JPET Fast Forward. Published on October 8, 2024 as DOI: 10.1124/jpet.124.002238
This article has not been copyedited and formatted. The final version may differ from this version.

The protective effect of irisin against hemorrhagic injury is mediated by PI3K and p38
pathways in hemorrhage/resuscitation.

Huai Wen®, Naohiro Yano®, Thomas Zhao®, Lei Wei*, Ting C Zhao?

'Department of Surgery and “Department of Plastic Surgery, Rhode Island Hospital, Warren Alpert
Medical School of Brown University, Providence, RI. ® Department of Biology, Boston University,
Boston, MA. “Department of Orthopedics, Rhode Island Hospital, Brown University, Providence, RI.

Runing title: PI3K, p38 and irisin in hemorrhage/resuscitation

Corresponding Author:

Ting C Zhao, MD, Professor, Department of Surgery, Rohde Island Hospital, Warren Alpert Medical
School of Brown University, Providence, RI 02903. Email: Ting_Zhao@Brown.Edu; Tel:
401-4447237; Fax:401-4445716

Total Pages: 31
Tables:1

Figures: 8

References: 82

Words: 9127

Abstract: 220
Introduction words:750
Discussion words:1294

Abbreviations

DMSO, dimethyl sulfoxide; EDV, end-diastolic volume; EF, Ejection Fraction; ELISA, enzyme
linked immunosorbent assay; FNDC5, fibronectin type Il domain-containing protein 5; FS,
Fraction Shortening; H&E, hematoxylin and eosin; H/R, hemorrhage and resuscitation; HR, Heart
Rate; IL6, interleukin-6; 1VSd, LV Interventricular Septal thickness in diastole; 1VSs, LV
Interventricular Septal thickness in systole; LVIDd, LV Internal Dimension in diastole; LVIDs, LV
Internal Dimension in systole; LVPWd, LV Posterior Wall thickness in diastole; LVPWSs, LV
Posterior Wall thickness in systole; LVVvold/EDV, Left ventricular volume in diastole; LVvoIs/ESV,
Left ventricular volume in systole; MAPK, mitogen-activated protein kinase; MODS, multiple

organ dysfunction syndrome; PI3K, phosphoinositide 3-kinase; PBS, phosphate-buffered saline;
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SIRS, systemic inflammatory response syndrome; TNF-a, tumor necrosis factor alpha; TUNEL,
Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling
Section: Cardiovascular
ABSTRACT

The objective of this study is to investigate whether PI3kinase (PI13K) and p38 mitogen-activated
kinase contributes to the protection of irisin during hemorrhage/resuscitation. Experimental groups
were divided by receiving the different treatments during resuscitation: 1) Hemorrhage: Adult male
CD-1 mice were subjected to hemorrhage at a mean arterial blood pressure of 35~45 mmHg for 60
min followed by 120 min of resuscitation (n=13); 11) Hemorrhage + Irisin: receiving irisin (5ug/kg)
(n=13); 111) Hemorrhage + Irisin + PI3K inhibitor: receiving both Ly294002 (1mg/kg, i.v.) and irisin
(n=6); 1V) Hemorrhage + Irisin + p38 inhibitor: receiving SB202190 (1mg/kg, i.v.) and irisin (n=6).
Compared to hemorrhage/resuscitation control, irisin improved cardiac function and the recovery of
hemodynamics in association with the decreased systemic IL-1, IL-6, and TNF-a, which was
completely abrogated by PI3K or p38 inhibitions. Furthermore, the inhibition of PI3K or p38
abolished irisin-induced the reduction of the inflammatory cell infiltration and TUNEL-positive
apoptosis in the cardiac and skeletal muscles. Irisin reduced TNF-a and IL6 expression in cardiac
and skeletal muscles, which was abrogated by the inhibition of PI3K or p38. Irisin-treated
hemorrhage increases the phosphorylation of PI3K and p38 in both cardiac and skeletal muscles,
which was mitigated by the inhibition of PI3K or p38. Conclusion: PI3K and p38 play an important
role in modulating the protective effect of irisin during the hemorrhage/resuscitation.
Key Words: Hemorrhage/resuscitation; Tissue injury; Irisin; PI3K; p38 MAPK; Cardiac function;

Hemodynamics.
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SIGNIFICANCE STATEMENT

This study has identified a critical pathway in the regulation of trauma/hemorrhage by using a
preclinical trauma model, in which Irisin, as a hormone factor, stimulates PI3 Kinase and p38
pathways to induce protection against traumatic conditions.

