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Abstract

Background: Sepsis remains a major health issue without an effective therapy.
Ferroptosis, an iron-dependent programmed cell death, has been proposed to be
related to the pathogenesis of sepsis. Irisin, a myokine released during exercise,
improves mitochondrial function under various conditions. Ferroptosis is closely
related to mitochondrial function. However, the role of irisin in sepsis-induced
ferroptosis and mitochondrial dysfunction in the liver remained unknown. Thus,
we hypothesize that irisin treatment suppresses ferroptosis and improves mito-
chondrial function in sepsis.

Methods: To study this, we first explored the role of serum irisin levels in
patients with sepsis, and then determined the effect of irisin administration on
ferroptosis and mitochondrial function in the liver of septic mice.

Results: Serum irisin levels were decreased and negatively correlated with the
APACHE 1I scores in patients with sepsis. In mice subjected to cecal ligation
and puncture (CLP), exogenous irisin administration suppressed ferroptosis,
inhibited inflammatory response, decreased reactive oxygen species (ROS)

Abbreviations: ALT, alanine aminotransferase; APACHE, Acute Physiology and Chronic Health Evaluation; AST, aspartate aminotransferase; ATP,
adenosine triphosphate; ATPB, energy generation related protein; CLP, cecal ligation and puncture; DHE, dihydroethidium; ELISA, enzyme-linked
immunosorbent assays; GPX4, glutathione peroxidase 4.; HMGBI, high mobility group box 1; LC3, microtubule associated protein 1 light chain 3;
mtDNA, mitochondrial DNA; MT-ND1, mitochondrial-encoded NADH dehydrogenase 1; MTR, MitoTracker Red CMXRos; nDNA, nuclear DNA;

OCT4, nuclear-encoded internal control of POU class 5 homeobox 1; OMM, outer mitochondrial membrane; OXS, oxidative stress; qPCR, quantitative
polymerase chain reaction; ROS, reactive oxygen species; SOFA, Sequential Organ Failure Assessment; TEM, transmission electron microscopy;
TFAM, mitochondrial biogenesis related protein
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1 | BACKGROUND

Sepsis is a leading cause of in-hospital deaths and has high
morbidity.! Although the introduction of modern inten-
sive care has greatly improved survival rates, there are no
specific drugs for sepsis.” The liver plays a central role in
the pathogenesis of sepsis.®* Several studies have revealed
that liver dysfunction occurs early in the development of
sepsis.”® Liver dysfunction is closely linked to the mor-
tality rate in sepsis and early liver dysfunction is an inde-
pendent risk factor for poor prognosis.”~® Thus, protection
against liver is very important for the treatment of sep-
sis. Mitochondria have multiple metabolic and signaling
functions, such as ATP production, intracellular calcium
homeostasis, ROS production, and apoptosis. Mitochon-
drial dysfunction closely related to sepsis-induced organ
dysfunction.!®!! Clinical studies suggest that treatments
focusing on mitochondrial dysfunction may improve the
outcomes of patients with sepsis.'?

Irisin, a peptide hormone cleaved from fibronectin
type III domain-containing 5 (FNDC5), was an exercise-
induced myokine promoting the browning of white adi-
pose tissue.!* Irisin participates in hepatic glucose and lipid
metabolism and that it also reduces oxidative stresses in
hepatocytes.'*!> Our group found that irisin has beneficial
effects on mitochondrial biogenesis, mitochondrial func-
tion, and oxidative stress.'°1°

Ferroptosis discovered by Stockwell in 2012 is iron-
dependent and distinct from other types of programmed
cell death.? Increasing iron concentrations and ROS lev-
els result in the occurrence of ferroptosis.”’ Studies have
shown that ferroptosis was involved in the pathological
process of various diseases.””>> Recently, it was reported

production, restored abnormal mitochondrial morphology, and increased
mtDNA copy number and adenosine triphosphate (ATP) content. The effect of
irisin on ferroptosis was confirmed in LPS-treated hepatocytes and CLP-induced
septic mice. Inhibition of glutathione peroxidase 4 (GPX4), a central regulator
of ferroptosis, reduced irisin’s protective effects in LPS-treated hepatocytes and
CLP-induced septic mice, while blocking the irisin receptor with RGD peptide
or Echistain decreased irisin-induced GPX4 expression.

Conclusions: Serum irisin levels are decreased and negatively correlated with
disease severity in patients with sepsis, and irisin treatment suppresses ferropto-
sis and restores mitochondrial function in experimental sepsis. Irisin may offer
therapeutic potential in the management of sepsis.

ferroptosis, GPX4, irisin, mitochondrial function, sepsis

that ferroptosis modulated by GPX4 might be a novel
pathophysiological mechanism of sepsis.?® Inhibition of
ferroptosis exerts protective effects in sepsis-induced heart
injury.” However, there is no research either on the role of
ferroptosis in sepsis-induced liver injury or on the associa-
tion between irisin and ferroptosis in sepsis. Ferroptosis is
closely related to mitochondrial function.?® However, the
role of irisin in sepsis-induced ferroptosis and mitochon-
drial dysfunction in the liver remained unknown. Thus,
we hypothesize that irisin treatment suppresses ferropto-
sis and improves mitochondrial function in sepsis. We first
explored the role of serum irisin levels in patients with sep-
sis, and then determined the effect of irisin administration
on ferroptosis and mitochondrial function in the liver of
septic mice.

