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FGF21 signaling pathway via PPARs
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Abstract

The recent discovery of clinically significant data, alongside novel physiological and pathological occurrences
surrounding sacubitril/valsartan (Sac/Val) beyond its approved indications, necessitates an urgent reevaluation of
its underlying mechanism of action. In the present investigation, we observed a substantial elevation in the serum
levels of fibroblast growth factor 21 (FGF21) among patients with acute myocardial infarction (AMI) who were
administered Sac/Val, compared to those who were not, utilizing ELISA-based measurements. Furthermore, through
the utilization of a mouse model of myocardial infarction induced by ligation of the left anterior descending
branch, we confirmed that FGF21 mediates the cardioprotective effect of Sac/Val, employing both loss-of-function
and gain-of-function approaches. Molecular docking and SPR experiments validated that Sac/Val can regulate
FGF21 via its interaction with PPARs, and verified the role of PPARs in mediating Sac/Val regulation of FGF21 by
inhibiting PPARs. In conclusion, we found that Sac/Val can act as an agonist of FGF21, which provides a new idea
for the development of FGF21 drugs, and FGF21 as a new target of Sac/Val to ameliorate myocardial infarction,
which provides a basis for new indications for Sac/Val.
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Introduction

Acute myocardial infarction (AMI) remains a significant
global health burden, accounting for approximately one-
third of clinical deaths in developed nations and standing
as the primary cause of mortality and morbidity world-
wide [1]. AMI often leads to heart failure, arrhythmias,
and various other comorbidities, necessitating multifac-
eted treatment strategies to mitigate the risk of cardiac
death and post-infarction complications. Among these
strategies, reperfusion therapy and pharmacological
interventions are paramount in the management of AMI
[2]. While reperfusion therapy has gained widespread
clinical acceptance, pharmacological treatments remain
equally crucial.
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Recently, the angiotensin receptor-neprilysin inhibi-
tor (ARNI) Sacubitril/Valsartan (Sac/Val) has garnered
increasing interest in treating cardiac diseases. Although
no statistical difference was achieved for the primary trial
outcome in the PARADISE-MI trial, the risk of the pri-
mary endpoint events (cardiovascular death, first heart
failure hospitalization, and outpatient progression to
heart failure) was reduced by 10% in the ARNI group
compared with the ramipril group. Thus Sac/Val remains
an excellent drug for improving myocardial infarction
[3]. In other heart diseases, several animal studies have
also shown promising cardioprotective effects of Sac/Val
post-MI [4—6]. However, the underlying mechanisms of
how Sac/Val ameliorates cardiac fibrosis and oxidative
stress following MI remain under-explored, necessitating
further investigation.

Fibroblast growth factor 21 (FGF21), a distinctive
member of the FGF superfamily that belongs to the
FGF19 subgroup, holds significant regulatory functions
in metabolic processes. Notably, it plays a pivotal role in
the pathogenesis of various diseases, including non-alco-
holic fatty liver disease (NAFLD), obesity, atherosclerosis
and hypertension etc. In cardiovascular diseases, FGF21
exhibits anti-oxidative stress, anti-apoptotic, and anti-
fibrotic effects, thereby conferring cardio-protection [7-
10]. After MI, liver-derived FGF21 and autocrine FGF21
from the heart collaboratively safeguards the myocar-
dium from further injury [11, 12].

In the current study, we observed a noteworthy correla-
tion between FGF21 and the therapeutic benefits of Sac/
Val in patients with MI. To delve deeper into this associa-
tion, we investigated the link between MI improvement
and FGF21 expression in a MI model using wild-type
(WT) mice, FGF21 knockout (FGF21KO) mice, and
FGF21-overexpressing mice. A large number of studies
have now reported that FGF21 can be involved in car-
diovascular events through the mediation of Activation
of peroxisome proliferator-activated receptors (PPARs)
[13-17]. Furthermore, we examined whether this asso-
ciation is facilitated through PPARs signaling. Our results
indicate that Sac/Val functions as an agonist of FGF21,
and its therapeutic efficacy in treating MI is mediated
by PPARSs, particularly via the FGF21/PI3K/AKT/mTOR
signaling pathway. This investigation offers novel per-
spectives on the potential role of FGF21 and Sac/Val in
MI therapy, opening new avenues for exploring their
therapeutic potential in cardiovascular diseases.

Materials and methods

Study population

All participating subjects provided written informed con-
sent, and the study received approval from the Human
Ethics Committee of Hangzhou Xiaoshan First People’s
Hospital. The prospective study cohort was compiled
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from the hospital’s registry of patients, adhering to
strict inclusion and exclusion criteria. Inclusion criteria
included: (i) patients aged between 18 and 85 years, (ii)
patients with an ejection fraction of 50% or less, and (iii)
patients with a ProBNP level of 600 ng/L or higher (iv)
Patients with ST-segment elevation or non-ST-segment
elevation acute myocardial infarction and heart failure.
The exclusion criteria were as follows: (i) patients who
had used Sac/Val or similar drugs within the past six
months, (ii) patients with renal insufficiency, defined as
a blood creatinine level of 256 uM or higher, (iii) patients
with obesity, having a body mass index (BMI) of 28.0 or
higher, (iv) patients with hepatic insufficiency, (v) patients
with menstrual disorders, and (vi) patients with tumors,
severe infections, autoimmune diseases, or other signifi-
cant comorbidities. Ultimately, 83 patients met the eligi-
bility criteria and were enrolled in the study, all of whom
had myocardial infarction. Of these, 31 patients received
Sac/Val treatment, 52 patients did not. We also recruited
28 normal healthy individuals and used them as negative
controls. Normal healthy individuals were examined for
BMI, cTnT, ProBNP, CK-MB, ejection fraction, left ven-
tricular end-diastolic internal diameter (LVDD), hemo-
globin, total cholesterol, triglycerides, fasting glucose,
creatinine, and albumin, which were all within the nor-
mal range of values, and did not have a history of smok-
ing, alcohol consumption, or a history of hypertension or
diabetes. Only blood samples were collected and used for
all patients, and no medical interventions were involved.
The project was reviewed by the Ethics Committee of the
First People’s Hospital of Xiaoshan District, Hangzhou.

Mice

The heterozygous fgf21 mice, kindly donated by Profes-
sor Aimin Xu of the University of Hong Kong, under-
went heterozygous amplification through breeding with
C57BL/6] wild-type mice. Subsequently, FGF21 heterozy-
gous males and females were selectively mated for several
consecutive generations to achieve a genetically homo-
geneous line of FGF21KO homozygous mice, as well as
a control line of wild-type (WT) mice. The experimental
mice were individually housed in a specific-pathogen-
free (SPF) facility within the Animal Experiment Center
of Wenzhou Medical University. The housing conditions
were strictly maintained, with room temperature set
at 22+1 °C, humidity at 60%, and a 12-hour light/12-
hour dark cycle. All animal procedures and studies were
conducted in accordance with the ethical guidelines
approved by the Animal Research Ethics Committee of
Wenzhou Medical University.