The study holds promise for developing a new therapeutic strategy to target irisin and its
pathways related to PI3K and p38 to treat trauma and its comorbidities to reduce mortality for

clinical implications.

INTRODUCTION

Hemorrhagic shock, a life-threatening condition characterized by rapid and substantial blood loss
leading to organ hypoperfusion, is a frequent medical emergency (Gruen et al., 2012). Despite
hemodynamic stabilization being achieved through fluid resuscitation, survivors of hemorrhage and
resuscitation (H/R) have a tendency to develop systemic inflammatory response syndrome (SIRS),
which can lead to multiple organ dysfunction syndrome (MODS) and even death (Jarrar et al., 1999;
Gruen et al., 2012). While managing hemorrhage has dramatically improved, it remains a significant
global health challenge (Cannon, 2018). Medical comorbidities are prevalent in patients with
hemorrhage/trauma (Andaluz and Zuccarello, 2009). The previous studies revealed a close
correlation between hemorrhage and the development of post-traumatic stress disorder (Tang et
al., 2023; Deniau B et al., 2024). There is a close connection between additional comorbidities and
hemorrhage/traumatic injury with an increased mortality (Shoko et al., 2010; El Ayadi et al., 2013).
Thus, the identification of new mechanisms in trauma will provide important information for

developing therapeutic strategies for treatment of trauma and comorbid conditions.
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Cardiac dysfunction contributes critically to the development of multiorgan failures and the
mortality of patients, who initially survived hemorrhagic shock (Simpson et al., 2023). A normal
myocardial response could manifest an elevated cardiac output at early phases of hemorrhage, but can
lead to a dramatic decrease over a short period (Wall et al., 2019; Gutierrez et al., 2004). The existence
of trauma-elicited cardiovascular damage is related to poor patient outcomes (Wilson et al., 2017).
Thus, the study of pathways for modulating hemorrhage-induced cardiac dysfunction will provide an
important clue for understanding and developing therapeutic strategies. Amidst the search for ideal
treatments for H/R injury, irisin, as a myokine, emerges as a particularly intriguing candidate (Wang
et al., 2020b; Wang et al., 2023b). Irisin is produced through the proteolytic cleavage of the
N-terminal fragment of fibronectin type Il domain-containing protein 5 (FNDC5), which plays an
important role in the regulation of physiological function (Bostrom et al., 2012; Jedrychowski et al.,
2015; Liu et al., 2022;) and contributes to mitigating inflammation, combating insulin signaling, and
tissue injury (Mazur-Bialy et al., 2017; Wang et al., 2020a; Wang et al., 2020b; Wang et al., 2017).
Lack of irisin manifests metabolic derangement (Luo et al., 2020) whereas increased plasma irisin is
linked to adiposity in type Il diabetes mellitus (Rana et al., 2017). Irisin serves as a biomarker for
cardiovascular disease in association with cardiometabolic health (Liu et al., 2022; Almeida et al.,
2023) and the suppression of osteoblastic transformation of vascular smooth muscle cells (Wang et al.,
2020). Lower concentrations of irisin were correlated with longer rehabilitation time in COVID
infected patients (Minko et al., 2024; Alves et al., 2024). Our recent studies indicate that irisin
improves cardiac function in H/R (Kulthinee et al., 2022; Wang et al., 2023b). However, the precise
mechanisms by which irisin functions in hemorrhage/resuscitation scenarios remain to be fully

elucidated.
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The phosphoinositide 3-kinases (PI3Ks) are essential in the regulation of survival and
inflammatory responses (Cantley, 2002), manifesting critical functionality in trauma (Cai and
Semenza, 2004; Tsai et al., 2012; Durrant and Hers, 2020). Activation of PI3K was linked to survival
in lethal hemorrhagic shocks (Hwabejire et al., 2014). Pharmacological inhibition of PI3K attenuated
the protection against cardiac damage and proinflammation in trauma-hemorrhage (Liu et al., 2012).
Notably, the PI3K pathway co-ordinates with FNDCS5 to regulate ischemia-reperfusion injury (Zhou
et al., 2024). Nevertheless, it remains unknown whether PI3K contributes critically to the regulation

of irisin's protection during hemorrhage-resuscitation.