2 | METHODS

2.1 | Patients

This observational study included 60 patients with sepsis
(age > 18 years) in the First Affiliated Hospital of Xi’an
Jiaotong University between September 2016 and Decem-
ber 2018. Sepsis was diagnosed based on the results of blood
culture and organ dysfunction according to the Sepsis-
3 criteria ((1) suspected infection and® Sequential Organ
Failure Assessment (SOFA) score > 2), while patients with
malignant tumors were excluded. Basic clinical data of the
patients are presented in Table 1. The APACHE II score®
was used to evaluate the severity of sepsis. The blood sam-
ples were collected from septic patients within 24 h of hos-
pital admission. The study was approved by the Ethics
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Committee of the First Affiliated Hospital of Xi’an Jiaotong
University and all study participants signed the informed
consent.

2.2 | Experimental models

Male adult C57BL/6J mice (20-26 g) were purchased from
the Experimental Animal Center of Xi’an Jiaotong Univer-
sity. Animals were anesthetized with isoflurane. Cecal lig-
ation and puncture (CLP) induced sepsis was established
with a 22-gauge needle accordingly.*’ At 5 h after CLP, nor-
mal saline (0.5 mL, vehicle) or irisin (0.5 mL, 250 ug/kg,
067-29A, Phoenix Pharmaceuticals, USA) was adminis-
tered intravenously. 30 mg/kg RSL3 (58155, Selleck Chemi-
cals, USA) was administrated intraperitoneally after irisin
injection immediately. In addition, 15 or 45 mg/kg BW
lipopolysaccharides (LPS) (Escherichia coli 055: B5, Sigma-
Aldrich) were administered intraperitoneally to establish
a mice model of endotoxemia. The control group was
injected with an equal volume of normal saline. All ani-
mals were treated with the Health Science Center (HSC)
of Xi’an Jiaotong University criteria for use and care of
animals in research. The experiments were approved by
the Institutional Animal Care and Use Committee of the
Ethics Committee of HSC.

2.3 | Celllines and culture

The L-02 hepatocyte line (abbreviated as LO2 cells) was
purchased from Procell Co., Ltd (Wuhan, China). Cells
were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum, 100 ug/mL streptomycin and 100
U/mL penicillin, and maintained in a humidified atmo-
sphere with 5% CO, at 37°C.

24 |
assays

Enzyme-linked immunosorbent

Irisin commercial ELISA kits (EK-067-29, Phoenix Phar-
maceuticals, USA), TNF-a ELISA kit (CSB-E04741m,
Wuhan, China) and IL-6 ELISA kit (CSB-E04639m,
Wuhan, China) were used to measure the serum irisin,
TNF-a, and IL-6 following the instructions.

2.5 | Malondialdehyde, glutathione, and
iron assays

Lipid Peroxidation (MDA) Assay Kit (S0131S, Beyotime,
China), total Glutathione Assay Kit (S0052, Beyotime,

3

STUDY HIGHLIGHTS

What is the current knowledge on the
topic?

Sepsis remains a major health issue without
an effective therapy. Ferroptosis has been pro-
posed to be involved in the pathogenesis of
sepsis. Irisin improves mitochondrial function
under various conditions. Ferroptosis is closely
related to mitochondrial function. However, the
role of irisin in sepsis-induced ferroptosis and
mitochondrial dysfunction in the liver remained
unknown.

What question did this study address?

We performed this study to assess the expression of
irisin in sepsis, and investigate the effects of irisin
on sepsis-induced ferroptosis and mitochondrial
dysfunction in the liver.

What does this study add to our knowledge?

Our results showed that serum irisin levels
were decreased and negatively correlated with
the APACHE II scores in patients with sep-
sis. Exogenous irisin administration can attenu-
ate liver dysfunction, increase the expression of
GPX4, which is down-regulated in experimen-
tally induced sepsis, and inhibit ferroptosis in
sepsis.

How might this change clinical pharmacol-
ogy or translational science?

Irisin may be a potential therapeutic agent for sep-
sis.

China), and Iron assay kit (ab83366, Abcam, UK) were
applied to assess the lipid peroxidation product MDA con-
tents, GSH levels, and ferrous iron (Fe>*) concentrations
following the instructions.