Animal procedures
Animal procedures were granted by the Animal Research
Ethics Committee of Wenzhou Medical University
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following the recommendations in the Guide for the Care
and Use of Laboratory Animals of the NIH guidelines.
To anaesthetize mice, xylazine (10 mg/kg body weight)
and ketamine (100 mg/kg) (Phoenix Scientific, Inc., St.
Joseph, MO, USA) were intraperitoneally given. To sac-
rifice mice, asphyxiation of CO, was used. (Infuse CO,
into the box at a rate of 10-30% per minute to replace the
euthanasia box and determine that the mice are immo-
bile, not breathing, and have dilated pupils. Turn off the
CO,. observe for an additional 2 min to determine that
the mice are dead.)

MI mouse model

To induce MI in male mice aged 10 to 12 weeks, a per-
manent ligation of the left anterior descending coro-
nary artery was performed. The procedure was initiated
by anesthetizing the mice with 2% isoflurane. Following
anesthesia, a small incision was made in the left thoracic
region at the fourth intercostal space to expose the heart.
The left anterior descending coronary artery was pre-
cisely located and subsequently ligated, approximately
3 mm distal to the lower margin of the left atrial append-
age, using a 6 -0 silk suture. Immediately after ligation,
the heart was carefully repositioned within the chest
cavity, and the thoracic cavity was manually evacuated
of air. The muscle and skin layers were then sutured in
a secure manner to close the incision. Sham surgery was
conducted following the same steps, omitting the ligation
of the coronary artery. The hearts of mice were divided
into infarcted, near-infarcted non-infarcted areas, near-
infarcted areas were used for Western Blot, immunohis-
tochemistry, and DHE staining, and infarcted areas were
used for H&E and Masson staining. The infarcted area,
near-infarcted area, and non-infarcted area were dis-
tinguished primarily based on visual observation: upon
excision of the heart, the infarcted area appeared pale
or grayish, contrasting sharply with the normal myo-
cardium; the near-infarcted area, located between the
infarcted and non-infarcted areas, was slightly less dis-
tinct but retained some tissue integrity; the non-infarcted
area exhibited normal color and intact myocardial struc-
ture [18, 19].

Drug administration

In the clinical research section, the use of Sac/Val was
based on the Chinese Heart Failure Diagnosis and Treat-
ment Guidelines and was strictly administered in accor-
dance with its recommendations [20]. According to the
guidelines, Sac/Val is one of the recommended treatment
options for heart failure, specifically indicated for patients
with NYHA class II/III heart failure with reduced ejec-
tion fraction (HFrEF). For patients with NYHA class
II/III HFrEF who remain symptomatic despite treat-
ment with ACEIs/ARBs, ARNI is recommended as a
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replacement for ACEIs/ARBs to further reduce the inci-
dence and mortality of heart failure. The use of Sac/Val
is determined by physicians based on individual patient
conditions and clinical judgment, with the medication
administered twice daily, in the morning and evening.

In the conduct of our animal experiments, we adminis-
tered a daily dose of 52 mg/kg of Sac/Val, comprising an
equimolar mixture of 26 mg/kg of Val and 26 mg/kg of
Sac daily. This dose was deemed comparable to the low-
dose regimen, which is also referred to as 1x or low dose,
containing 26 mg/kg of Val and Sac each per day. Drug
and saline control administrations were performed via
once-daily oral gavage, with all solutions being sterile fil-
tered prior to administration. The day before the surgery
we gave the mice a once-daily gavage administration,
and on the day of the surgery we did not give the drug in
order to facilitate the mice’s recovery. Therefore, on the
day after the surgery, we gave the mice two gavage admin-
istrations, and from the third day until the end of the 14
days, we resumed the once-a-day gavage administration.
The drugs were procured from MedChemExpress.

Mice that were required to receive PPARs were kept
at the same frequency of administration as those receiv-
ing Sac/Val, and were injected by intraperitoneal injec-
tion of PPARy antagonist GW9662 or PPAR« antagonist
GW9662 (1 mg/kg/day, MCE Company, China) or saline
after each gavage of Sac/Val.

Measurement of echocardiographic and histological
staining

The cardiac physiological functions were rigorously
assessed using a Doppler echocardiography system
(VINNO 6 VET, VINNO, China). The transthoracic 2D
M-mode echocardiographic system was employed to
capture M-mode tracings, from which the following
parameters were quantified: left ventricle internal dimen-
sion in systole (LVIDS), left ventricle internal dimension
in diastole (LVIDD), ejection fraction (EF), and fractional
shortening (FS, calculated as FS = (LVIDD -LVIDS)/
LVIDD x 100%). These measurements were taken in mice
anesthetized with 1.5% isoflurane.

To determine the infarct volume, heart samples were
fixed in 4% paraformaldehyde for 48-72 h and subse-
quently embedded in paraffin. Thin slices (5 um thick)
were then prepared and stained using Masson’s tri-
chrome or hematoxylin and eosin (H&E) staining. The
infarct ratio was analyzed using the ImageJ software and
expressed as the volume fraction of collagen (CVF% =
collagen area/tissue total area x 100%).

Additionally, cardiac tissues were embedded in the Tis-
sue-Tek OCT compound (Sakura Finetek, Tokyo, Japan)
and sectioned serially to a thickness of 10 um. These
cryosections were stained with the superoxide-sensitive
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dye DHE (10uM in 0.01% DMSO) and incubated for
30 min at 37 °C in a humidified dark chamber.

Immunohistochemistry (IHC)

Immunohistochemical analysis was conducted to quan-
tify the expression levels of AT1R and Neprilysin. Ini-
tially, the tissue sections were dewaxed and hydrated
using 10 mM sodium citrate buffer to facilitate antigen
retrieval. Subsequently, endogenous peroxidase activ-
ity was blocked by incubating the sections for 30 min at
room temperature. Following this, 30 pL of normal non-
immune animal serum was added dropwise to the sec-
tions, which were then washed three times with PBST.
The sections were then incubated overnight at 4 °C with
the primary antibody. After two washes with PBS, the
slides were incubated with a goat anti-rabbit horseradish
peroxidase-conjugated secondary antibody for 30 min at
room temperature. This incubation step was followed by
thorough washing. Finally, the sections were incubated
with 3,3’-diaminobenzidine (DAB) for visualization and
counterstained with hematoxylin.

