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A B S T R A C T   

Background: Septic shock is a serious clinical syndrome leading to high mortality. A new anti-anemia drug 
Roxadustat (FG-4592) protected against cardiac injury and hypertension. However, its effect and mechanism on 
shock and cardiac dysfunction induced by sepsis require to be investigated. 
Methods: C57BL/6j mice received FG-4592 (10 mg/kg/day) by i.p injection, followed by lipopolysaccharide 
(LPS) or cecal ligation and puncture (CLP) treatment. Mortality and shock status were monitored during the 
experiment. Cardiac function was assessed using echocardiography and serum lactate dehydrogenase (LDH) and 
creatine kinase-MB (CK-MB) assay. TEM, COX-SDH staining and ATP production were used to evaluate mito
chondrial function. A non-targeted metabolomic analysis was performed to evaluate the metabolic disorders. 
Results: Both pre- and post-treatment of FG-4592 could improve the survival rate in LPS- and CLP-induced sepsis 
mice with a better effect in pre-treated animals. Meanwhile, FG-4592 improved systolic blood pressure and body 
temperature drop in septic mice along with alleviated cardiac dysfunction (as shown by the restoration of 
decreased LVEF and LVFS and increased LDH and CK-MB) and inflammation. Interestingly, we observed that FG- 
4592 improved mitochondrial oxidative stress possibly by upregulating the anti-oxidative enzymes of SOD2 and 
HO-1. Furthermore, FG-4592 improved the energy supply and glycerophospholipid metabolism in car
diomyocytes, possibly through upregulating the HIF-1α-targeted genes of LDHA and PDK1 in glycolysis and CHK- 
α, respectively. 
Conclusions: FG-4592 protected against mortality and shock in septic animals possibly by antagonizing mito
chondrial oxidative stress and metabolic disorders. 
General significance: This study provides a potential of FG-4592 as a novel drug for treating septic shock.   

1. Introduction 

Sepsis is a common systemic inflammatory response syndrome that is 
mainly caused by endotoxins from gram-negative bacteria during mi
crobial infections. If not treated promptly, severe sepsis/septic shock 
will lead to uncontrolled release of inflammatory mediators, decreased 

tissue perfusion, and subsequent multiple organ failure [1]. Septic shock 
has a high mortality rate in intensive care units globally. Cardiovascular 
dysfunction is the leading cause of sepsis-related mortality [2]. Some 
studies have suggested that sepsis-induced cardiovascular dysfunction 
and mortality might be attributed to mitochondrial dysfunction [3–5]. 

During septic shock, glucose concentrations are markedly decreased 
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in the myocardial muscle, leading to energy deprivation [6]. In addition, 
myocardial metabolism including a reduction in the oxygen extraction 
ratio of the myocardium and a lack of choline, changed significantly in 
septic shock [7–9]. Currently, there is no effective therapy for septic 
shock except for antibiotics. Therefore, it is necessary to explore new 
effective treatments for preventing septic shock. 

Roxadustat (FG-4592) is a hypoxia-inducible factor(HIF) prolyl hy
droxylase inhibitor and get approved on 17 December 2018 as Ai Rui 
Zhuo® in China for treating anemia in chronic kidney disease (CKD) 
patients [10]. The drug stabilizes and promotes HIF activity by inhib
iting its degradation. As a HIF target gene, endogenous erythropoietin is 
induced by roxadustat to enhance erythropoiesis. Clinical trials con
ducted in China showed that oral roxadustat treated CKD patients had 
higher hemoglobin levels than those in the placebo group [11,12]. To 
date, >100 HIF target genes that may participate in various physiolog
ical and pathological processes have been identified [13], that play roles 
under hypoxic and non-hypoxic conditions. 

According to previous studies, FG-4592 ameliorated cisplatin- 
induced acute kidney injury (AKI) by inhibiting apoptosis and inflam
matory response [14]. FG-4592 retarded AKI-to-CKD transition by 
improving vascular regeneration and anti-oxidative capability [15]. In 
cardiovascular diseases, FG-4592 alleviated doxorubicin-induced acute 
cardiotoxicity through regulating apoptosis and oxidative stress by tar
geting Bcl-2 and SOD2 [16]. FG-4592 also prevented Ang II-induced 
hypertension by targeting angiotensin receptors and endothelial nitric 
oxide synthase (eNOS) [17]. Another group recently reported that FG- 
4592 protected against sepsis-induced acute lung injury by regulating 
HIF-1α and its target gene HO-1 [18]. FG-4592 also increased mito
chondrial biogenesis and oxidative respiratory response by regulating 
the mitochondrial oxygen consumption rate (OCR) and ATP production 
in SH-SY5Y cells [19]. Moreover, the key enzymes that participate in 
mitochondrial oxidative energy metabolism are upregulated by FG-4592 
treatment [20]. However, the function of FG-4592 during sepsis-induced 
cardiac dysfunction remains unclear. Therefore, in the present study, we 
designed experiments to determine the function and potential mecha
nisms of FG-4592 on cardiovascular dysfunction and survival in septic 
shock model. 