2.6 | RNA extraction and quantitative
real-time RT-PCR

The total RNA was extracted with TRIzol and the
gPCR was carried out as described before.’! The spe-
cific primers for mouse FNDC5 were 5-GTC ATT GGC
TTT GCC ATC TC-3’ (forward) and 5'-CAT GGA CGA
TAT ATT CTG TGT CCT C-3’ (reverse). The specific
primers for mouse IL-6, TNF-a, IL-15, CXCL-1, CXCL-
10, and f-actin were the same as listed in the recent
study.*?
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2.7 | Analysis of mitochondrial DNA
content

Total DNA was isolated with a commercial kit (69504,
Qiagen, Valencia, CA) following the instructions. qPCR
assay was applied to determine the mtDNA by ampli-
fying mitochondrial-encoded NADH dehydrogenase 1
(MT-ND1). DNA fragments encoding MT-NDI1 were nor-
malized with the nuclear-encoded internal control of
OCT4. The detailed experimental scheme is the same as
before.!

2.8 | Liver injury and ATP content

Serum ALT and AST were detected with kits (C009-2 and
C010-2) from NanJing JianCheng Bioengineering Institute
(Nanjing, China). ATP was detected using the ATP Assay
Kit (S0026, Beyotime, China), and the ATP content was
normalized to total protein with a unit of nmol per mil-
ligram protein (nmol/mg protein).

2.9 | DHE and MitoTracker Red
fluorescent staining

The 5 um cryosections from liver were immediately
stained with 5 uM dihydroethidium (DHE) (D7008, Sigma-
Aldrich) or 100 nM MitoTracker Red CMXRos (MTR)
(M7512, Thermo Fisher Scientific) at 37°C for 30 min in
a light-protected incubator. After being rinsed with PBS
for three times, slides were coverslipped without fixation.
Similarly, LO2 cells were incubated with staining solution
containing 5 uM DHE or 200 nM MTR. The samples were
immediately imaged under a fluorescence microscope. The
excitation/emission wavelengths for DHE and MTR were
490/610 nm and 579/599 nm, respectively.

2.10 | Western blot analysis

Protein extraction and western blot analysis were con-
ducted as described before.’’ The primary antibodies
included: anti-TFAM antibody (ab131607, 1:1000), anti-
ATPB antibody (ab14730, 1:5000), anti-GPX4 antibody
(ab125066, 1:3000) and anti-HMGBI antibody (ab79823,
1:10000) from Abcam (Cambridge, UK), anti-BCL2 anti-
body (3498, 1:1000), anti-LC3B antibody (3868, 1:1000)
and anti-P62 antibody (5114, 1:1000) from Cell Signaling
Technology (Danvers, MA, USA), HRP-conjugated mouse
anti-ACTB (KC-5A08,1:5000), and HRP-conjugated mouse

anti-GAPDH (KC-5GS5, 1:5000) from Aksomics (Shanghai,
China).

The HRP-conjugated secondary antibodies involved
anti-mouse IgG (KC-MM-035, 1:5000) and anti-rabbit IgG
(KC-RB-035, 1:5000) from Aksomics (Shanghai, China).
The protein bands were visualized with the ChemiDoc
MP system (Bio-Rad, CA). Image]J software was applied to
quantify the band intensity, and the results are presented
as the ratio of the target protein to GAPDH or ATCB.

2.11 | Transmission electron microscopy
Seventy nanometer sections were sliced from the liver
samples and stained with uranyl acetate and lead citrate.
Hepatic ultrastructure evaluations were performed using
a transmission electron microscope (H-7650, Hitachi,
Japan).

2.12 | Statistical analysis

All data were analyzed with IBM SPSS 24.0 software. Two-
tailed Student’s ¢-test and ordinary one-way ANOVA were
used for the difference analysis between two groups and
more than two groups, separately. The correlation between
irisin and the severity of the disease was determined by lin-
ear regression analysis using Pearson’s test. P < .05 indi-
cated a significant difference.

3 | RESULTS
3.1 | Serum irisin levels in patients with
sepsis versus healthy control subjects

Sixty patients with sepsis and 29 healthy subjects were
involved in this study. As shown in Figure 1A, serum irisin
levels in healthy subjects (16.35 + 0.58 ng/mL) were notably
higher than that in septic patients (12.85 +0.41 ng/mL).
The median level of serum irisin in septic patients was
12.67 ng/mL. Using this value as a cut-off, patients with
sepsis were divided into two groups. Table 1 showed that
decreased serum irisin levels were related to history of viral
hepatitis and cirrhosis, as well as a high lactate level and a
low PaQ, level (P < .05 for all). In addition, a correlation
was discovered between serum irisin levels in patients with
sepsis and the APACHE II score, which is always used to
determine disease severity of critical patients. In patients
with sepsis, decreased serum irisin levels were inversely
correlated with disease severity (P < .05; Figure 1B).
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TABLE 1 Demographic data, comorbidities, and laboratory results of septic patients