Western blotting

Proteins were extracted from cells and various mouse tis-
sues, and subsequently underwent sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) for
separation. The separated proteins were then transferred
onto polyvinylidene difluoride (PVDF) membranes. For
Western blotting analysis, horseradish peroxidase-con-
jugated rabbit anti-IgG was employed as the second-
ary antibody. The primary antibodies used in this study
were FGF21 (ab171941), FGFR1 (ab76464), PPAR«a
(WL00978), PPARy (ab178860), PI3K (WL00978),
p-PI3K (ab182651), AKT (ab179463), p-AKT (ab19262-
3), mTOR (ab134903), p-mTOR (ab109268), Collagen-
I (ab138492), a-SMA (ab124964), HIF-1la (abl), AT1IR
(ab124505), and Neprilysin (18008-1-AP). The protein
bands were visualized using enhanced chemilumines-
cence (ECL) reagents and their intensities were quanti-
fied using Image] software.

Enzyme-linked immunosorbent assay

Plasma samples were obtained from mice and patients,
and were subsequently stored at —80 °C for further
analysis. To determine the concentrations of FGF21, we
employed either a mouse-specific ELISA kit (MFGO037,
Hong Kong) or a human-specific ELISA kit (SHFTO09,
Hong Kong), strictly adhering to the manufacturer’s rec-
ommended protocols.

Cell culture and treatment

HOC2 cells, procured from the Cell Bank of the Chinese
Academy of Sciences in Shanghai, China, were main-
tained in a culture medium comprising high-glucose
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Dulbecco’s Modified Eagle Medium (DMEM) from
GIBCO, USA. This medium was supplemented with 1%
cyan streptomycin double-antibody and 10% (v/v) fetal
bovine serum (FBS). The cells were incubated at 37 °C in
a controlled atmosphere containing 5% CO,. To mimic
hypoxic injury, the HOC2 cells were exposed to a three-
gas incubator for 12 h, where the internal environment
consisted of 1% O,, 5% CO,, 94% N,, maintained at a
temperature of 37 °C.

AML-12 cells, also obtained from the Cell Bank of the
Chinese Academy of Sciences in Shanghai, China, were
cultured in F-12 Dulbecco’s Modified Eagle Medium
(DMEM) from GIBCO, USA. This medium was similarly
supplemented with 1% cyan streptomycin double-anti-
body and 10% (v/v) FBS. The cells were maintained under
standard culture conditions of 37 °C and 5% CO.,,.

In silico molecular modeling studies

Utilizing the fundamental ‘lock-and-key’ paradigm gov-
erning the interplay between ligands and receptors, the
molecular docking approach was employed to scruti-
nize the interaction dynamics between a small molecule
ligand and a biomacromolecule receptor. The initial
three-dimensional (3D) structural framework was delin-
eated based on molecular data obtained from PubChem,
thus providing a robust foundation for further computa-
tional investigations.

SPR measurements

The binding affinity of Sacubitril and Valsartan towards
the ligand-binding domains (LBDs) of PPARy and PPAR«
was assessed using surface plasmon resonance (SPR)
technology, specifically utilizing the Biacore 3000 instru-
ment (Little Chalfont, Buckinghamshire, UK). Prior to
immobilization, the target proteins were diluted in 10
mmol/L sodium acetate buffer (pH 4.5) to a final concen-
tration of 0.10 mg/mL. Subsequently, a standard amine-
coupling procedure was employed to covalently bind
these proteins to CM5 chips. The small molecule com-
pounds were diluted in 1X PBS-P + buffer containing 2%
DMSO. The flow rate was set at 30 pL/min, and gradient-
diluted solutions of the small molecule compounds were
sequentially injected into the flow channel for interaction
with the protein immobilized on the chip. The resulting
binding data were analyzed using the 1:1 Langmuir bind-
ing model to determine the equilibrium dissociation con-
stant (KD) of each compound.

Statistical analysis

All statistical analyses were conducted using GraphPad
Prism 8 software (GraphPad, San Diego, CA). To deter-
mine significant differences between two groups, an
independent samples t-test was employed. For compar-
ing multiple groups, one-way ANOVA along with Tukey’s
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post hoc test were used to compare difference among
groups. To compare the usage rates of other medications
between Sac/Val and non-Sac/Val groups, the Chi-Square
test was utilized; for medications with low incidence,
Fisher’s exact test was applied. Additionally, Pearson’s
correlation analyses were performed to investigate the
potential associations between serum FGF21 levels and
other relevant parameters. The threshold for statistical

Table 1 Sociodemographic and clinical characteristics of the 83
subjects related to 2021-2023 according to Ml vs. Ml +Sac/Val

AMI AMI + Sac/Val P
value

Sample size n (%) 52(62.65%) 31(37.35%)
Age, in years, 60.22+£12.31 60.77+£15.03 0.8570
mean+SD
BMI, mean +SD (kg/ 2350+2.78 2445+243 0.1482
m2)
Hemoglobin, 13949+19.13  140.00+15.65 0.8992
mean+SD (g/L)
Total cholesterol, 467+0.96 4744112 0.7675
mean=SD (mmol/L)
Low-density lipo- 2.89+0.76 2.98+0.88 06172
protein, mean+SD
(mmol/L)
Triglycerides (mmol/L) 1.60+0.64 1.30£0.88 <0.05
Homocycteine 13.56+7.01 13.67+5.20 0.9423
(umol/L)
CRP (mg/L) 19.35+30.83 6.26+4.80 <0.05
Fasting plasma 6.23+2.78 5.25+0.66 <0.05
glucose, mean+SD
(mmol/L)
Creatinine, mean+SD 7947 +26.34 78.55+17.06 0.8634
(mmol/L)
Albumin, 3847+2634 39.39+£3.28 0.3491
mean=SD(g/L)
SBP, mean+SD 146.17+18.76  13527+13.87 <0.05
(mmHg)
DBP, mean+SD 86.40+11.30 86.27+13.87 0.5940
(mmHg)
Number of diseased 5314275 5124274 0.7687
coronary arteries
STEMI/NSTEMI, n (%) 02578
STEMI 38(73.07%) 23(74.19%)
NSTEMI 14(26.93%) 8(25.81%)
Smoking status, n (%) 03072
Yes 32(61.53%) 16(51.61%)
No 20(38.47%) 15(48.39%)
Alcohol consumption, n (%) 0.0903
Yes 20(38.47%) 11(35.49%)
No 32(61.53%) 20(64.51%)
Hypertension, n (%) 0.3529
Yes 44(84.61%) 27(87.09)
No 8(15.39%) 4(12.91)
Diabetes, n (%) 04332
Yes 10(19.23%) 8(25.81%)
No 42(80.77%) 23(74.19%)
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significance was set at p <0.05, while p<0.01 was consid-
ered indicative of a highly significant relationship.