2. Material and methods 

2.1. Agents 

Lipopolysaccharide (LPS) derived from Escherichia coli O111:B4 (no. 
L2630) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Interleukin-6 (IL-6; no. DKW12–2060-096) and tumor necrosis factor-α 
(TNF-α; no. DKW12–2720-096) ELISA kits were purchased from Dakewe 
Biotech (Shenzhen, China). Roxadustat (FG-4592; no. S1007) was pur
chased from Selleck Chemicals IIc (Houston, TX, USA). A combined 
cytochrome C oxidase-succinate dehydrogenase (COX-SDH) staining kit 
(no. GMS80086.1) was purchased from GENMED (Shanghai, China). 
Enhanced ATP Assay Kit (no. S0027) was obtained from Beyotime 
Biotechnology (Shanghai, China). DHE staining kit (BB-470515) was 
from Bestbio (Nanjing, China). A Dual-Luciferase Assay Kit (no. E1910) 
was purchased from Promega (Madison, WI, UAS). 

2.2. Animal models 

Male C57BL/6j mice (8–10 weeks old, weighing 22–25 g) were 
purchased from GemPharmatech Co., Ltd. (Nanjing, China). All mice 
were housed in a specific pathogen-free (SPF) house with a 12/12 h 
light/dark cycle and free access to water and food. All procedures were 
approved by the Nanjing Medical University Institutional Animal Care 
and Use Committee. 

2.3. LPS-induced sepsis model 

Male C57BL/6j mice were injected intraperitoneally with LPS (10 
mg/kg) to induce septic shock. 

2.4. Cecal ligation and puncture (CLP) model 

CLP was performed as previously described [21]. Briefly, male 
C57BL/6j mice were kept anesthetized with 3% isoflurane. A 1.5–2 cm 
abdominal midline incision was made and the cecum was exposed. The 
cecum was ligated at 5 mm from the cecum tip and then perforated once 
with G26 needle. The intestinal contents were manually expelled from 
the hole to the abdominal cavity. The cecum was softly placed back in 
the original site and the abdominal incision was closed. In the sham 
group, the cecum was moved without ligation and puncture. 

2.5. Animal experiments protocols 

2.5.1. Experiment 1: Effect of FG-4592 on the survival of mice with LPS- 
induced shock 

To evaluate the effect of FG-4592 pre-treatment on the survival of 
mice with LPS-induced shock, 20 mice were divided into two groups: 
LPS group (n = 10), and FG-4592 + LPS group (n = 10). The mice were 
injected intraperitoneally with vehicle or FG-4592 (10 mg/kg/day) for 
48 h before LPS (10 mg/kg) administration. The vehicle or FG-4592 was 
given daily for 9 consecutive days. Survival was monitored for 7 days. To 
evaluate the therapeutic effect of FG-4592 on the survival of mice with 
LPS-induced shock, 20 mice were divided into two groups: LPS group (n 
= 10), and LPS + FG-4592 (n = 10) group. The mice were injected with 
FG-4592 (10 mg/kg/day) in LPS + FG-4592 group 2 h after LPS (10 mg/ 
kg) treatment. The vehicle or FG-4592 was given daily for 7 consecutive 
days. Survival was recorded for 7 days. 

2.5.2. Experiment 2: Effect of FG-4592 on the survival of mice with CLP- 
induced shock 

To evaluate the effect of FG-4592 pre-treatment on the survival of 
mice with CLP-induced shock, 20 mice were divided randomly into two 
groups: CLP group (n = 10) and FG-4592 + CLP group (n = 10). Mice 
were pretreated with vehicle or FG-4592(10 mg/kg/day with intraper
itoneal) for 48 h before CLP. The vehicle or FG-4592 was given daily for 
9 consecutive days. Survival was monitored for 7 days. 

To evaluate the therapeutic effect of FG-4592 on the survival of mice 
with CLP, 20 mice were divided randomly into two groups: CLP group (n 
= 10) and CLP + FG-4592 group (n = 10). Mice were injected with FG- 
4592 (10 mg/kg/day) in the CLP + FG-4592 group 2 h after CLP. The 
vehicle or FG-4592 was given daily for 7 consecutive days. Survival was 
recorded for 7 days. 

2.5.3. Experiment 3: Effect of FG-4592 on blood pressure and temperature 
of mice with LPS-induced shock 

To demonstrate the effect of FG-4592 on the characteristic indicators 
of septic shock, mice were divided into two groups: LPS group (n = 9) 
and FG-4592 + LPS group (n = 8). FG-4592 + LPS group mice were daily 
pretreated with FG-4592(10 mg/kg/day) for 48 h and 2 h before LPS 
(10 mg/kg) administration. Blood pressure and temperature of mice 
were measured daily. 

2.5.4. Experiment 4: Effect of FG-4592 on cardiac function of mice with 
LPS-induced shock 

To confirm the effect of FG-4592 on the cardiac function of mice with 
LPS-induced shock, mice were divided into three groups: control group 
(n = 10), LPS group (n = 10), and FG-4592 + LPS group (n = 10). FG- 
4592 + LPS group mice were daily pretreated with FG-4592(10 mg/kg/ 
day) for 48 h and 2 h before LPS (10 mg/kg) administration. Echocar
diographic examinations were performed after 12 h of LPS treatment. 
Blood samples were collected after sacrifice. LDH and CK-MB levels were 
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measured using an automatic biochemical analyzer. 

2.6. Measurement of blood pressure 

Systolic blood pressure (SBP) was determined using a non-invasive 
tail-cuff monitor (BP-2000, Visitech Systems, NC, USA). At least 10 de
terminations were made in every session, and the mean of the values was 
taken as the SBP level. All the mice underwent three sessions. 