Variable Total (N = 60)
Age (years; mean + SD) 59.3 +15.8
Gender (male/female) 34/26
Comorbidities (n, %)
Hypertension 16 (26.6)
Diabetes mellitus 15 (25)
Virus hepatitis 10 (16.7)
Cirrhosis 7(11.7)
Infectious source (n, %)
Lung 12 (20)
Intraabdominal 22 (36.7)
Urinary 5(8.3)
Skin 2(3.3)
Other 19 (31.6)
Laboratory results (mean + SD or median, interquartile range)
Leucocytes (x10°/L) 8.8 +4.1
Platelet count (x10°/L) 147.9 +91.5
Neutrophils (x10°/L) 6.9 (4.0-9.5)
Lymphocytes (x10°/L) 0.7 (0.4-1.2)
Monocytes (x10°/L) 0.4 (0.2-0.6)
PCT (ug/L) 0.3 (0.2-5.5)
CRP (mg/L) 49.6 (24.5-71.0)
HCT (I/L) 33.9+11.2
ESR (mm/h) 67.0 (31.0-82.0)
ALT (U/L) 36.0 (19.0-69.0)
AST (U/L) 34.1(20.0-71.0)
ALP (U/L) 87 (67.7-135.5)
GGT (U/L) 54.5 (31.0-118.0)
TBIL (umol/L) 20.7 (8.9-41.0)
DBIL (umol/L) 7.7(4.0-28.6)
Cr (umol/L) 62 (48.0-111.3)
Lactate (mmol/L) 2.1(1.5-3.2)
PH 7.3 +£0.36
PaCO, (mmHg) 369 +13.1
PaO, (mmHg) 74.9 + 23.5
Nat (mmol/L) 135.8 £5.3
K* (mmol/L) 3.8 +0.7

Irisin > 12.67

Irisin < 12.67

ng/mL, N = 30 ng/mL, N =30 P-value
59.2 +14.4 59.4+17.4 0.974
14/16 20/10 0.118
6 (20) 10 (33.3) 0.243
6 (20) 9(30) 0.371
2(6.7) 8(26.7) 0.038
1(33) 6 (20) 0.044
4(13.3) 8 (26.6) 0.197
13 (43.3) 9 (30) 0.284
2(6.7) 3(10) 0.640
2(6.7) 0(0) 0.150
9(30) 10 (33.3) 0.781
9.1+4.8 85+3.6 0.575
152.3 +101.2 143.6 + 82.2 0.717
6.9 (3.9-10.2) 6.9 (4.3-9.1) 0.582
0.8 (0.4-1.1) 0.7 (0.4-1.3) 0.372
0.4 (0.2-0.6) 0.4 (0.3-0.6) 0.723
0.3 (0.1-3.0) 0.4 (0.2-6.3) 0.360
53.4 (45.3-80.6) 30.2 (14.7-68.3) 0.129
33.6 £6.3 343 +14.7 0.826
35.0 (20.5-72.0) 73.0 (39.0-112.0) 0.148
36.0 (17.5-64.0) 34.5(19.8-75.0) 0.449
32.0(20.5-84.0) 34.5(20.0-71.0) 0.442
93.0 (67.8-105.0) 86.5 (68.0-137.8) 0.622
47.0 (21.0-84.0) 73.0 (34.0-167.3) 0.324
14.0 (8.2-41.8) 24.9 (12.7-41.3) 0.983
5.4 (2.7-27.4) 9.5 (5.6-29.0) 0.673
55.5 (40.3-78.8) 73.0 (55.8-134.5) 0.508
1.75 (1.2-2.1) 2.6 (1.6-3.5) 0.039
7.3 +0.47 7.4 +0.10 0.452
383+153 35.6 +11.1 0.662
84.2 +22.3 65.7 + 21.6 0.043
135.7 + 4.8 136.0 +5.8 0.844
3.8+0.7 3.8+0.8 0.984

Abbreviations: PCT, procalcitonin; CRP, C-reactive protein; HCT, red blood cell specific volume; ESR, erythrocyte sedimentation rate; ALT, alanine transaminase;
AST, aspartate transaminase; ALP, alkaline phosphatase; GGT, gamma-glutamyl transpeptidase; TBIL, total bilirubin; DBIL, direct bilirubin; Cr, creatinine.

3.2 | Serum irisin levels in septic animal
models

CLP and LPS-induced septic animal models were estab-
lished to verify the expression of irisin. Consistent with
the clinical results, serum irisin was markedly reduced in
CLP mice at 12 and 24 h postoperatively compared with the

0 h group (Figure 2A). The serum irisin levels were also
reduced notably in the LPS-induced mice and showed an
LPS dose-dependent decrease (Figure 2B). Irisin is mainly
expressed in skeletal muscle, the mRNA level of FNDC5 in
the skeletal muscle was notably decreased in LPS-induced
septic mice (Figure 2C), implicating a reduction of irisin in
the skeletal muscle of septic mice.
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3.3 | Irisin suppressed ferroptosis in
CLP-induced septic mice