p38 mitogen-activated protein kinase (MAPK) is a critical contributor to the regulation of tissue
injury (Roux and Blenis, 2004). Pharmacologic activation of p38 triggers delayed cardioprotection
(Zhao et al., 2001a; Zhao et al., 2001b; Zhao et al., 2013). Irisin inhibited neutrophil extracellular
trap formation in acute pancreatitis via P38 pathway (Han et al., 2023). Irisin combats hypertension
and vascular damage in angiotensin Il challenged mice through the suppression of p38 (Huang et al.,
2022). Inhibition of p38 activity prevented the attenuated proinflammatory responses and hepatic
injury in hemorrhagic shock (Liu et al., 2011). However, whether p38 plays a critical role into
irisin-induced protection against hemorrhagic injury during hemorrhage/resuscitation remains to be

determined.

In this study, we assess whether PI3K and p38 in association with irisin can contribute to the
development of protection in hemorrhage/resuscitation. Our findings reveal that recombinant
irisin-elicited profound protective effects against hemorrhagic injury and were abrogated by the

inhibition of PI3K and p38 pathways. This indicated that irisin mediated PI3K and P38 pathways are
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critical to achieving protective effects in H/R.

MATERIALS AND METHODS

1. Animals: Male CD-1 mice, 8 weeks (25 ~ 30 g), were purchased from Charles River
Laboratories (Wilmington, MA, USA). Mice were housed in a 12:12 hour light-dark cycle at a
constant temperature and humidity-controlled room with free access to food and water for a
minimum of three days before experiments. Experimental procedures were carried out under a
protocol approved by the Institutional Animal Care and Use Committee of the Institute, which
complies with National Institutes of Health “the Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 85-23, revised 1996)”.

2. Reagents and antibodies: Recombinant human irisin was obtained from Cayman Chemical
(Michigan, USA). Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). The assay
kits for Terminal deoxynucleotidyl transferase nick-end labeling (TUNEL) were purchased from
Millipore-Sigma (Burlington, MA, USA). PI3 kinase inhibitor Ly294002 was obtained from
Sellechechem and P38 MAPK inhibitors SB202190 was obtained from Sigma-Aldrich (St. Louis,
MO). Poly-clonal rabbit antibodies against phosphorylated p38 (Catalog: 9211), non-phosphorylated
p38 (Catalog: 9212), phosphorylated P13 submit p85 (Catalog: 4228), non-phosphorylated subunit 85
(Catalog: 4292) were obtained from Cell Signaling Technology (Boston, MA, USA). Goat anti-rabbit
IgG (H+L) secondary antibody, HRP (Catalog: 31460) was obtained from ThermoFisher Scientific
(Waltham, MA).

3. Hemorrhagic shock/resuscitation protocol: The Hemorrhagic Shock/Resuscitation injury model

utilized in this study is based on our established protocols as previously described (Kulthinee et al.,
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2022). Anesthesia was induced by administering 4% and maintaining with 1-2% isoflurane in oxygen
to the animals. Mice were then carefully placed in a supine position on a temperature-controlled
surgical pad, maintained at a precise 37~38°C, and transferred to a nose cone setup. The surgical
procedure entailed the meticulous isolation of femoral arteries, followed by the insertion of PE-10
tubing that was connected to PE-50 tubes filled with heparinized saline. Hemorrhagic shock was
induced through a controlled withdrawal of blood from the right femoral artery catheter to reduce the
mean arterial pressure (MAP) to maintain 35~45 mmHg. Simultaneously, the left femoral artery
catheter was connected to a physiological pressure transducer MLT844 (ADInstruments, INC,
Colorado Springs, CO), enabling MAP recording. These measurements were continuously monitored
using the Power Lab Data Acquisition system (Adinstruments, Colorado Spring, CO). Throughout
the shock phase, meticulous adjustments involving additional blood withdrawal or reinfusion were
made to maintain the MAP within the desired range (35~45 mmHg). After enduring 60 minutes of
shock, the mice underwent a carefully timed resuscitation process. This entailed administering a
volume triple that of the extracted blood, which included both the withdrawn blood and lactated
Ringer's solution (LRS). The resuscitation was performed via a catheter of the right femoral artery
over 15 minutes, using a sterilized syringe to ensure a controlled and gradual recovery.

