporting polypeptide-4 (OATP4) and sodium
taurocholate co-transporting polypeptide (NTCP), were inhib-
ited in mice livers in the LPS group, which was partially allevi-
ated in the LPS + FGF19 group (Figure 3C).

FGF19 alleviates LPS-induced apoptosis associated with
AMPK activation in vivo and in vitro

To further illustrate and visualize the potential mechanisms
of FGF19 improving the bile acid homeostasis and its associ-
ation with liver injury in response to LPS, the results of IPA
based on metabolomic data showed the top metabolic network,
which included 13 molecules in our listed different metabo-
lites, and highlighted a marked connection with bile acid, Fos
proto-oncogene, Activator Protein 1 transcription factor subunit
(FOS), and AMPK (IPA scores: 38, Figure 4A). The activation of
phosphorylated AMPK (p-AMPK) was further confirmed in the
livers of mice in the LPS + FGF19 group (Figure 4B).

FGF19 improves LPS-induced oxidative stress and
mitochondria dysfunction in vitro

Given the important roles of AMPK activation in bile acids-
mediated oxidative stress and mitochondria dysfunction, ROS
production and Aym were detected in HepG2 cells. The ROS
production in the LPS + FGF19 group was almost totally blocked
compared with the LPS group in HepG2 cells (Figure 5A and
B). In addition, the repression of A¥m was reversed in the
LPS + FGF19 group (Figure 5C and D). To further investigate
the potential roles of the antioxidative ability of FGF19, an
H,0,-induced oxidative stress model was used in HepG2 cells.
The survival rate of the H,O, + FGF19 group was higher than
the H,0, group; it means that the FGF19 pretreatment pro-
tected cell viability in response to H,0, stimuli in HepG2 cells
(Figure 5E). Consistently, H,O,-induced high levels of intracel-
lular ROS, which were totally suppressed in cells that received
FGF19 pretreatment (Figure 5F), similar to the results of LPS-
induced ROS production shown in Figure 5A.

FGF19 alleviates LPS-induced apoptosis and oxidative stress
via activating the AMPK signaling pathway

To confirm the effects of AMPK activation on FGF19-
mediated protective effects in response to LPS, CC was used to
suppress AMPK activation. CC significantly suppressed the ex-
pression of p-AMPK (P=0.0054) (Figure 6A and B) and blocked
the improvement of ROS production (Figure 6C) and induction
of A¥m by FGF19 pretreatment (Figure 6D and E).

Discussion

Targeting cholestasis is a potential approach for improving
septic liver injury. In the present study, we found that intestine-
derived FGF19, which is a regulator of bile acid enterohepatic
circulation, was lower in the sera of pediatric patients with sep-
sis than in healthy children. FGF19 mitigated LPS-induced ALI
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Figure 1. FGF19 exerts a hepatoprotective effect against sepsis-associated acute liver injury. The mice were divided into the four groups (n=6/group). HepG2 cells
were treated with FGF19 for 24 h followed by LPS for 8 h (n=3). A: Serum FGF19 levels in healthy control (n = 30) and sepsis pediatric patients (n = 58). B: H&E
staining of mice liver sections in different groups. C: Mice serum ALT levels. D: Mice serum AST levels. E: Mice serum IL-6 levels. F: Mice serum TBIL levels. G:
The survival rate of HepG2 cells by Corning star Cell counter. H: Apoptosis of HepG2 cells with TUNEL staining. I: The quantitative analysis of TUNEL staining. J:
Western blotting for the expression of BAX and Caspase3. K: Quantitative analysis of western blotting.

*indicates the notable difference compared with the Control group, P <0.05.

findicates the notable difference compared with the LPS group, P <0.05.