In order to evaluate ferroptosis in sepsis, glutathione per-
oxidase 4 (GPX4), which was essential to maintain lipid
homeostasis in the cells and negatively associated with
the levels of ferroptosis,21 was used to detect ferroptosis
in septic mice. Figures 3A and 3B showed that GPX4 was
obviously reduced in the liver of CLP mice at 24 h post-
operatively compared with the 0 h group. Furthermore,
GPX4 was also notably decreased in the liver of mice
injected with 45 mg/kg LPS (Figure S2). However, irisin
treatment obviously increased GPX4 expression in the liver
of CLP mice (Figure 3C,D). In addition to the detection

of GPX4 expression, GSH content, lipid peroxidation, iron
accumulation, and mitochondrial morphology were criti-
cal evidence to characterize ferroptosis,’’** thus we inves-
tigated these biomarkers in septic mice. The data displayed
that GSH contents were significantly decreased, MDA lev-
els and Fe?* levels were notably increased in the liver
of septic mice, accompanied with mitochondrial shrink-
age and increased bilayer density. However, irisin treat-
ment reversed levels of these indicators and alleviated the
mitochondrial impair in morphology (Figure 3E-H). These
results indicated that ferroptosis was enhanced in the liver
of septic mice and irisin treatment decreased ferroptosis in
septic mice. Besides liver, irisin also suppressed ferroptosis
in the lung of CLP mice (Figure S3).
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of the ultrastructure of liver mitochondria by transmission electron microscopy (TEM). n = 6, mean + SEM, “P < .05 versus sham group;
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3.4 | Irisin inhibits inflammatory
response in CLP-induced septic mice

Excessive increase of inflammatory factors led to organ
damage in sepsis. To confirm whether irisin could reduce

inflammatory response in sepsis, the expression levels
of inflammatory factors in serum and vital organs were
detected. It was demonstrated that irisin administration
markedly reduced serum IL-6 and TNF-a levels in sep-
tic mice (Figure 4A,B). Relative mRNA expression levels
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of IL-6, IL-18, CXCLI1, and CXCL10 in the liver of sep-
tic mice were significantly decreased with irisin treatment
(Figure 4C). Similarly, notable reduction of IL-6 and IL-13
in kidney, IL-6, TNF-a, and IL-13 in lung, IL-6, TNF-a, and
CXCLI in heart were observed in irisin-treated septic mice
(Figure S5). Taken together, irisin inhibits systemic inflam-
mation in septic mice.

3.5 | Irisin administration attenuates
mitochondrial damage in septic mice

Serum ALT and AST were moderately increased in CLP
mice at 24 h postoperatively and notably reduced by irisin
administration (P < .05; Figure S1). The structure of liver
tissue was observed by transmission electron microscopy
(TEM). As shown in Figure 5A, compared with the sham
group, CLP operation induced mitochondrial swelling,
disappearance of mitochondrial cristae, rupture of the
outer mitochondrial membrane (OMM), and swelling of
the endoplasmic reticulum. These alterations were signif-
icantly alleviated in the irisin treatment group. To explore
whether irisin had an influence on mitochondrial biogen-
esis, mtDNA copy number (mtDNA/nDNA) was detected
by qPCR and it was markedly decreased in the vehi-
cle group, while exogenous irisin treatment increased the
mtDNA copy number (Figure 5B).

Mitochondrial swelling and OMM rupture imply dam-
age of mitochondrial function, thus we detected the
expression of ATPB (energy generation related protein)
and TFAM (mitochondrial biogenesis related protein).
Similar to the change in mtDNA copy number, west-
ern blotting indicated that both these proteins were
markedly downregulated in the CLP group, while they

were notably upregulated in the irisin-treated group
(Figure 5C-E).

3.6 | Irisin administration increases
mitochondrial activity and ATP production
in septic mice and LPS-treated LO2 cells

Mitochondrial activity in the liver was evaluated by Mito-
Tracker Red, and the red fluorescence intensity was
markedly decreased in CLP-induced septic mice. However,
treatment with exogenous irisin notably increased the flu-
orescence intensity (Figure 6A,B). Moreover, the liver ATP
content could reflect mitochondrial energy metabolism.
ATP content was reduced dramatically in the vehicle
group, while irisin treatment markedly increased the ATP
content (Figure 6C). The treatment of L02 cells with LPS
for 24 h was designed to mimic septic infection in the liver.
The fluorescence intensity of MitoTracker Red and ATP
content were significantly decreased in the LPS-treated
L02 cells, while irisin treatment could reverse this effect
(Figure 6D,E).