2.7. Echocardiography 

Mice were pretreated with FG-4592(10 mg/kg/day) for 48 h and 2 h 
before LPS administration. At 12 h after the LPS treatment, mice were 
anesthetized with isoflurane and echocardiographic examinations were 
performed using a Vevo 2100 imaging system (VisualSonics, Toronto, 
ON, Canada). 

2.8. Cardiac function and histology 

Blood was collected from the inferior vena cava and centrifuged at 
3000 rpm for 20 min. Lactate dehydrogenase (LDH), Creatine kinase-MB 
(CK-MB) levels were measured using an automatic biochemical 
analyzer. Cardiac tissues were fixed with 4% paraformaldehyde, dehy
drated using automatic dehydrator, and embedded in paraffin, 4 μm 
thick sections were subjected for hematoxylin and eosin (HE) staining. 

2.9. Transmission electron microscopy 

Heart tissues were collected and immediately fixed in electron mi
croscope fixed solution. The sections (60 nm) were cut using a micro
tome. The mitochondrial structure was examined using an electron 
microscope (JEOL JEM-1010, Tokyo, Japan). 

2.10. Combined COX-SDH staining assay 

For mitochondrial function studies, fresh mouse heart tissues were 
embedded with optimal cutting temperature medium (OCT) in liquid 
nitrogen and 10-μm-thick sections were collected for combined COX- 
SDH staining. 

2.11. ATP measurement assay 

ATP production from heart tissue and cells was measured using an 
enhanced ATP Assay Kit (no S0027, Beyotime, Shanghai, China) ac
cording to the manufacturer's instructions. The protocol was described 
in a previous study [22]. 

2.12. Cell culture and treatment 

Murine atrial cardiomyocytes (HL-1 cells) and rat heart-derived 
cardiac cells H9c2 (H9c2 cells) were purchased from the American 
Type Culture Collection (ATCC). All the two cell lines were cultured in 
DMEM medium containing 10% FBS (Gibco, Grand Island, NY, USA) in 
an atmosphere of 5% CO2 at 37 ◦C. When the cells reached 70% con
fluency, they were treated with FG-4592 (2.5, 5, and 10 μM) for 24 h and 
then harvested for further analyses. 

2.13. Quantitative real-time PCR 

Total RNA from mouse heart tissues and cells was extracted using 
TRIzol reagent (TAKARA, Japan). cDNA was synthesized from 1 μg of 
RNAs using reverse transcriptase (2641A, TAKARA, Japan). qRT-PCR 
was performed using a 7500 PCR system (Applied Biosystems, Foster 
City, CA) with low ROX SYBR Mix (Vazyme, Nanjing, China). The 
primers used in this study are listed in Table 1. β-actin was used as the 
internal reference. 

2.14. Immunoblotting 

Heart tissues and cultured H9c2 cells were lysed with RIPA buffer 
containing protease inhibitor cocktail. The cell lysates were centrifuged 
at 12,000 rpm for 15 min at 4 ◦C. The BCA method was performed to 
measure the concentration of the supernatants. Proteins (50 μg) were 
loaded and separated by SDS-PAGE gel after denaturation, and the 
proteins were transferred onto PVDF membrane following 5% non-fat 
milk blocking for 1 h. Primary antibodies of SOD2 (1:1000, 
Cat#ab13533, Abcam); HIF-1α (1:1000, Cat#10006421, Cayman), 
LDHA (1:1000, Cat#19987–1-AP, Proteintech), PDK1 (1:1000, 
Cat#10026–1-AP, Proteintech), HO-1 (1:1000, Cat#10701–1-AP Pro
teintech), CHKα (1:1000, Cat#13520–1-AP Proteintech), and β-actin 
(1:2000, Cat#60008, Proteintech) were used to incubate with the 
membrane at 4 ◦C overnight followed by the incubation with secondary 
antibody for 2 h. The blots were detected with an enhanced chem
iluminescence detection system (Bio-Rad, Hercules, CA, UK) and 
analyzed using image lab software. 

2.15. Enzyme-linked immunosorbent assay (ELISA) 

Serum IL-6 and TNF-α levels were measured using ELISA kits ac
cording to the manufacturer's instructions. 

2.16. Dual luciferase assay 

The luciferase reporter plasmid (pGL3-CHK-α promoter) containing 
the promoter (− 2000 to 0) of CHK-α was constructed. The H9c2 cells 
were transfected with 250 ng of HIF-1α plasmid/vector and 250 ng 
pGL3-CHK-α promoter/pGL3 vector using lipofectamine 2000 in 24-well 
plates for 24 h. Renilla luciferase reporter plasmid pRL-TK (10 ng) was 
used as an internal control. The transfected cells were harvested for 
analysis using a Dual-Luciferase Assay Kit according to the manufac
turer's protocol. 

2.17. Oxygen consumption rate (OCR) assay 

The OCR assay was performed using a Seahorse XF-96 Extracellular 
Flux Analyzer (Seahorse Bioscience, Copenhagen, Denmark). H9c2 (1 ×
104) cells were seeded onto a seahorse cell culture microplate and 
treated with FG-4592 (5 μM and 10 μM) for 24 h. The assay was per
formed according the manufacturer's instructions. Briefly, the cell me
dium was replaced with Seahorse assay media after FG-4592 
administration, and the cells were cultured in a carbon dioxide-free 
incubator for 1 h before measurement of the basal OCR. The injection 
ports were then loaded with mitochondrial inhibitors: oligomycin (1 
mM), the uncoupler carbonyl cyanide 4-trifluoromethoxy-phenylhydra
zone, FCCP (3 mM for H9c2), and mitochondrial inhibitor: a mixture of 
rotenone (0.5 mM) and antimycin A (0.5 mM), OCR measurements were 
performed over time. 