ALIL Acute liver injury; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; FGF19: Fibroblast growth factor 19; H&E: Hematoxylin and eosin; IL-6:
Interleukin-6; LPS: Lipopolysaccharide; TBIL: Total bilirubin; TUNEL: TdT-mediated dUTP Nick-End Labeling; BAX: BCL2-Associated X Protein;.
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Figure 2. FGF19 improves LPS-induced bile acid homeostasis disorder in mice livers. The mice were divided into the four groups (n=5/group). A: Classification of
metabolites. B: Heatmap of bile acids profiles. C: TBA levels in livers. D: Pie chart of bile acids in livers. E: Bar charts of total primary/secondary bile acid. F: Bar
charts of total conjugated/unconjugated bile acid. G: Each kind of primary bile acid in liver. H: Each kind of secondary bile acid in liver.

*indicates significant differences compared with Control group, P <0.05.
Tindicates significant differences compared with the LPS group, P <0.05.

aMCA: a-muricholic acid; ®MCA: w-muricholic acid; 7-DHCA: 7-dehydrocholic acid; CA: Cholic acid; CDCA: Chenodeoxycholic acid; DCA: Deoxycholic acid;
FGF19: Fibroblast growth factor 19; HCA: Hyocholic acid; HDCA: Hyodeoxycholic acid; LPS: Lipopolysaccharide; TeMCA/TSMCA: Tauro-a-muricholic acid/Tauro-
p-muricholic acid; TwoMCA: Tauro-w-muricholic acid; TBA: Total bile acid; TCA: Taurocholic acid; TCDCA: Taurochenodeoxycholic acid; TDCA: Taurodeoxycholic
acid; THDCA: Taurohyodeoxycholic acid; TUDCA: Tauroursodeoxycholic acid; UDCA: Ursodeoxycholic acid.

associated with improved bile acid homeostasis and directly en-
hanced antioxidative capacity via activating the AMPK pathway
(Figure 7). This paper plays an important role in revealing the
effects of FGF19 on LPS-induced liver injury.

Human FGF19 is an ileal enterocytes-secreted endocrine
hormone that mostly regulates glucose and lipid metabolism
and bile acid metabolism. In our previous study, daily FGF19
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(0.1 mg/kg) treatment for 7 days via the tail vein could im-
prove LPS-induced fatty acid metabolism disorder and organ in-
jury, which are both associated with oxidative stress, mitochon-
drial function regulation, and ROS generation ['®). In the present
study, we focused on the roles and underlying mechanisms by
which FGF19 mitigates LPS-induced cholestasis. FGF19 inter-
acts with the hepatic Klotho beta (KLB) co-receptor complexed
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Figure 3. FGF19 reverses the expression of LPS-activated bile acid synthesis and LPS-suppressed apical bile acids and basolateral uptake transporter. The mice were
divided into four groups (n=6/group). A: The mRNA expression of genes related to bile acid synthesis in livers. B: The mRNA expression of apical bile acid exporters
in livers.C: The mRNA expression of basolateral bile acid uptake transporter.

*indicates significant differences compared with Control group, P <0.05.

findicates significant differences compared with LPS group, P <0.05.

BSEP: Bile salt export pump; CYP7A1: Cholesterol 7-a-hydroxylase; CYP8B1: Sterol 12a-hydroxylase; CYP27: Cytochrome P450 Family 27; CYP2B10: Cytochrome
P450 Family 2 Subfamily B Member 10; CYP3A11: Cytochrome P450 Family 3 Subfamily A Member 11; FGF19: Fibroblast growth factor 19; LPS: Lipopolysaccha-
ride; BSEP: Bile Salt Export Pump; MRP2: Multidrug resistance-associated protein-2; MRP3: Multidrug resistance-associated protein-3; MRP4: Multidrug resistance-
associated protein-4; NTCP: Sodium taurocholate co-transporting polypeptide; OATP4: Organic anion transporting polypeptide-4.
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Figure 4. FGF19 alleviates LPS-induced hepatocytes apoptosis associated with AMPK activation in vivo and in vitro. The mice were divided into the four groups
(n=6/group). A: IPA integrated analysis of metabolomic data (n=5). B: Inmunohistochemical analysis for the expression of p-AMPK in livers.