4. Experimental treatment protocol: The hemorrhage/resuscitation on mice protocol was conducted
as outlined above and shown in Figure 1 and below, in which each group consisted of pharmacologic
treatment and assay of post-resuscitation. Drug treatments were administered at the early phase of
resuscitation via intravenous injection, which included recombinant Irisin (5 pg/kg body weight, i.v.),
Ly294002, a PI3 Kinase inhibitor (1mg/kg body weight, i.v.), and SB202190, and a P38 MAPK

inhibitor SB202190 (1mg/kg body weight, i.v.). Irisin was dissolved in phosphate-buffered saline
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(PBS), Ly294002 and SB202190 were prepared in dimethyl sulfoxide (DMSO). The experimental
groups were divided as follows: Group I) Hemorrhage: mice were subjected to hemorrhage for 60
minutes followed by resuscitation; Group Il) Hemorrhage + Irisin: mice were subjected to an
identical surgical protocol as Group | except the recombinant irisin (5ug/kg) was intravenously
infused at the onset of resuscitation; Group IIl1) Hemorrhage + Irisin + Ly294002: the same as
Group Il except that Ly294002 (1mg/kg, i.v.) and irisin were simultaneously infused during
resuscitation; Group 1VV) Hemorrhage + Irisin + SB202190: the same as the Group Il except that
SB202190 (1mg/kg, i.v.) and irisin were simultaneously infused during resuscitation. After the end of
hemorrhage/resuscitation and completion of the echocardiographic analysis, the mice were humanely
euthanized, following which blood samples, as well as skeletal muscle and cardiac tissues, were
meticulously collected for further analysis.

5.  Hemodynamics measurement and echocardiography: As previously detailed in the section
describing the H/R model, the mean arterial pressure was continuously captured using the Power Lab
Data Acquisition system. Following a 5-minute stabilization period after successful intubation, the
baseline of MAP values was recorded to establish a reference point for subsequent analyses.

Echocardiographic assessments were performed on the mice at 2 hours post-surgery, utilizing the
advanced Philips CX50 ultrasound system connected with an L15-7io linear array transducer (Philips,
Cambridge, MA, USA) to evaluate left ventricular (LV) function. The procedure was conducted
under anesthesia through the continuous inhalation of 1~4% isoflurane mixed with oxygen.
Subsequently, the mice were positioned in a supine posture on a warm pad to maintain body
temperature. The precordial region was delicately prepared by removing any hair, followed by the

application of ultrasound transmission gel that was pre-warmed (Aquasonic, Parker Laboratory,
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Fairfield, NJ, USA) to ensure optimal image quality. The focus was then set on the LV's short axis to
obtain detailed two-dimensional B-mode images and M-mode tracings at a position of the papillary
muscles. For a comprehensive assessment, three to six consecutive cardiac cycles were recorded and
analyzed using CX50 system equipped cardiac calculation software. Measurements were performed
by an experienced operator, adhering to a double-blinded protocol to ensure unbiased and accurate
results.

6. Enzyme-linked immunosorbent assay (ELISA) for measurement of systemic cytokines:
Serum concentrations of IL-1, IL-6 (R&D Systems, Minneapolis, MN), and TNF-o Biolegend (San
Diego, CA) were measured by using an ELISA kit. Following the manufacturer's protocol, 96-well
microplates were coated with the diluted capture antibody (100 pL per well). Coated plates were
sealed and incubated overnight at 4°C. After washing, plates were blocked by adding 200-300 pL of
blocking buffer and incubated for a minimum of one hour at room temperature. After washing 4
times, standards or samples (100 uL per well) were added to the appropriate wells, and incubated at
room temperature for 2 hours with shaking. Detection antibody solution was then added to each well
and further incubated at RT for 1-2 hours with shaking. Following streptavidin-HRP was added to
each well for 30 minutes, and then the plates were washed. TMB substrate solution was added to
each reaction, and the reaction was stopped by adding stop solution to each well, cytokine levels
were determined from 450 nm absorbance readings with a SpectraMax M2e Microplate Reader
(Molecular Device, San Jose, CA)).