Results

Association between basic participant characteristics,
Sac/Val and elevated FGF21 in patients with myocardial
infarction

A total of 114 subjects participated in the study, of whom
three were excluded due to not meeting the inclusion
criteria. The demographic and clinical characteristics of
this study population, stratified based on FGF21 levels,
are summarized in Table 1. Notably, among patients with
M, those who received Sac/Val therapy exhibited signifi-
cantly lower levels of triglycerides (1.60 £ 0.64 mmol/L vs.
1.30+0.88 mmol/L; p<0.05), C-reactive protein (CRP)
(13.56+7.01 mg/L vs. 6.26+4.80 mg/L; p<0.05), fast-
ing plasma glucose (6.23+2.78 mmol/L vs. 5.25+0.66
mmol/L; p<0.05), and systolic blood pressure (SBP)
(146.17 £18.76 mmHg vs. 135.27 + 13.87 mmHg; p <0.05)
compared to those who did not receive Sac/Val. No sig-
nificant socio-demographic differences were observed
between the groups.

At various time points after MI surgery - namely, 1 day
before, 1 day after, 3 days after, 1 week after, 2 weeks after,
and 6 weeks after - serum samples were collected from
patients. Postoperatively, patients with MI who received
Sac/Val exhibited significantly elevated serum FGF21
levels compared to those with general MI (Fig. 1A). Con-
currently, ProBNP and CK-MB levels were notably lower
(Fig. 1C and D), while ejection fraction (EF) values were
significantly higher (Fig. 1B). However, no significant
differences were observed in cInT and LVDD values
between the groups (Fig. 1E and F). Additionally, a statis-
tical analysis of concomitant medication usage revealed
no significant differences between the Sac/Val and non-
Sac/Val groups. This finding suggests that the observed
changes in FGF21 are primarily attributable to Sac/Val
treatment, rather than other medications (Supplemental
Table 1).

We observed significant changes in FGF21 levels on
Day 1 and Day 3. However, due to missing EF data on Day
1, we performed a correlation analysis between FGF21
levels and EF values on Day 3. The results revealed
a positive correlation between FGF21 levels and EF
(r=0.4918, p=0.0171; Fig. 1G). On the day before sur-
gery, all patients had missing data for LVDD. On postop-
erative Day 1, data for both LVDD and EF were missing.
On Day 3, 9 patients had missing data, and on Day 7, 5
patients had missing data. Missing values were observed
due to the surgical procedure. These results offer valuable
insights into the potential therapeutic benefits of Sac/Val
in the management of ML

Val, Sac, and Sac/Val all improved left ventricular
contractile function, ameliorates cardiac fibrosis, and
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Fig. 1 The effects of Sac/Val treatment on serum marker levels and cardiac physiological functions in patients with myocardial infarction. The data were
obtained from patients with Ml taking Sac/Val (n=31, as positive controls) and were compared with patients with Ml on the same day but not receiving
Sac/Val (n=52). A Serum FGF21 levels; B The ejection fraction; C Serum ProBNP levels; D Serum CK-MB levels; E Serum cTnT levels; F LVDD levels; G Correla-
tion between FGF21 levels and EF levels in patients with Ml receiving Sac/Val therapy. The dotted line represents the average value of healthy individuals,
which were used as negative controls. (n=28). Measurement of FGF21 and EF levels in Ml and MI+ Sac/Val groups. Panels 1 A, 1 C, 1D, and 1E show data
with no missing values for any time point. Panels 1B and 1 F indicate missing values due to the surgical procedure. Specifically, data were missing for all
patients on Day 1 post-operation, with 9 patients missing data on Day 3 and 5 patients missing data on Day 7. (A)-(F) * P<0.05 indicates Ml vs. M+ Sac/
Val group within a single day by t-test, all data are expressed as mean +SEM; (G) p values derived from the Pearson’s correlation

reduces reactive oxygen species levels in mice after
myocardial infarction.

To validate the efficacy of Sac/Val in elevating heart
FGF21 levels in mice with MI, we established a mouse
model by ligating the descending branch of the left cor-
onary artery. Subsequently, we compared five distinct
treatment regimens: Sham (control), saline (placebo),
26 mg/kg Val, 26 mg/kg Sac, and a combined regimen
of 52 mg/kg Sac/Val. There were 12 mice in each group.
When the animal model was prepared, 6 mice from each
group were used for echocardiography and Western blot
analysis, while the remaining 6 mice were used for stain-
ing and ELISA. The mice requiring surgery were ran-
domly selected by one researcher and handed over to
another researcher responsible for preparing the mouse
model, ensuring that the latter was unaware of the group
assignments. All subsequent animal models were pre-
pared using this method (Supplemental Fig. 8).

To assess cardiac function, echocardiography was
employed (Supplemental Fig. 3). Post-infarction, mice
exhibited significant elevations in left ventricular inter-
nal diameter during diastole (LVIDd) and left ventricu-
lar internal diameter during systole (LVIDs), as well
as an increased heart weight to tibia length ratio (HW/
TL), accompanied by a significant decline in EF and frac-
tional shortening (FS). Notably, when compared to the
MI group, mice treated with Val and Sac exhibited sig-
nificant reductions in LVIDd, LVIDs, and HW/TL, along
with notable improvements in EF and FS. Moreover, the
Sac/Val group displayed a more substantial reduction
in LVIDd, LVIDs, and HW/TL, as well as a more pro-
nounced increase in EF and FS, compared to the single-
dose groups (Fig. 2A and F).

Given the pivotal role of oxidative stress and fibrosis
in MI, we investigated whether Sac/Val could modulate
reactive oxygen species (ROS) and collagen levels. We
evaluated ROS and collagen levels in the hearts of mice
from the five groups. Collagen volume fraction (CVF%)
was quantified in heart sections using Masson’s tri-
chrome staining. MI led to a replacement of myocardial
tissue by collagen in WT mice, resulting in a significant
increase in CVF% and ROS levels (measured using dihy-
droethidium (DHE) staining) compared to the Sham
group. The Val and Sac groups exhibited significant inhi-
bition of cardiac fibrosis and ROS levels post MI, and
the Sac/Val group demonstrated a more pronounced

inhibition of both cardiac fibrosis and ROS levels than
single dosing (Fig. 2G and I). In all groups, there were
six mice in each group, in which three mice hearts were
taken from the infarcted area to be used for western
blot, and the other three mice were sectioned from the
infarcted area to be used for staining such as morphology
and immunohistochemistry.

Sac/Val activated the PI3K/AKT/mTOR path-
way by up-regulating FGF21 in the liver, heart and
circulation

In this study, we investigated the levels of FGF21 in
its primary expressing organs and discovered a notable
upregulation of FGF21 expression in the liver, heart,
and circulation of mice administered with Val and Sac.
Mice were blooded on day 14 of the model and assayed
for FGF21. However, no significant alterations were
observed in adipose tissue. Remarkably, the combined
therapy of Sac/Val resulted in significantly higher expres-
sions of FGF21 compared to the single-agent administra-
tion (Fig. 3A and D).