ABC transporter: ATP-binding cassette transporter; AKT1: RAC-alpha serine/threonine-protein kinase; AMPK: AMP-activated protein kinase; AP-1: Activator Protein
1; ASICS5: Acid-sensing ion channel 5; EGFR: Epidermal Growth Factor Receptor; FGF19: Fibroblast growth factor 19; FOS: Fos proto-oncogene, AP-1 transcription
factor subunit; IPA: Ingenuity pathways analysis; LPS: Lipopolysaccharide; p-AMPK: Phosphorylated AMPK.

with FGFR4 kinase to regulate bile acid metabolism.['®! In this improve muscle loss and partial grip strength in obese mice
study, we reported that FGF19 pretreatment could inhibit the ~ through the AMPK signaling pathway, >} thus suggesting that

LPS-induced bile acid synthesis and export in liver via maintain- ~ AMPK could be the main downstream signaling intermediate of
ing the intestine-liver crosstalk bile acid homeostasis. Whether FGF19.

FGF19 binds to FGFR4 needs further study in the future. FGF19 In this study, circulating FGF19 levels in children with sepsis
also directly activates AMPK to alleviate LPS-induced oxidative were lower than those in healthy children. The difference be-
stress in hepatocytes. Intraperitoneal daily injection of recom- tween patients with or without liver injury needs investigation

binant FGF19 (0.1 mg/kg) for three consecutive weeks could in a larger population. In rhesus monkeys, anti-FGF19 antibody
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Figure 5. FGF19 improves oxidative stress and mitochondrial dysfunction in response to LPS or H,0,. HepG2 cells were treated with FGF19 for 24 h followed by
LPS for 8 h (n=3) (A-D), and HepG2 cells were treated with FGF19 for 24 h followed by H,0, for 2 h (n=3) (E and F). A: Representative images of ROS in response
to LPS.B: The quantitative analysis of ROS production.C: The determination of A¥m by JC-1 staining.D:The quantitative analysis of JC-1 staining.E: The survival
rate.F: Representative images of ROS in response to H,0,.

*indicates the notable difference compared with Control group, P <0.05.

findicates the notable difference compared with LPS or H,0, group, P <0.05.

FGF19: Fibroblast growth factor 19; LPS: Lipopolysaccharide; ROS: Reactive oxygen species.
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Figure 6. FGF19 alleviates LPS-induced oxidative stress and mitochondrial dysfunction via AMPK activation. HepG2 cells were treated with CC (10 umol/L) for
2 h (n=3) (A). Then treated with FGF19 for 24 h followed by LPS for 8 h (n = 3) (B-D). A: Western blotting analysis of the total and phosphorylated protein levels
of AMPK. B: The P-AMPK/AMPK quantitative analysis of Western blotting.C: Representative images of ROS.D: The determination of A¥m by JC-1 staining.E: The
quantitative analysis of JC-1 staining.

*indicates significant differences compared with Control (B) or LPS (E) group, P <0.05.

indicates significant differences compared with LPS + FGF19 group, P <0.05.

AMPK: AMP-activated protein kinase; CC: Compound C; FGF19: Fibroblast growth factor 19; LPS: Lipopolysaccharide; p-AMPK: Phosphorylated AMPK; ROS: Reactive
oxygen species.

induces increased bile acid synthesis, and changes in the bile ical trials have proven that a 12-week or 24-week treatment

acid transporters expression in the liver and ileum result in en- regimen with aldafermin improves the histological features of
terohepatic recirculation of bile acids.'*!! In addition, aldafer- non-alcoholic steatohepatitis (NASH).[?-2%] Evidence has shown
min (also known as NGM282 or M70) is an engineered, non- that a decrease in circulating FGF19 concentrations is associ-
tumorigenic analog of the human gut hormone FGF19. Clin- ated with an elevation in bile acid levels in NASH patients.['%24]
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Figure 7. FGF19 working model. Intestine-derived FGF19 enters the liver via the portal vein, and FGF19 possibly binds to f-Klotho and FGFR4 on the membrane
of hepatocytes, consequently inhibiting the expression of CYP7A1 and CYP8B1 to suppress the bile acid synthesis. During sepsis or in response to LPS, decreased
FGF19 leads to failure in feedback of bile acid synthesis and exportation resulting in bile acids accumulation in hepatocytes, which induces oxidative stress-induced
decreased A¥m and ROS overproduction. In addition to the role of FGF19 in maintaining bile acid homeostasis, FGF19 can directly resist LPS-induced mitochondrial
dysfunction and ROS production via activating the AMPK signaling pathway in hepatocytes.