2.18. Reactive oxygen species measurement 

The level of ROS in the cardiac tissue was measured with dihy
droethidium (DHE). 5 μm thickness fresh frozen heart sections were 
incubated with DHE (Bestbio, China) for 30 min at 37 ◦C. Fluorescent 
images were taken using a Zeiss LSM710 fluorescence microscope. The 
mean fluorescence intensity was analyzed using ZEISS imaging software 
ZEN. 

The level of ROS in H9c2 was determined by flow cytometry. Briefly, 
H9c2 cells were pretreated with FG-4592 and then administrated with 
LPS for 24 h. The cells were then incubated with 10 μM DCFH-DA for 20 
min. The cells were washed three times and collected for analysis using 
flow cytometry. The mean fluorescence intensity was measured using 
the CytExpert software. 

G. Long et al.                                                                                                                                                                                                                                    



BBA - General Subjects 1867 (2023) 130264

4

2.19. Metabolome analysis of cardiac tissue 

We harvested heart tissue from mice in experiment 4 for non-target 
metabolomics analysis. Non-target metabolomic analysis was performed 
by Biomarker Technologies Corporation (Beijing, China). In detail, a 
total of 50 mg heart tissue sample was homogenized with acetonitrile 
containing methanol, centrifuged, dried and re-dissolved in 50% 
acetonitrile aqueous solution. 1-μL sample was injected into an acquity 
UPLC HSS T3 column (1.8 μm, 2.1*100 mm, Waters, Milford, MA, USA). 
The mobile phase for positive and negative ion mode consisted of 0.1% 
formic acid aqueous solution (phase A) and 0.1% formic acid in aceto
nitrile (phase B). They were mixed and delivered at a flow rate of 0.4 
mL/min with a gradient program as follows: 0–0.25 min; 98% A; 
0.25–10 min, 98% A; 10–13 min, 2% A; 13–13.1 min, 2% A; 13.1–15 
min, 98% A. A high-resolution mass spectrometer (Waters Xevo G2-XS 
QTOF, Milford, MA, USA) was used to collect primary and secondary 
mass spectrometry data. The parameters of the ESI ion source are shown 
as follows: capillary voltage: 2 kV for positive ion mode or − 1.5 kV for 
negative ion mode; cone voltage: 30 V; ion source temperature: 150 ◦C; 
dissolvent gas temperature 500 ◦C; backflush gas flow rate: 50 L/h; 
dissolvent gas flow rate: 800 L/h. The raw data is processed by Pro
genesis QI software, orthogonal partial least squares discriminant 
analysis (OPLS-DA) and metabolic pathway enrichment analysis were 
carried out by using the pathway analysis tool of metaboanalyst 5.0 
(https://www.metaboanalyst.ca/). 

2.20. Statistical analysis 

All data in this study are shown as means ± SEM. Data were analyzed 
using one-way or two-way analysis of variance (ANOVA) or unpaired 
Student's t-test using GraphPad Prism software. Kaplan-Meier analysis 
was used for the survival time analysis. Statistical significance was set at 
P < 0.05. The exact p values were presented in the figure legends. 

3. Results 

3.1. FG-4592 increased the survival rate of septic mice 

To evaluate the effect of FG-4592 on survival in septic shock, we 
established septic shock mouse models by injecting LPS or performing 
CLP. First, we performed experiments to evaluate the preventive effect 
of FG-4592 as designed in Fig. 1A. The LPS group mice had a lower 
survival rate 7 days after LPS administration or CLP. Strikingly, pre
treatment with FG-4592 greatly enhanced the survival rate of mice 
challenged with LPS or CLP (Fig. 1B&C). Moreover, pretreatment with 

FG-4592 completely maintained a 100% survival rate of LPS-treated 
mice (Fig. 1B). We also evaluated the therapeutic effects of FG-4592 
as designed in Fig. 1D. The results shown in Fig. 1E&F show that FG- 
4592 also significantly enhanced the survival rate of mice challenged 
with LPS or CLP, although the improvement was not as obvious as that in 
the pretreatment model. These findings indicate that FG-4592 enhances 
the survival rate of septic mice. 

3.2. FG-4592 reversed the reduction of blood pressure and body 
temperature 

The mice displayed reduced systolic blood pressure and body tem
perature after LPS injection. Systolic blood pressure and body temper
ature were recorded during the mice experiment process to further 
define the effect of FG-4592 on septic shock (Fig. 2A). In agreement with 
findings of a previous study, LPS significantly reduced systolic pressure 
and body temperature. In LPS-induced shock, FG-4592 strongly atten
uated the decrease in systolic pressure and body temperature 
(Fig. 2B&C). The above results show that treatment with FG-4592 
significantly reverses the LPS-induced decrease in systolic pressure 
and body temperature. 

3.3. FG-4592 improved the cardiac function of mice treated with LPS 

To explore the effect of FG-4592 on cardiac function in septic shock 
mice, we measured cardiac function in experimental mice by echocar
diography. As shown in Fig. 2D–F, LPS injection significantly decreased 
LVEF and LVFS. In contrast, FG-4592 significantly prevented this 
decrease in LVEF and LVFS, indicating that FG-4592 attenuates LPS- 
induced left ventricular systolic dysfunction. Serum levels of LDH and 
CK-MB are known biomarkers of myocardial injury. LPS increased LDH 
and CK-MB levels compared with control mice, and this increase was 
significantly attenuated by FG-4592 pretreatment (Fig. 2G&H). Cardiac 
morphology was evaluated by HE staining. In agreement with the 
improved cardiac function, FG-4592 pretreatment alleviated the 
morphological changes in cardiomyocytes induced by LPS (Fig. 2I). 
These data suggest that FG-4592 ameliorates LPS-induced deterioration 
of cardiac function and morphology. 