We have demonstrated that Sac/Val could upregulate
FGF21, which aids in mitigating MI. However, the spe-
cific mechanism underlying the role of FGF21 in Sac/
Val-mediated cardio-protection remains elusive. Our
analysis revealed significantly higher expression ratios of
phosphorylated PI3K/PI3K, p-AKT/AKT, and p-mTOR/
mTOR proteins in the hearts of mice treated with Val or
Sac compared to MI group. Furthermore, these ratios
were even more elevated in the Sac/Val combination
group compared to single-agent treatment. Addition-
ally, we observed a significant downregulation of HIF-1a,
a-SMA, and collagen-I protein expression in the Val
and Sac groups relative to the MI group, with an even
more profound decrease observed in the Sac/Val group
(Fig. 3E).

To further elucidate the mechanism, we utilized H9C2
cells and blocked PI3K activity using a specific inhibitor.
This approach abolished the activation of the PI3K/AKT/
mTOR signaling axis induced by Sac/Val (Supplemental
Fig. 1A-1 C).

Collectively, our findings convincingly demonstrate
that Sac/Val positively modulates and augments hepatic
and circulating FGF21 levels, concomitantly activat-
ing the intricate FGFR1/PI3K/AKT/mTOR signaling
cascade within the heart, thus providing significant
cardio-protection.
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Fig. 2 Therapeutic Effects of Sac/Val and Its Constituents on Cardiac Function and Pathology Post-Myocardial Infarction in Mice. A Representative mac-
roscopic photographs of hearts (scale bar, 2 mm); B HW (grams) to tibial length (TL; millimeters) ratio; C Left ventricular ejection fraction (EF); D Left
ventricular short axis (FS); E Left ventricular end-diastolic diameter (LVIDD); F Left ventricular systolic diameter systole (LVIDS); G Hematoxylin-eosin (HE)-
stained sections of hearts. Above: original magnification x4(scale bar, 2 mm); H Measurement of ROS levels in the hearts. Dihydroethidium staining was
performed to assess cellular ROS (Scale bars, 50 mm); I The myocardial infarct size was measured with Masson’s trichrome staining. The images show that
the fibrosis marker was stained in blue, whereas cardiac muscle fibers were in red and nuclei in dark brown. Above: original magnification x4(scale bar,
2 mm); below original magnification x20 (Scale bar, 100 um). Data are expressed as mean +SEM; n=6 per group, three independent experiments were
repeated; to determine statistical differences between two groups, one-way ANOVA along with Tukey's post hoc test were used to compare difference
among groups.; * P<0.05, ** P<0.01,*** £<0.001
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Fig. 3 Elevation of FGF21 Expression and Activation of PI3K/AKT/mTOR Signaling Pathway in the Liver, Heart, and Circulation Following Sac/Val Adminis-
tration. A Serum FGF21 levels; B Protein of FGF21 in the heart, C liver,and D fat of Sham, MI, Val, Sac, and Sac/Val mice were examined by Western blotting;
E Protein levels of FGFR1, PI3K/t-PI3K ratio, p-AKT/t-AKT ratio, p-mTOR/mTOR ratio, HIF-1q, collagen-l, and a-SMA in the heart of mice were examined
by Western blotting. Data are expressed as mean +SEM; n=6 per group, three independent experiments were repeated; to determine statistical differ-
ences between two groups, one-way ANOVA along with Tukey’s post hoc test were used to compare difference among groups.; * P<0.05, ** P<0.01, ***
P<0.001
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(See figure on previous page.)

Fig. 4 FGF21 gene knockout attenuates the beneficial effects of Sac/Val on left ventricular function, reduction of myocardial fibrosis, and decrease in
reactive oxygen species in acute myocardial infarction, but does not affect its inhibitory effects on atrial natriuretic peptide and angiotensin Il type 1
receptor signaling pathway. A Representative macroscopic photographs of hearts (scale bar, 2 mm); B HW (grams) to tibial length (TL; millimeters) ratio; C
Left ventricular ejection fraction (EF); D Left ventricular short axis (FS); E Left ventricular end-diastolic diameter (LVIDD); F Left ventricular systolic diameter
systole (LVIDS); G Hematoxylin-eosin (HE)-stained sections of hearts. Above: original magnification x4(scale bar, 2 mm); H Measurement of ROS levels in
the hearts; (I) Dihydroethidium staining was performed to assess cellular ROS (Scale bars, 50 mm); J and K The myocardial infarct size was measured with
Masson’s trichrome staining; L-N Immunohistochemical staining of heart sections for AT1R and NEP, scale bar: 100 um. Data are expressed as mean + SEM;
n=6 per group, three independent experiments were repeated; to determine statistical differences between two groups, one-way ANOVA along with

Tukey's post hoc test were used to compare difference among groups.; * P<0.05, ** P<0.01, *** P<0.001

The effects of Sac/Val on improving left ventricular
systolic function, relieving cardiac fibrosis, and reduc-
ing reactive oxygen species levels were partially inhib-
ited and partially restored by FGF21 knockdown and
backfill.

To further confirm whether FGF21 mediates the pro-
tective effect of Sac/Val against MI injury, we conducted
two rounds of experiments using a mouse MI model
established by ligation of the left anterior descending
coronary artery. The animals were grouped as follows in
the first round of experiments: Sham controls, MI + PBS,
MI+Sac/Val WT mice, FGF21KO Sham controls,
FGF21KO MI+PBS, and MI+ Sac/Val FGF21KO mice.
Additionally, we included Sham and FGF21KO mice
administered with 52 mg/kg of Sac/Val and AAV-GFP
or AAV-FGF21 vectors (Supplemental Fig. 2A-2D). To
assess cardiac function, echocardiography was employed
(Supplemental Figs. 3 and 4). Our results indicated that
Sac/Val can significantly improve left ventricular systolic
function, reduce cardiac fibrosis, and lower ROS levels
in wild-type MI mice, but these effects are significantly
attenuated in FGF21KO MI mice (Fig. 4A and M).Next
we calculated the effects size in WT and FGF21KO mice
administered and unadministered, in WT mice, the
effects size of HW/TL, EF, FS, LVIDd, LVIDs, ROS lev-
els and fibrosis levels were 0.78704, 0.95105, 0.87916,
0.58267, 0.85328, 0.80315, 0.94539, while in FGF21KO
mice were 0.65811, 0.75675, 0.64629, 0.6782, 0.7522,
0.79904, 0.87415, respectively, and the effects sizes of
other WTs were greater than those of FGF21KO, except
for LVIDd. Therefore, we concluded that the beneficial
effect of Sac/Val on myocardial infarction in FGF21 KO
mice was significantly attenuated.