aMCA: a-muricholic acid; @MCA: w-muricholic acid; AMPK: AMP-activated protein kinase; BSEP: Bile salt export pump; CYP7A1: Cholesterol 7-a-hydroxylase;
CYP8B1: Sterol 12a-hydroxylase; FGF19: Fibroblast growth factor 19; FGFR4: Fibroblast growth factor receptor 4; LPS: Lipopolysaccharide; MRP2: Multidrug
resistance-associated protein-2; MRP3: Multidrug resistance-associated protein-3; MRP4: Multidrug resistance-associated protein-4; NTCP: Sodium taurocholate
co-transporting polypeptide; OATP4: Organic anion transporting polypeptide-4; p-AMPK: Phosphorylated AMPK; ROS: Reactive oxygen species; TaMCA: Tauro-
a-muricholic acid; TAMCA: Tauro-g-muricholic acid; TwMCA: Tauro-o-muricholic acid; TCA: Taurocholic acid; THDCA: Taurohyodeoxycholic acid; TUDCA: Tau-
roursodeoxycholic acid; UDCA: Ursodeoxycholic acid.

Importantly, aldafermin suppresses the synthesis of bile acids damage of cardiomyocytes by regulating glycogen synthase
and, in particular, decreases the content of toxic bile acids.[?*! kinase-3f (GSK-3p)/Nrf2/antioxidant response elemen (ARE)
In our study, FGF19 pretreatment reverses LPS-induced severe signaling.l®!) In the present study, FGF19 reverses LPS-indued
cholestasis and liver damage in mice. Thus, we speculated that Aym reduction and excessive ROS production and alleviates
FGF19 has the potential to become a new therapeutic target for LPS-induced oxidative stress in livers and hepatocytes. We fur-
SALL ther confirmed that the antioxidant capacity of FGF19 might
In patients with Crohn’s disease, the FGF19 signaling path- depend on bile acid metabolism pathways in vivo or may have a
way regulates the size and composition of bile acid pools by direct regulatory effect on mitochondrial function via activating
inhibiting the expression of CYP7A1.[%%] Both FGF19 and its the AMPK signaling pathway.
analogs M70 inhibited the expression of CYP7A1 and CYP27A1l,

thereby reversing liver damage and relieving liver inflamma- Conclusions
tion in a model of extensive bile duct disease.[?”! Consistently,
FGF19 not only suppresses the expression of CYP7A1, CYP27, FGF19 is associated with the occurrence of sepsis in children.

and CYP8BL in livers but also regulates the expression of bile FGF19 pretreatment ameliorates LPS-induced ALI in mice. Me-
acid efflux-related genes such as BSEP, MRP2, MRP3, and MRP4. chanically, FGF19 not only maintains bile acid homeostasis in

Therefore, we infer that FGF19 not only inhibits bile acid syn- response to LPS in the liver but also directly improves LPS-indu

thesis but also promotes bile acid efflux to improve LPS-induced ced oxidative stress in hepatocytes. These findings provide new

cholestasis, thereby relieving LPS-induced ALI. insights for the targeting of cholestasis as a potential therapy
ROS play a crucial role in bile acid-induced oxidative stress. against SALL, and FGF19 - an intestine-derived small molecule

Although ROS is mainly released by mitochondria, excessive — might be a remarkable therapeutic target for SALI treatment.

ROS will cause damage to the mitochondria itself. Normal Aym

is indispensable for maintaining mitochondrial function. Re- CRediT Authorship Contribution Statement

duced Aym will promote mitochondrial dysfunction and in-

duce cell apoptosis.t?®:>°1 In the case of diabetic cardiomy- Xiaomeng Tang: Writing - original draft, Visualization,

opathy, FGF19 induces an antioxidant response by stimulat- Validation, Software, Formal analysis. Jingjing Ning: Inves-
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