7. Histological analysis and Immunohistochemistry: Skeletal muscles (gastrocnemius muscles,
GAS) and heart tissues were harvested at the end of experiments and fixed in 10% formalin for 24 to

48 hours. They were processed, embedded, and then sectioned into 5 pum slices. Following
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deparaffinization with xylene, the sections underwent a serial gradient alcohol rehydration process.
The tissue sections were stained with hematoxylin and eosin, followed by dehydration with alcohol
and xylene and coverslip slides using Permount. Also, the tissue sections were then counterstained
with 5% methyl green solution for immunohistochemistry. Slides were visualized using a

NikonEclipse Model Ni-E microscope, and images were captured with a Nikon Camera DS-RI color

camera under 20x high power with a plan apo (20x/0.75) using NIS-element digital imaging software.

Photomicrographs of 6 random fields per section for three sections were taken to obtain 18 fields
from individual heart and/or muscle tissue and analyzed with NIH Image J software.

The scoring of muscle damage and infiltration of inflammatory cells was done in a double-blind
manner for unbiased results, which is based on the grade 1-4 of inflammation in tissues: 1. No
significant changes; 2: Scattered, random inflammatory cells; 3: Moderately mixed inflammatory
cells; 4: Clusters of mixed inflammatory cells.
8.Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL): Millipore's
ApopTag® Detection Kit (S7100, Millipore, USA) was used to perform the TUNEL assay. Slides
were deparaffinized, dehydrated, and treated with proteinase K, followed by hydrogen peroxide to
Quench Endogenous Peroxidase. After washing and equilibration, sections were incubated with TdT
enzyme and anti-digoxigenin conjugate, each for 1 hour. Post-staining with peroxidase substrate and
counterstaining with methyl green, slides were rehydrated and mounted, and viewed under
microscope at high power 20X. Apoptotic cells were quantified by counting TUNEL-positive nuclei,
which was done by a blinded investigator. Likewise, six random fields per section for three sections
were taken to obtain 18 fields from individual heart and/or muscle tissue using a light microscope

and analyzed with NIH ImageJ.
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9. Quantitative real-time polymerase chain reaction (q-PCR): Total RNA was extracted and
purified from skeletal muscle and heart by using a RNeasy mini kit (QIAGEN, GmbH, D-40724
Hilden, Germany). cDNA was synthesized from the amount of 2ug of total tissue RNA. Experiments
for real-time PCR were conducted on a CFX connect real time PCR detection system (Bio-Rad)
using gPCR kit kapa SYBR fast master mix (Kapabiosystems, Boston, USA). Primers used in the

studies are as follows: IL1 B forward: 5- AAATGCCACCTTTTGACAGTGA -3; Reverse: 5-

CATCTCGGAGCCTGTAGTGC -3. TNFa forward:5- AGGCACTCCCCCAAAAGATG-3; Reverse:

5- CCACTTGGTGGTTTGTGAGTG-3. GAPDH was included as the internal control: Forward: 5-
GGAGAGTGTTTCCTCGTCCC -3; Reverse: 5- ACTGTGCCGTTGAATTTGCC -3. The reaction
volume was 20 pl per sample. The expression of transcriptions was normalized to GAPDH levels.
Results are reported using the 22" method.

10. Western blot analysis: The extraction of protein and western blot for assessment of protein
expression were performed as described previously (Zhao et al., 2007). Briefly, myocardial tissues
and gastrocnemius muscles (GAS) were isolated and then homogenized in cold lysis buffer
containing protease inhibitor cocktails (Sigma-Aldrich, St. Louis, MO). The Protein lysates were
incubated at 4°C for 30min under shaking. The supernatants of these samples were obtained via
centrifugation at 12,000 g at 4°C for 20 minutes. The protein content was measured with a Micro

BCA Assay Kit (Thermo Scientific, Rockford, IL). 25ug protein was loaded into wells of Bis-Tris

gel. After running and transferring, the membranes were blocked for 1 h at room temperature with 5%

milk in PBST. The membranes were incubated with each primary polyclonal antibody, which
includes phosphorylated PI3K, and phosphorylated p38 MAPK, PI3K, p38 MAPK (Cell Signaling

Technology, Danvers, MA) at a concentration of 1:1000 dilution at 4°C overnight with shaking. The
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membranes were then incubated with IRDye 800 cw goat anti-rabbit secondary antibody at 1:100,00
dilution for 1 hour at room temperature. The membranes were developed and imaged using the
Li-Cor Odyssey CLx imaging system. NIH image J was used for densitometry analysis.