3.4. FG-4592 pretreatment attenuated cardiac inflammatory responses in 
mice caused by LPS 

The inflammatory response is one of the major causes of myocardial 
dysfunction during sepsis. In this study, the effect of FG-4592 treatment 
on LPS-induced cardiac inflammation was analyzed. QRT-PCR showed 

Table 1 
Sequences of primers for qRT-PCR.  

Gene name Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′) 

Mouse LDHA TTCAGCGCGGTTCCGTTAC CCGGCAACATTCACACCAC 
Mouse PDK1 GCACTCCTTATTGTTCGGTGG CGTCGCAGTTTGGATTTATGCT 
Mouse β-actin GAGACCTTCAACACCCCAGC ATGTCACGCACGATTTCCC 
Mouse IL-1β ACTGTGAAATGCCACCTTTTG TGTTGATGTGCTGCTGTGAG 
Mouse IL-6 ACAAAGCCAGAGTCCTTCAGAGAG TTGGATGGTCTTGGTCCTTAGCCA 
Mouse MCP-1 GCTCTCTCTTCCTCCACCAC ACAGCTTCTTTGGGACACCT 
Mouse mt-ATP6 CCATAAATCTAAGTATAGCCATTCCAC AGCTTTTTAGTTTGTGTCGGAAG 
Mouse mt-ATP8 ACATTCCCACTGGCACC GGGGTAATGAATGAGGC 
Mousemt-ND4L GCCATCTACCTTCTTCA TAGGGCTAGTCCTACAGC 
Mouse mt-COX1 CAGACCGCAACCTAAACACA TTCTGGGTGCCCAAAGAAT 
Mouse mt-COX2 GCCGACTAAATCAAGCAACA CAATGGGCATAAAGCTATGG 
Mouse mt-COX3 CGTGAAGGAACCTACCAAGG ATTCCTGTTGGAGGTCAGCA 
Mouse mt-ND1 ACACTTATTACAACCCAAGAACACAT TCATATTATGGCTATGGGTCAGG 
Mouse mt-ND2 CCATCAACTCAATCTCACTTCTATG GAATCCTGTTAGTGGTGGAAGG 
Mouse mt-ND3 CCCCAAATAAATCTGTA CTCATGGTAGTGGAAGT 
Mousemt-ND4 GCTTACGCCAAACAGAT TAGGCAGAATAGGAGTGAT 
Mousemt-ND5 GCCAACAACATATTTCAACTTTTC ACCATCATCCAATTAGTAGAAAGGA 
Mouse mt-ND6 GGGAGATTGGTTGATGTA ATACCCGCAAACAAAGAT 
Mouse mt-CYTB GAGGTTGGTTCGGTTTTGG GTTTTGAAAGGGTGGGTGAC  
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that the expression of inflammatory factors, including IL-1β, IL-6, and 
MCP-1 in the heart, was greatly enhanced by LPS, which was signifi
cantly blunted after FG-4592 treatment (Fig. 3A–C). ELISA data showed 
that the increased circulating protein levels of TNF-α and IL-6 were 
significantly reduced by FG-4592 (Fig. 3D&E). These data indicate that 
FG-4592 treatment inhibits the inflammatory response in LPS-induced 
sepsis. To assess the potential effect of FG-4592 alone on blood 

pressure, heart function, morphology and inflammatory factors, we 
performed an animal experiment with control and FG-4592 groups. The 
results suggested that FG-4592 had no obvious effect on blood pressure, 
heart function, morphology and inflammatory factors levels as shown in 
Fig. S1. 

Fig. 1. Effects of FG-4592 on survival rate in septic shock mice. 
(A) Animal experimental procedures, mice were injected intraperitoneally with vehicle or FG-4592 (10 mg/kg/day) for 48 h before LPS (10 mg/kg) administration 
and CLP operation. (B&C) Survival was monitored for 7 days. (D) Animal experimental procedures, mice were injected with FG-4592 (10 mg/kg/day) 2 h after LPS 
(10 mg/kg) treatment or CLP operation. (E&F) Survival was recorded for 7 days. Colors indicate LPS or CLP group (red), FG-4592 + LPS or FG-4592 + CLP group 
(blue) (n = 10 per group). CLP, cecal ligation and puncture; LPS, lipopolysaccharide. 
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Fig. 2. FG-4592 pretreatment improved blood pressure, body temperature and cardiac function of septic mice. 
(A) Mouse treatment scheme. Mice were injected intraperitoneally with vehicle or FG-4592(10 mg/kg/day) for 48 h before LPS (10 mg/kg) administration. (B&C) 
systolic pressure (B), body temperature(C) (n = 8–9 mice in each group). (D) Cardiac function was examined by echocardiography 12 h after LPS administration. 
Representative images are shown. (E&F) LVEF and LVFS of experimental animals. (G&H) The levels of circulating CK-MB and LDH (n = 10 per group). (I) 
Representative images of HE staining. The values were represented as mean ± SEM. One-way ANOVA with Tukey's multiple comparison test analysis and two-way 
ANOVA with Bonferroni post-tests analysis were used. *P < 0.05, **P < 0.01, ***P < 0.001. CK-MB, creatine kinase-MB; LDH, lactate dehydrogenase; LPS, lipo
polysaccharide; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening. 
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3.5. FG-4592 pretreatment attenuated LPS-induced mitochondrial 
dysfunction in vivo 