In a subsequent experimental round, we observed
significant restoration of left ventricular systolic func-
tion, cardiac fibrosis, and reductions in ROS levels in
the FGF21KO 52 mg/kg Sac/Val AAV-FGF21 group
compared to the FGF21KO 52 mg/kg Sac/Val AAV-GEFP
group (Fig. 5A and I). Intriguingly, when we investigated
the endogenous pathways of valsartan and Sacubitril,
we discovered that the expression of ATIR and NEP
remained largely unchanged in both FGF21knockout and
replenished MI models (Figs. 4L and N and 5J). These
results indicate that FGF21 represents a novel down-
stream signal of Sac/Val in ML

Sac/Val mediates regulation of FGF21 through PPARs

Next, we aimed to elucidate the mechanism underlying
Sac/Val’s regulation of FGF21. Initially, we investigated
the interaction between Sac/Val and PPARs using molec-
ular docking. The lowest energies for Sac-PPARa and Val-
PPARa interaction were —7.7 kcal/mol and —7.3 kcal/
mol respectively (Fig. 6A). Similarly, for Sac-PPARy and
Val-PPARYy interaction, the lowest binding energies were
-8.3 kcal/mol and -8.2 kcal/mol respectively (Supple-
mental Fig. 7A).

To validate valsartan and sacubitril as bona fide PPAR«
ligands and quantify their binding affinity, we employed a
surface plasmon resonance (SPR)-based assay. In PPARa,
fenofibrate served as a positive control, exhibiting a ther-
modynamic dissociation constant (KD) of 1.079x107°
M, indicating a stable complex formation with PPARa.
Valsartan and sacubitril displayed a similar trend, albeit
with significantly lower affinity for PPAR«, as evidenced
by their KD values of 1.209x10™* M and 2.04x10™* M,
respectively (Fig. 6B and D). In AML-12 cells, we used
a concentration gradient to determine the optimal dose
concentrations of the PPARa-specific inhibitors GW6471
and Sac/Val (Supplemental Fig. 5B), and next we
observed that GW6471 significantly mitigated the Sac/
Val-induced upregulation of FGF21 (Fig. 6E).

For PPARYy, rosiglitazone served as the positive con-
trol, exhibiting a KD of 8.485 x 107 M, indicating a stable
complex formation. However, only sacubitril displayed
detectable binding to PPARy with a KD of 1.579x107°
M, while valsartan showed no significant binding (Sup-
plemental Fig. 7B-6E). Subsequently, we incubated HOC2
cells under hypoxic conditions of 5% O, and employed
a concentration gradient to identify the optimal dosing
concentrations for the PPARy-specific inhibitor GW9662
and Sac/Val (Supplemental Fig. 5A). Our results revealed
that GW9662 effectively blocked PPARY and significantly
abrogated the Sac/Val-induced upregulation of FGF21
(Supplemental Fig. 7E).

To further formalize whether PPARs mediates Sac/Val
modulation of FGF21 to ameliorate myocardial infarc-
tion in mice. We prepared five groups of models by
feeding Sac/Val and administering inhibitors of PPAR«a
and PPARYy. The animals were grouped as follows: sham
controls, MI+PBS, MI + Sac/Val WT mice, MI+ Sac/Val
WT+GW9662 mice, and MI+Sac/Val WT +GW6471
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Fig. 5 The administration of Sac/Val significantly enhances left ventricular systolic function, mitigates cardiac fibrosis, and diminishes reactive oxygen
species levels in myocardial infarcted mice following the restoration of FGF21 expression, without exerting any notable impact on ANP and AT1R signaling
pathway. A Representative macroscopic photographs of hearts (scale bar, 2 mm); B HW (grams) to tibial length (TL; millimeters) ratio; C Left ventricular
ejection fraction (EF); D Left ventricular short axis (FS); E Left ventricular end-diastolic diameter (LVIDD); F Left ventricular systolic diameter systole (LVIDS);
G Hematoxylin-eosin (HE)-stained sections of hearts. Above: original magnification x4(scale bar, 2 mm); H Measurement of ROS levels in the hearts.
Dihydroethidium staining was performed to assess cellular ROS (Scale bars, 50 mm); 1 The myocardial infarct size was measured with Masson's trichrome
staining; J Immunohistochemical staining of heart sections for AT1R and NEP, scale bar: 100 um. Data are expressed as mean +SEM; n=6 per group, three
independent experiments were repeated; to determine statistical differences between two groups, one-way ANOVA along with Tukey’s post hoc test

were used to compare difference among groups.; * P<0.05, ** P<0.01, ***P <0.001

mice. To assess cardiac function, echocardiography was
employed (Supplemental Fig. 5). Our results showed that
GW9662 and GW6471 significantly partially blocked
Sac/Val improved LV systolic function, cardiac fibrosis,
and ROS levels in wild-type MI mice (Fig. 7A and I). We
next examined the expression of PPARy and FGF21 in
the hearts of mice that had been administered GW9662,
and we found that Sac/Val significantly upregulated
PPARYy in the hearts of mice with myocardial infarction,
whereas administration of GW9662 significantly down-
regulated PPARY in the hearts of mice with myocardial
infarction and blocked the up-regulatory effect of Sac/
Val on FGF21. Similarly, Sac/Val significantly upregulated
PPARa in the livers of mice with myocardial infarction,
whereas administration of GW6471 significantly down-
regulated PPARa in the livers of mice with myocardial
infarction and blocked the up-regulatory effect of Sac/Val
on FGF21 (Fig. 7] and K).

In summary, these findings indicate that the benefi-
cial effects of Sac/Val in MI mice are partially mediated
through the modulation of PPARs.

Discussion

In the PARADISE-MI trial, the risk of the primary end-
point events (cardiovascular death, first heart failure hos-
pitalization, and outpatient progression to heart failure)
was reduced by 10% in the ARNI group compared with
the ramipril group. Thus Sac/Val remains an excellent
drug for improving myocardial infarction [3]. Despite the
clinical proficiency demonstrated by Sac/Val, a compre-
hensive elucidation of its underlying molecular mecha-
nisms at the cellular level remains elusive. FGF21, initially
identified as a modulator of glucolipid metabolism and
insulin secretion, has garnered increasing attention in
subsequent clinical studies. These investigations have
revealed that FGF21 binds to FGFR1 in the heart, exhib-
iting autocrine or paracrine properties, and emerges as a
promising biomarker for predicting cardiovascular dis-
eases, such as AMI and coronary artery disease. More-
over, FGF21 exhibits potential therapeutic value in the
prevention and rehabilitation of cardiovascular patholo-
gies [7, 21, 22]. The objective of the present study was to
delve into the potential of Sac/Val to function as an ago-
nist of FGF21, thereby mitigating the severity of ML

Initially, we recruited a cohort of patients diagnosed
with MI from our clinical setting. Our findings revealed
that Sac/Val administration resulted in a marked
enhancement of ejection fraction in these patients, align-
ing with previous research and demonstrating improve-
ments in several cardiac function indices. Notably, we
observed a significant elevation in circulating FGF21
expression among patients with MI receiving Sac/Val
compared to those not receiving this treatment. Further-
more, the FGF21 expression exhibited a positive cor-
relation with EF levels in patients with Sac/Val. These
results in patients with MI were in line with our initial
hypotheses.