3.7 | Irisin administration reduces
oxidative stress in septic mice and
LPS-treated LO2 cells

DHE staining was conducted to evaluate tissue ROS after
CLP operation for 24 h with and without the supple-
ment of exogenous irisin. The results showed signifi-
cantly increased ROS in the vehicle group, but irisin
treatment greatly reduced the production of ROS (Fig-
ure 7A,B). A similar situation regarding ROS level was
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structure of liver mitochondria by transmission electron microscopy (TEM), images for the sham group were the same as that in Figure 3. B,
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observed the LPS-treated L02 cells, and 100 ng/mL irisin
treatment could reverse this effect (Figure 7C,D). In
conclusion, irisin treatment regulated oxidative stress in
sepsis.

3.8 | GPX4 inhibitor eliminates irisin’s
effects in sepsis

L02 cells were applied to investigate whether ferroptosis
participates in the protective effects of irisin in sepsis.
A remarkable downregulation of GPX4 was observed in
LPS-treated L02 cells, which was consistent with our in
vivo experimental results, while irisin treatment signifi-
cantly increased the protein level of GPX4 (Figure 8A,B).
RSL3, a GPX4-specific inhibitor to induce ferroptosis,**

was applied to detect mitochondrial activity and ROS
production in vitro. After being treated with RSL3, LPS
and irisin for 24 h, the fluorescence intensity of Mito-
Tracker Red in LO2 cells was significantly decreased and
the production of ROS was greatly increased (Figure 8C).
Meanwhile, the protein expression of GPX4, ATPB, and
TFAM were notably downregulated in L0O2 cells treated
with RSL3 (Figure 8D-G). Downregulation of GPX4
showed a strong inhibition effect of RSL3, and downregu-
lation of ATPB and TFAM indicated impaired mitochon-
drial function after RSL3 treatment. Furthermore, RSL3
was administered together with irisin in mice at 5 h after
CLP surgery. The protein levels of GPX4 and TFAM were
notably reduced (Figure 9A,B), while ROS generation was
greatly elevated in the RSL3-treated group (Figure 9C,D),
which were consistent with the results in vitro. In addition,
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Irisin administration increases mitochondrial activity and ATP production in septic mice and LPS-treated LO02 cells. Irisin

treatment in mice was conducted by intravenous administration (250 ug/kg, a single dose) 5 h after CLP surgery. Liver tissues were harvested
24 h after CLP surgery. LO2 cells were treated with 20 or 100 ng/mL irisin in the presence of 500 ng/mL LPS for 24 h. A and B, MitoTracker
Red CMXRos fluorescence staining and the fluorescence intensity of liver tissues. C, ATP content of liver tissues. D, MitoTracker Red CMXRos
fluorescence staining of LO2 cells. E, ATP content of L02 cells. For septic mice, n = 6, mean + SEM, ‘P < .05 versus sham group; #P < .05 versus
CLP group. For LO2 cells, n = 3, mean + SEM, "P < .05 versus blank group; #P < .05 versus LPS group

RSL3 treatment abolished the beneficial effects of irisin on
GSH, MDA, and Fe?* levels (Figure 9E-G). The serum lev-
els of ALT, AST (Figure S1), IL-6, and TNF-«a (Figure 9H,I),
and the mRNA expression of IL-6, IL-15, and CXCL-1 in
liver were notably elevated with RSL3 treatment (Fig-
ure 9J). The results above exhibited that RSL3 impaired the
protective effects of irisin on liver mitochondrial function,
ROS production, liver injury, and systemic inflamma-
tion via suppression of GPX4. In conclusion, enhanced
ferroptosis eliminated the protective effects of irisin in
sepsis.

3.9 | Integrin inhibitors eliminate irisin’s
effects on GPX4 and mitochondrial
function

Recently, aV integrins have been identified as the receptor
of irisin that stimulate signal transduction in an osteocyte
cell line.*> To determine whether irisin could affect fer-
roptosis and hepatic mitochondria, inhibitors of the irisin
receptor (RGD peptide and Echistain) were used to treat
L02 cells in the presence LPS and irisin for 24 h. Com-
pared with the irisin group and the negative control RGD
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group, the protein expression of GPX4, MitoTracker fluo-
rescence intensity, and the ATP content were significantly
decreased in both of the integrin inhibitor-treated groups
(Figure 10). The inhibition of irisin’s effects promoted fer-
roptosis and impaired mitochondrial function in the irisin
and LPS-treated LO2 cells.

4 | DISCUSSION

As a new member of muscle-derived myokines discov-
ered in 2012, irisin has received much attention because
of its relevance to the browning of adipocytes and thermo-
genesis. It has emerged as an appealing therapeutic tar-
get for metabolic diseases. Most of studies showed that
serum irisin levels were decreased in patients with type
2 diabetes mellitus (T2DM), nonalcoholic fatty liver dis-
ease (NAFLD), cardiovascular disease and metabolic bone
disease,’*7 as well as in infants born with neonatal res-
piratory distress syndrome (NRDS).*® However, the level