Mitochondrial dysfunction is another important pathological feature 
of sepsis-induced heart dysfunction. Therefore, we examined whether 
FG-4592 treatment could prevent LPS-induced mitochondrial damage. 
Electron microscopy showed that FG-4592 treatment significantly 
attenuated the swollen and disrupted cristae of mitochondria in car
diomyocytes of mice treated with LPS (Fig. 4A). COX-SDH staining was 
performed to analyze the activity of cytochrome C oxidase and succinate 
dehydrogenase. The results showed that the activity of cytochrome C 
oxidase and succinate dehydrogenase was markedly decreased by LPS 
challenge. However, the reduction was partially restored by FG-4592 
treatment (Fig. 4B). Furthermore, we examined the mRNA levels of 13 
mitochondrial-encoded genes. We found that FG-4592 pretreatment 
reversed the decrease of most mitochondrial-encoded genes including 
ATP6, ATP8, ND4L, COX2, ND5 and ND6, which are regulated by LPS 
(Fig. 4C). Moreover, the reduction of ATP in LPS-treated cardiac tissues 
was significantly restored by FG-4592 (Fig. 4D). These results demon
strate that FG-4592 improves the mitochondrial function. 

3.6. FG-4592 alleviated oxidative stress by up-regulating anti-oxidative 
protein expression 

Previous studies have demonstrated that FG-4592 could eliminate 
ROS levels by upregulating SOD2 and HO-1. In this study, we measured 
the levels of HIF-1α, SOD2 and HO-1 in the cardiac tissue. The level of 
HIF-1α was decreased in the LPS group and reversed by FG-4592 pre
treatment (Fig. 5A&B). The levels of SOD2 and HO-1 were increased in 
the LPS group and further enhanced by FG-4592 pretreatment 
(Fig. 5C&D). We also measured the ROS levels of cardiac tissue and 
found FG-4592 pretreatment significantly decreased the ROS production 
(Fig. 5E&F). In cultured H9c2 cells, FG-4592 increased the levels of HIF- 
1α and its target gene HO-1 in a dose-dependent manner (Fig. 5G–J). 
Moreover, FG-4592 blocked the LPS-induced increase of ROS levels 

(Fig. 5K&L). These findings indicate that FG-4592 inhibits ROS pro
duction by enhancing the production of the anti-oxidative stress en
zymes SOD2 and HO-1. 

3.7. FG-4592 promotes ATP production by enhancing lactate utilization 

In sepsis, myocardial metabolism changes significantly, including a 
reduction in the oxygen extraction ratio and an increase in lactate uti
lization. In this study, we explored the levels of key enzymes involved in 
lactate utilization by using QRT-PCR and western blotting. The results 
indicate that the levels of LDHA and PDK1 were significantly decreased 
by LPS, which was restored by FG-4592 treatment (Fig. 6A–E). We also 
examined the intermediate metabolite levels in the Krebs cycle using 
non-target metabolomics and found that FG-4592 had no effect on citric 
acid, 1-isopropyl citrate, succinyl-CoA and α-tocopherol succinate levels 
(Fig. 6F–I). In cultured HL-1 cells, we found that FG-4592 increased the 
production of ATP and the levels of LDHA and PDK1 (Fig. 7A–D). 
Consistent with HL-1 cells, FG-4592 increased the production of ATP 
and the level of LDHA in H9c2 cells (Fig. 7E–H). We further examined 
the effect of FG-4592 on the oxygen consumption rate (OCR) using 
seahorse analyzer in H9c2 cells. FG-4592 enhanced OCR and maximal 
respiratory capacity (Fig. 7I&J). These data demonstrate a potent effect 
of FG-4592 treatment on ATP production and lactate utilization. 

3.8. FG-4592 improved glycerophospholipid metabolism by up-regulating 
CHK-α 

We analyzed the data from non-target metabolomics of heart tissues 
and the OPLS-DA score plots showed a complete separation between 
control and LPS groups (Fig. 8A) and between LPS and FG-4592 + LPS 
groups (Fig. 8B). We further analyzed 661 significantly altered metab
olites (Fold Change >2) between Control and LPS groups and 356 
altered metabolites (Fold Change >1.2) between LPS and FG-4592 +
LPS groups, and the pathway enrichment analysis showed the metabo
lites involved in glycerophospholipid metabolism (Phosphatidylcholine, 

Fig. 3. FG-4592 treatment attenuated cardiac inflammatory responses in septic shock mice. 
(A–C) QRT-PCR was performed to detect the mRNA levels of cardiac IL-1β, IL-6, MCP-1 (n = 9–10 per group). (D&E) The levels of circulating TNF-α (D) and IL-6 (E) 
was analyzed by ELISA (n = 6 per group). The values were represented as mean ± SEM. One-way ANOVA with Tukey's multiple comparison test analysis was used. * 
P < 0.05, **P < 0.01, ***P < 0.001. 
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Phosphatidylethanolamine and N-hexadecanoylsphinganine-1-phos
hocholine) were significantly up-regulated in the FG-4592 + LPS group 
(Fig. 8C–G). Also, studies have reported that these metabolites amelio
rated organ dysfunction and inflammation caused by endotoxemia 
[23,24]. Choline kinase-alpha (CHK-α) is a key enzyme in glycer
ophospholipid metabolism and a previous study found that HIF-1α 
increased CHK-α expression by directly binding to the region of the CHK- 
α promoter [25]. In cultured H9c2 cells, FG-4592 markedly increased 
CHK-α expression. Dual luciferase reporter assay results showed that 
HIF-1α could activate the CHK-α firefly luciferase reporter (Fig. 8H–J), 
suggesting that FG-4592 affected glycerophospholipid metabolism 
possibly by upregulating CHK-α. 