To further substantiate our observations, we conducted
subsequent experiments using a mouse model. Based on
extensive literature reports indicating that a dosage of
52 mg/kg/day is commonly employed in mice, we selected
this dose for our study, as it has been validated to be both
safe and reliable. Although this dosage may partially dif-
fer from that used in clinical practice, it provides a robust
foundation for preclinical evaluation. As anticipated, Sac/
Val demonstrated significantly greater protective effects
against the decline in cardiac function in the ligated left
anterior descending artery (LAD)-induced infarct mouse
model compared to equimolar low-dose Val and Sac
administered individually. This finding aligns with pre-
vious reports, thereby reinforcing the validity and cred-
ibility of our research. Following MI, the liver is a major
source of FGF21 production, while the heart itself also
exhibits elevated FGF21 levels post-cardiac injury. The
endocrine function of liver-derived FGF21, coupled with
the autocrine production of FGF21 by the heart, contrib-
utes to cardio-protection [11, 23]. Additionally, adipose
tissue serves as a significant source of FGF21 secretion.
In our study, we evaluated the expression of FGF21 in
the heart, liver, adipose tissue, and systemic circulation.
As anticipated, both Val and Sac, administered as single
doses, led to significant elevations in FGF21 expression in
the heart, liver, and circulation, compared to equimolar
low-dose treatments of Val and Sac. However, we did not
observe notable increases in FGF21 expression in adipose
tissue. These findings indicate that Sac/Val upregulates
FGF21 expression in the liver, heart, and circulation.

In the heart, FGF21 exerts its beneficial effects by
alleviating cardiac impairment and fibrosis through
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Fig.6 Sac/Val-Mediated Upregulation of FGF21 in the Liver via PPARa. A Molecular modeling of the interaction between Valsartan, Sacubitril, and PPARa;
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treated or treated with GW6471 (10uM) for 12 h, then incubated in the presence or absence of Sac/Val (20uM), FGF21 were detected by Western blotting.
Data are expressed as mean +SEM; three independent experiments were repeated; to determine statistical differences between two groups, one-way

analysis of ANOVA was employed; * P<0.05, ** P<0.01, *** P<0.001

the inhibition of endoplasmic reticulum stress-induced
apoptosis, mediated by the activation of the FGFR1/
PI3K/AKT signaling pathway, and ameliorating oxidative
stress by modulating the Sirt3/MnSOD pathway [24—-26].
Furthermore, mTOR plays a crucial role in protecting the

heart from ischemic injury. We subsequently investigated
the expression of downstream signaling components
in the mouse heart. In accordance with our initial sup-
position, the Sac/Val complex significantly upregulated
the expression of not only FGF21 but also the crucial
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Fig. 7 PPARa and PPARy inhibition partially blocked the up-regulatory effect of Sac/Val on FGF21 and the ameliorative effect on myocardial infarction
mice. A Representative macroscopic photographs of hearts (scale bar, 2 mm); B HW (grams) to tibial length (TL; millimeters) ratio; C Left ventricular ejec-
tion fraction (EF); D Left ventricular short axis (FS); E Left ventricular end-diastolic diameter (LVIDD); F Left ventricular systolic diameter systole (LVIDS);
G Hematoxylin-eosin (HE)-stained sections of hearts. Above: original magnification x4(scale bar, 2 mm); (H) Measurement of ROS levels in the hearts.
Dihydroethidium staining was performed to assess cellular ROS (Scale bars, 50 mm); I The myocardial infarct size was measured with Masson’s trichrome
staining. The images show that the fibrosis marker was stained in blue, whereas cardiac muscle fibers were in red and nuclei in dark brown. Above: original
magnification x4(scale bar, 2 mm); below original magnification x20 (Scale bar, 100 um); J Protein of FGF21 and PPARy in the heart were examined by
Western blotting; K Protein of FGF21 and PPARa in the liver were examined by Western blotting. Data are expressed as mean + SEM; n=6 per group, three
independent experiments were repeated; to determine statistical differences between two groups, one-way analysis of ANOVA was employed; * P<0.05,

**P<0.01,**P<0.001

components that comprise its downstream signaling
pathway, further corroborating our scientific prediction.
Notably, when we blocked PI3K, we observed that Sac/
Val failed to activate the PI3K/AKT/mTOR signaling
axis, further validating the critical role of this pathway in
mediating the cardioprotective effects of Sac/Val.

Subsequently, we developed a mouse model of MI using
FGF21KO mice to further investigate the role of FGF21.
Our findings revealed that upon FGF21 knockdown, car-
diac functions, fibrosis, and oxidative stress were exacer-
bated in mice with MI, corroborating previous research.
Furthermore, when FGF21 was genetically ablated, it par-
tially hindered the beneficial effects of Sac/Val on MI in
these mice. However, when FGF21 was replenished, the
positive response to Sac/Val treatment was reinstated.
Notably, we observed that the expression of the original
target of Sac/Val action was not significantly altered by
FGF21 knockdown or replenishment. These results sug-
gest that FGF21 represents a novel target, independent of
the primary target, for Sac/Val to attenuate MI.

Activation of peroxisome proliferator-activated recep-
tors (PPARs), comprising PPARa, PPARP/S, and PPARY,
has been extensively documented to exhibit salutary
effects in cardiovascular diseases, including atherosclero-
sis and MI [21-23]. Specifically, in the liver, FGF21 serves
as a critical mediator of PPAR«’s pleiotropic functions.
FGF21 is directly induced by PPAR«a in hepatic tissue,
whereas in the heart, PPARy has been shown to enhance
left ventricular remodeling and cardiac function post-
MI. Numerous studies have highlighted FGF21 as a piv-
otal mediator of the physiological and pharmacological
actions of PPARYy in this context [15-17].