of irisin in the serum of patients with sepsis has not been
reported. In this study, we first found that serum levels of
irisin were decreased in patients with sepsis and in animal
models of sepsis induced by CLP and LPS. These results
suggest that there might be an irisin deficiency in sepsis.
The liver is a mitochondria-rich organ since most of its
functions are dependent on the energy primarily gener-
ated by mitochondria.>* Mitochondria dysfunction results
in reduced ATP content and elevated ROS levels.*’ Dur-
ing sepsis, mitochondrial ROS production directly leads
to mitochondrial damage, which results in a ROS-induced
ROS release phenomenon and further mitochondrial dam-
age, finally leading to mitochondrial dysfunction and sub-
sequent bioenergetic failure in organs.'®* Mitochondrial
oxidative stress is an important factor causing organ dys-
function in sepsis.*? Clinical research has shown that total
serum antioxidant capacity levels reflect the clinical sever-
ity of sepsis, suggesting damage to oxidative stress (OXS)
in patients with sepsis.** The acute impairment of hepatic
mitochondrial function was discovered in an animal model
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of sepsis with ultrastructural changes, considered a sign
of mitochondrial dysfunction.** Consistent with previous
reports, our study also shows remarkable changes in mito-
chondrial morphology and a significant increase in ROS, as
well as a remarkable decrease in ATP in the liver of septic
mice, suggesting the occurrence of hepatic mitochondrial
dysfunction.

Studies have confirmed that irisin alleviates damage
under pathological conditions by protecting mito-
chondrial function, especially in ischemia/reperfusion
injury,'®-84546 implying that mitochondria are a target for
irisin. It has been demonstrated that irisin could reduce
oxidative stress under pathological conditions.'®'%47
Nevertheless, studies associated with the role of irisin in
sepsis are scarce. A study on sepsis-induced acute lung
injury demonstrated that irisin ameliorated mitochondrial
vacuolization, ridge dissolution, and emptied lamellar
bodies in lung tissues of LPS-induced septic rats.** Tan

et al reported that irisin corrected mitochondrial fission,
increased the ATP production, and reduced mitochondrial
ROS in septic cardiomyopathy of mice.*’ Similarly, in the
current study, irisin reversed abnormal mitochondrial
morphology, reduced ROS production, and increased the
ATP content in the liver of CLP mice and LPS-treated
hepatocytes. In an in vitro experiment, we verified the pro-
tective effect of irisin on sepsis by detecting mitochondrial
activities using integrin inhibitors. These results con-
firmed the role of integrin in irisin’s biological functions.
Mitochondrial biogenesis is critical for mitochondrial
homeostasis and intracellular physiological demands;
impaired mitochondrial biogenesis inhibits mtDNA tran-
scription and contributes to mitochondrial dysfunction.””
Mitochondrial transcription factor A (TFAM), which
controls the transcription and replication of mtDNA, is
an important factor regulating mitochondrial biogenesis.
Consistent with the decreased expression of TFAM in liver
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ischemia-reperfusion injury and hippocampal tissues from
AD brains,'®* our study also showed that the expression of
TFAM in the liver was notably decreased in septic mice. In
addition, the mtDNA copy number was decreased. These
results indicate the reduced mitochondrial biogenesis

in sepsis. However, the TFAM level and mtDNA copy
number in the liver were increased by irisin treatment.
Thus, we speculate that irisin might increase mtDNA copy
number by upregulating the expression of TFAM in the
liver.
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Ferroptosis is caused by the elevation of iron levels
and excessive accumulation of lipid ROS.?! Glutathione
peroxidase 4 (GPX4) is a lipid repair enzyme that can
catalyze glutathione (GSH) to oxidized glutathione disul-
fide (GSSG), eliminate lipid peroxides, and protect cell
membrane against peroxidation of polyunsaturated fatty
acids.”’”! Yang et al demonstrated that the GPX4 is the
key upstream regulator of ferroptosis in 2014.>* It has
been reported that GPX4 activity decreases can lead
to ferroptosis.’>>> In our study, GPX4 was also notably
reduced in the liver of CLP or LPS-induced septic mice, the
levels of ROS, MDA, and Fe’>* were obviously increased,
while GSH contents were significantly decreased in the
liver of CLP-induced septic mice, suggesting activation
of ferroptosis in the liver of septic mice. However, irisin
treatment notably elevated GPX4 levels and GSH contents,
markedly reduced MDA and Fe?* levels in the liver of
CLP-mice. In addition, the level of GPX4 and irisin’s
effects on GPX4 were confirmed in LPS-treated hepato-
cytes, which were in accordance with the conditions in
septic mice. These in vivo and in vitro results indicated
that irisin might exert the protective effects in sepsis-
induced liver dysfunction via inhibition of ferroptosis.
We also measured GPX4 expression in the kidney, lung,
and heart of CLP mice. The expression of GPX4 was only

significantly decreased in the lung of septic mice. While
irisin treatment notably enhanced the expression of GPX4
in the lung. Although GPX4 in the heart of septic mice was
slightly reduced, the differences were not statistically sig-
nificant. However, Wang et al reported that the expression
of GPX4 was markedly decreased in the heart of CLP mice,
accompanied with elevated iron concentration.?” This
difference might due to the operation in animal model
construction.