Collectively, these results indicate that FG-4592 attenuate sepsis- 
induced mortality and cardiac dysfunction by improving mitochon
drial dysfunction and energy metabolism as shown in Fig. 8K. 

4. Discussion 

Septic shock is caused by endotoxins and has a high mortality rate. A 
cascade of events, including the release of many inflammatory media
tors, an increase in heart rate, drastic drops in blood pressure and body 
temperature, decreases in tissue perfusion, and multiple organ failure, 
occur during the process of septic shock [26]. Some studies indicated 
that cardiac dysfunction might be the key cause of high mortality in 
septic patients [27,28]. Accumulating evidence shows that the preven
tion of heart damage can improve the survival of patients with sepsis 
[2,29]. 

Roxadustat (FG-4592) is a new drug for treating anemia in chronic 
kidney disease patients, and has been reported to play an important 
protective role in acute kidney diseases [14,30]. Our previous study 
found that FG-4592 could protect against doxorubicin-induced car
diotoxicity through anti-apoptotic and anti-oxidative pathways [16]. In 
the present study, we found that FG-4592 could alleviate endotoxic 

Fig. 4. FG-4592 treatment attenuated 
LPS-induced mitochondrial dysfunction 
in vivo. 
(A) Representative electron microscopy 
images of cardiac mitochondria from the 
left ventricular of experimental animals. 
(B) Representative COX-SDH staining 
images from the left ventricular of 
experimental animals. (C) The mRNA 
levels of 13 mitochondria-encoded 
genes in the left ventricular tissues by 
qRT-PCR (n = 8 per group). (D) The ATP 
production in left ventricular tissue from 
hearts of mice (n = 8–10 per group). The 
values were represented as mean ±

SEM. One-way ANOVA with Tukey's 
multiple comparison test analysis was 
used. * P < 0.05, ***P < 0.001.   
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Fig. 5. FG-4592 alleviated oxidative stress by upregulating SOD2 and HO-1. 
(A–D) Western blotting was performed to analyze the protein levels of HIF-1α, SOD2 and HO-1 in the heart tissue (n = 4 per group). (E&F) Representative images of 
the DHE staining of cardiac tissue (magnification × 100). Quantitation of the mean fluorescence intensity (n = 6 per group). (G&H) Western blotting was performed 
to analyze the protein level of HIF-1α in H9c2 cells. (I&J) Western blotting was performed to analyze the protein level of HO-1 in H9c2 cells. (K) Representative 
images of the flow cytometry data from ROS assay in H9c2 cells. The X-axis represents fluorescence intensity, while the Y-axis represents cell counts. (L) Quantitation 
of the mean fluorescence intensity (MFI). The values are represented as mean ± SEM (n = 3 per group). One-way ANOVA with Tukey's multiple comparison test 
analysis was used. * P < 0.05, **P < 0.01, ***P < 0.001. 
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shock. First, FG-4592 prolonged the survival time and decreased the 
mortality of mice induced by LPS or CLP. Moreover, FG-4592 pretreat
ment completely reversed LPS- induced mortality in mice at a lethal 
dose, which was more efficiency than post-treatment. Thus, the pre
treatment experimental setting was used for the subsequent and mech
anistic investigation. Second, we found that LPS markedly reduced 
blood pressure and body temperature, which was mostly restored by FG- 
4592 pretreatment. Third, FG-4592 prevented LPS-induced cardiac 
dysfunction. Cardiac function after 12 h of LPS treatment was impaired, 
as shown by the decrease of LVEF, LVFS and the increase of LDH and CK- 
MB. The experimental results showed that FG-4592 significantly 
restored the decrease in LVEF, LVFS and the increase in LDH and CK-MB 
induced by LPS. These findings strongly indicate a protective role of FG- 
4592 in the improvement of survival rate and cardiac function during 
septic shock. 

Although some studies suggested a protective role of FG-4592 in 
atherosclerosis [31], cisplatin-induced AKI, folic acid-induced kidney 
injury [14,30], sepsis-induced acute lung injury [18], and doxorubicin- 
induced cardiotoxicity [16], perhaps via the regulation of HIF and its 
target genes that participate in anti-inflammation, anti-apoptosis, anti- 
oxidative stress, and improving mitochondrial function. However, the 
role and mechanisms of FG-4592 in survival and cardiac function during 

septic shock still require elucidation. It is well known that LPS induces a 
serious inflammatory response, the major cause of cardiac dysfunction. 
Previous studies indicated that anti-inflammatory therapies could blunt 
the inflammatory response and improved the cardiac damage in septic 
shock. In the present study, the inflammatory factors in circulation 
(TNF-α and IL-6) and heart (IL-6, IL-1β and MCP-1) were significantly 
induced by LPS. Strikingly, FG-4592 pretreatment suppressed the in
crease in these inflammatory factors, indicating its potent anti- 
inflammatory effect in septic shock. Some studies have showed that 
HIF-1α exacerbates colitis by promoting an inflammatory response [32], 
while HIF-1α deletion in macrophages reduced LPS-induced mortality 
[33]. Our previous work suggested that FG-4592 pretreatment had no 
effect on the expression levels of TNF-α and IL-6 induced by doxorubicin. 
Additionally, in agreement with our results, other studies showed that 
FG-4592 strikingly attenuated inflammation in sepsis-induced acute 
lung injury and cisplatin induced AKI [14,18]. The multifarious effects 
of FG-4592 in regulating the inflammatory response might be caused by 
the activation of different HIF target genes under various conditions or 
by differences in the pathogenesis of various diseases. 