To elucidate the potential interactions between Sac/
Val and PPARs, we performed molecular docking stud-
ies with PPARa and PPARYy, revealing stable docking con-
figurations, suggestive of Sac/Val’s potential as an agonist
for both receptors. Subsequently, in surface plasmon
resonance (SPR) experiments, we observed robust bind-
ing of Sac/Val to PPARa, while the binding to PPARY was
comparatively less robust. Subsequently, in vitro experi-
ments utilizing AML-12 cells and H9C2 cells revealed
that the upregulation of FGF21 by Sac/Val was attenu-
ated upon the administration of inhibitors targeting
PPARa and PPARYy, respectively. Next, we further verified

the effect of PPARs on the modulation of FGF21 by Sac/
Val in animals. By administering inhibitors of PPARs,
we found that the upregulation of FGF21 by Sac/Val was
partially blocked, and the ameliorative effect of Sac/Val
on mice with myocardial infarction was also partially
blocked.

Interestingly, we found that the ameliorative effect of
Sac/Val on LVID D was not blocked after administration
of GW9662 versus GW6471, whereas GW6471 blocked
the ameliorative effect of Sac/Val on LVID S, whereas
GW9662 did not. We therefore conclude that the liver is
the predominant source of FGF21 and that the liver con-
tributes more than the heart to the improvement of myo-
cardial infarction. Collectively, our experimental data
suggests that PPARs play a pivotal mediating role in the
liver, a supportive yet partial role in the heart, and exhibit
a multi-organ interplay via the circulatory system. In
conclusion, Sac/Val exerts its regulatory effects on FGF21
upregulation through the mediation of PPARs.

Since the groundbreaking discovery of FGF21 in 2000,
our comprehension of its biological and pathophysiologi-
cal roles has undergone significant advancements. The
natural, mature human FGF21 hormone comprises 179
amino acid residues, significantly exceeding the lengths
of intestinal or pancreatic hormones such as GLP-1 (30
or 31 amino acids), GIP (42 amino acids), glucagon (29
amino acids), and GLP-2 (33 amino acids). This extended
length poses challenges in the development of FGF21 as a
therapeutic agent, as well as limits its clinical application
due to in vitro instability and a short half-life in vivo [27,
28].

In contrast, Sac/Val, a chemically synthesized agent,
offers several advantages, including high stability, ease of
transportation, and a simplified administration method.
In this study, we discovered for the first time that Sac/Val
functions as a potential FGF21 agonist. Specifically, Sac/
Val upregulates FGF21 levels through partial activation of
peroxisome proliferator-activated receptors, thereby mit-
igating fibrosis and oxidative stress in MI. Our findings
strengthen the evidence for the cross-protective effects of
FGF21 between the liver and heart.

In conclusion, Sac/Val ameliorates myocardial infarc-
tion partly through FGF21, a novel agonist of FGF21,
and also further clarifies the mechanism of FGF21 in
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myocardial infarction. This study provides theoretical
support and experimental basis for the development of
new strategies for the treatment of myocardial infarction,
and provides a basis for the development of new indica-

tions for Sac/Val.

Supplementary Information

The online version contains supplementary material available at https://doi.or
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Additional file1: Supplemental Fig. 1. Activation of the PI3K/AKT/mTOR axis
by Sac/Val was blocked after the PI3K blockade. (A)-(C) Protein levels of
PI3K/t-PI13K ratio and p-AKT/t-AKT ratio in the HIC2 cells were examined
by Western blotting. Data are expressed as mean+SEM; three independent
experiments were repeated; to determine statistical differences between
two groups, one-way analysis of ANOVA was employed; * P < 0.05, ** P
<0.01,*** P<0.001.Supplemental Fig. 2. AAV-FGF21 onset of action (A)
Mouse blood sampling timeline; (B)-(D) Serum FGF21 levels. Data are ex-
pressed as mean + SEM; to determine statistical differences between two
groups, one-way analysis of ANOVA was employed; * P<0.05, ** P<0.01,
*** P<0.001. Supplemental Fig. 3. Representative photographs of M-mode
echocardiography of left ventricle (LV). Representative photograph of

left ventricular M-mode echocardiogram during Sac/Val administration.
Supplemental Fig. 4. Representative photographs of M-mode echocar-
diography of left ventricle (LV). (A) Representative Photographs of Left
Ventricular M-Mode Echocardiography in FGF21 Knockout; (B) Representa-
tive Photograph of Left Ventricular M-Mode Echocardiogram in FGF21
Backfill. Supplemental Fig. 5. Representative photographs of M-mode
echocardiography of left ventricle (LV). Representative photograph of

left ventricular M-mode echocardiogram during Sac/Val administration.
Supplemental Fig. 6. The setting of the concentration gradient of drug
delivery. (A)-(B) Protein levels of PPARa in the AML-12 cells and PPARy in
the HIC2 cells were examined by Western blotting. Data are expressed as
mean + SEM; three independent experiments were repeated; to determine
statistical differences between two groups, one-way analysis of ANOVA
was employed; * P<0.05, ** P<0.01, *** P<0.001. Supplemental Fig. 7.
Sac/Val mediated upregulation of FGF21 in heart via PPARY. (A) Molecular
modeling of the interaction between Valsartan, Sacubitril, and PPARy; Sen-
sorgrams obtained injecting different concentrations of (D) rosiglitazone,
(C) sacubitril and (D) valsartan on immobilized PPARa; (E) H9C2 Cells were
untreated or treated with GW9662(10uM) for 12 h, incubated for 12 hin
the presence or absence of Sac/Val (20 uM) while incubating hypoxi-

cally. FGF21 were detected by Western blotting. Data are expressed as
mean + SEM; three independent experiments were repeated; to determine
statistical differences between two groups, one-way analysis of ANOVA
was employed; * P<0.05, ** P<0.01, *** P<0.001. Supplemental Fig. 8.
Experimental Design and Animal Grouping. The experimental design and
grouping of mice used to investigate the effects of Sac/Val on myocardial
infarction and its mechanistic link to FGF21. Four rounds of experiments
were conducted, involving wild-type (WT) and FGF21 knockout (KO) mice,
with different treatment groups. The experiments included echocardiogra-
phy, Western blot analysis, staining, and ELISA to assess cardiac function, fi-
brosis, and oxidative stress. Supplemental Fig. 9. Schematic diagram of the
mechanism by which Sac/Val ameliorates fibrosis and oxidative stress in
mice with myocardial infarction by regulating FGF21 through PPARs. Sac/
Val ameliorated fibrosis and oxidative stress in mice with MI by regulating
PPARs in the liver and heart, causing cardiac autocrine or blood circulation
upregulation of FGF21, and through the FGF21/PI3K/AKT/mTOR axis. The
gray box shows the classical target of action of Sac/Val, and FGF21 is a new
target independent of the original target. Supplemental Table 1. Compari-
son of concomitant medication usage rates between patients receiving
Sac/Val and those not receiving Sac/Val.
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