To investigate the role of ferroptosis in irisin’s effects in
sepsis, RSL3 was used to inhibit GPX4 and induce ferrop-
tosis. It has been verified that RSL3 treatment increased
the lipid ROS level and inhibited GPX4 in cultured cells,**
we also found that RLS3 treatment decreased GPX4 protein
levels and GSH contents, promoted the generation of ROS
and MDA, increased Fe2t accumulation, and impaired
mitochondrial activity and function by downregulation of
TFAM and ATPB in the irisin and LPS-treated hepatocytes.
Consistently, RSL3 administration in CLP mice demon-
strated that irisin indeed works on ferroptosis for sep-
sis protection. Furthermore, inhibitors of the irisin recep-
tor (RGD peptide and Echistain) were used to confirm
the regulation of irisin to ferroptosis in sepsis. It was
observed that the expression of GPX4, mitochondrial activ-
ity, and the ATP content were significantly decreased in
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RGDS or Echistain-treated hepatocytes in the presence of
irisin and LPS. Taken together, irisin exerts the protective
effects in sepsis-induced liver dysfunction via suppressing
ferroptosis.

Studies on septic animals have demonstrated that the
expression of inflammatory factors were markedly ele-
vated in serum and vital organs such as liver,”> lung,*
kidney,”* and heart.*” However, irisin treatment notably
inhibited the inflammation injury in heart, lung, and
kidney.*®*%>* Consistently with these previous results, we
found that irisin administration markedly reduced serum
IL-6 and TNF-a levels, as well as the mRNA expres-
sion levels of inflammatory factors in the liver, lung, kid-
ney, and heart tissues of septic mice. The CLP model
of sepsis in rodents does not usually lead to dramatic
increases in serum levels of ALT and AST. Our find-
ings are consistent with several other reports.”*>>’ Lac-
tate dehydrogenase (LDH) could be used together with
ALT and AST to evaluate liver injury.’’ In addition,
BCL2 (biomarker of apoptosis),”® HMGB1 (biomarker of
necrosis),”* LC3B, and P62 (biomarker of autophagy)®
were used to investigate whether irisin could regulate
different types of cell death in liver during sepsis. The
western blot results showed that irisin had an inhibitory
effect on apoptosis in the liver of septic mice besides
ferroptosis.

Irisin showed antioxidant, anti-apoptotic, and anti-
inflammatory properties in recent studies.*®**>*0 Irisin
alleviated mitochondrial dysfunction by improving mito-
chondrial membrane potential, sustaining mitochondrial
respiration, decreasing mitochondrial ROS and MDA
levels, suppressing DRPI-related mitochondrial fission,
and increasing cellular antioxidants in septic myocardial
injury.*%Y Studies have revealed that mitochondria were
the physical interaction targets of irisin in heart and lung
tissues with ischemia/reperfusion injury.*>®! Irisin inter-
acted with mitochondrial uncoupling protein 2 (UCP2) to
reduce oxidative stress and restore mitochondrial func-
tion in lung injury.®® UCP2, a mitochondrial transporter
protein uncoupling oxidative phosphorylation from ATP
synthesis, was upregulated in the heart, liver, and other
tissues of septic models, and showed a protective effect
on mitochondrial injury in sepsis.!*¢*%3 Ferroptosis was
characterized with accumulation of lipid peroxidation and
iron overload, and was negatively regulated by GPX4.2!>?
Mitochondria were the center of oxidative metabolism
and played an important role in ferroptosis,?® while lipid
peroxidation and GPX4 were critical targets for treating
sepsis.’® Taken together, the above findings indicated that
mitochondria-targeting irisin might inhibit the occurrence
of ferroptosis in sepsis. Thus, we speculated that irisin
alleviated mitochondrial dysfunction by downregulating
UCP2, and showed the ability to suppress ferroptosis

3

in septic mice via decreasing lipid peroxidation and
increasing GPX4 expression.

The major strength of this study is that we investigated
the role of irisin in both clinical and experimental sep-
sis. However, our study also has several limitations. First,
the clinical cohort only consisted of samples from a sin-
gle center and may not be generalizable to the rest of the
country. Second, although this study has demonstrated the
protective effects of irisin on the liver of septic models
via suppressing ferroptosis, we did not address the precise
mechanism related to the ferroptosis regulation. Further
research is required to elucidate this mechanism. Further-
more, clinical studies should be conducted to validate the
protective effect of irisin on sepsis-associated ferroptosis
and mitochondrial dysfunction.

5 | CONCLUSIONS

Serum irisin levels are decreased and negatively corre-
lated with disease severity in patients with sepsis, and
irisin treatment suppresses ferroptosis and restores mito-
chondrial function in experimental sepsis. Irisin may be
exploited as a new therapeutic option for patients with sep-
sis.
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