In addition to inflammatory factors, mitochondrial dysfunction and 
subsequent insufficient energy supply in the heart also contribute to the 
damage of sepsis-induced cardiac dysfunction and death [34]. Glucose 

Fig. 6. FG-4592 promoted the expression of key enzymes in lactate utilization. 
(A&B) qRT-PCR was performed to analyze the mRNA levels of LDHA and PDK1 in the heart tissue (n = 9–10 in each group). (C–E) Western blotting was performed to 
analyze the protein levels of LDHA and PDK1 in the heart tissue (n = 4 in each group). (F–I) The relative levels of citric acid, 1-isopropyl citrate, succinyl-CoA and 
α-tocopherol succinate from the non-target metabolomics data in the heart (n = 6 in each group). The values are represented as mean ± SEM. One-way ANOVA with 
Tukey's multiple comparison test analysis was used. * P < 0.05, **P < 0.01, ***P < 0.001. 
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oxidation is the main energy source in the heart. LPS reportedly inhibits 
the expression of key enzymes involved in glucose catabolism and 
thereby reducing ATP production. Meanwhile, a shift occurred from the 
use of free fatty acids to utilization of lactate for energy in septic hearts. 
In this study, we found that LPS induced mitochondrial dysfunction in 
the heart and the important enzymes (LDHA and PDK1) of glucose 
oxidation were significantly inhibited in septic hearts. FG-4592 treat
ment markedly restored the decrease in LDHA and PDK1 in septic hearts. 
FG-4592 also directly upregulated these key enzymes in cardiomyocytes 
to increase ATP production. Meanwhile, FG-4592 enhanced its target 
genes of anti-oxidative enzymes SOD2 and HO-1, which could also 
protect mitochondria via anti-oxidative action. These results suggest 
that FG-4592 improves the survival rate and cardiac function during 
septic shock possibly by regulating mitochondrial oxidative stress, en
ergy supply, and inflammation. 

Metabolic alteration also participates in the progression of sepsis- 
induced cardiac dysfunction. In this study, the non-targeted metab
olomic analysis of heart tissues indicated that glycerophospholipid 
metabolism pathway was significantly changed by FG-4592 pretreat
ment. In line with our findings, a previous study reported that isosteviol 
sodium significantly improved cardiac functions under sepsis by altering 
purine metabolism, glycerophospholipid metabolism, and CoA biosyn
thesis [23] Besides, as a key enzyme in glycerophospholipid metabolism, 
CHK-α expression was regulated by HIF-1α possibly through direct 
binding to the region of the CHK-α promoter. We also confirmed that 
HIF-1α upregulated the CHK-α expression by binding CHK-α promoter in 
cardiomyocytes. Therefore, the alteration of glycerophospholipid 
metabolism could contribute to improved heart function in sepsis by 
regulating CHK-α. 

Fig. 7. FG-4592 promotes ATP production and the expression of key enzymes in lactate utilization in HL-1 and H9c2 cells. 
(A) Effect of FG-4592 on the cell viability of HL-1 cells after treatment for 24 h (n = 6 in each group). (B) Cellular ATP production was detected in HL-1 using a 
commercial kit (n = 6 in each group). (C&D) qRT-PCR was performed to analyze the mRNA levels of LDHA and PDK1 in HL-1(n = 3 in each group). (E) Effect of FG- 
4592 on the cell viability of H9c2 cells after treatment for 24 h (n = 6 in each group). (F) Cellular ATP production was detected in H9c2 (n = 6 in each group). (G&H) 
Western blotting was performed to analyze the protein level of LDHA in H9c2 (n = 3 in each group). (I&J) Basal OCR level (Blue stars: control vs FG-4592-5 μM; red 
stars: control vs FG-4592-10 μM) (I) and Maximal respiration capacity (J) were detected using a Seahorse XF-96 Extracellular Flux Analyzer (n = 8 in each group). 
The quantitative results are shown as the means ± SEM. One-way ANOVA with Tukey's multiple comparison test analysis and two-way ANOVA with Bonferroni post- 
tests analysis were used. *P < 0.05, **P < 0.01, ***P < 0.001. 
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5. Conclusions 

In summary, here we reported a potent therapeutic role of FG-4592 
in septic shock. The underlying mechanisms of FG-4592 that improve 
the survival rate and cardiac function could be associated with the 
activation of HIF-targeted genes SOD2 and HO-1 for regulating mito
chondrial oxidative stress and LDHA, PDK1 and CHK-α for glucose 
oxidation and glycerophospholipid metabolism as shown in Fig. 8K. Our 
findings extend the clinical use of FG-4592 as an anti-shock drug in 
sepsis in addition to its application in CKD anemia. 
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