11.Statistical Analysis: The data is expressed as means + SE and analyzed using one-way ANOVA
with Bonferroni correction for multiple group comparisons. Statistics were performed using
GraphPad Prism 10 software (GraphPad Software, San Diego, CA), p < 0.05 was considered to be

significant.

RESULTS

1. Blockade of PI3K and p38 pathways abolish Irisin-induced improvement in hemodynamic
in _hemorrhage/resuscitation: As shown in Figures 2A & B, we observed that prior to
hemorrhage/resuscitation, the baseline MAP was comparable across all groups. Upon resuscitation,
MAP recovered in each treatment group with varying degrees of improvement (Fig. 2A & C).
Treatment of hemorrhage with irisin (Hemo + Irisin) demonstrated a significant increase in MAP
compared to non-irisin groups, almost returning to baseline levels (Fig. 2C). However, the
improvement in MAP of irisin was abrogated by Ly294002, an inhibitor of PI3K, and SB202190, an
inhibitor of p38, although the MAP in irisin-treated groups did not significantly differ from
hemorrhage control groups. Following resuscitation, a marked improvement in MAP was
demonstrated by irisin infusion compared to other treatments (Fig. 2D). Notably, the reduction in
MAP was observed in groups treated with either Ly294002 or SB202190 (Fig. 2A & D). Thus, these
findings suggest that irisin treatment enhances hemodynamic stability after hemorrhage/resuscitation,

which is inhibited by Ly294002 or SB202190.
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2.Inhibition of PI3K and p38 pathways mitigated the improvement in cardiac function by irisin
in Hemorrhage/Resuscitation: We have previously indicated that hemorrhage induced cardiac
dysfunction assessed using echocardiography. In addition, irisin improved cardiac function and
attenuated the detrimental effects of hemorrhage (Kulthinee S et al., 2022). Cardiac dysfunction in
hemorrhage could lead to hypotension and hypoperfusion in organs to accelerate multiorgan
dysfunction (Torres Filho, 2017). In this study, we extend our investigation to whether the effects of
irisin on cardiac function in hemorrhage could be affected by the inhibition of PI3K and p38. As
shown in Table 1, ejection fraction (EF) and fractional shortening (FS) were notably enhanced in
groups treated with irisin (Hemo + Irisin) compared to control groups (Hemo + PBS). However, the
cardiac protection of irisin post-hemorrhage/resuscitation was mitigated when irisin was co-infused
with Ly294002 or SB202190. There was an increase in heart rate (HR) in Hemo/IR/P38i compared
to Hemo/IR group. As shown in Table 1, irisin treatment showed a decrease in LVIDs in response to
hemorrhage, which was abrogated by SB202190 or Ly294002. In addition, as compared to
hemorrhage, irisin treatment showed a slight increase in IVS and LVPW, which disappeared by
Ly294002 or SB202190. We noticed that irisin mitigated an increase in end-systolic volume (ESV),
which also vanished by the treatment of SB202190 or Ly294002. Figure 3 shows representative
M-mode images of the LV post-hemorrhage/resuscitation among different groups. Therefore, irisin
significantly enhanced ventricular function recovery after hemorrhage/resuscitation, which was
abolished by the administration of Ly294002 or SB202190.

3. Inhibition of PI3K and p38 abrogated the impacts of irisin on attenuating inflammatory
cytokines in hemorrhage/resuscitation: The release of inflammatory cytokines following

hemorrhage acts as a critical factor leading to global ischemia-reperfusion injury (Zhang et al., 2010;
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Cannon, 2018). We measured serum cytokines, including IL-6, TNF-o, and IL-1. As shown in
(Figure 4A-C), serum concentrations of these cytokines in the hemorrhage control were
substantially mitigated by irisin treatment. However, when Ly294002 or SB202190 were
administered, the effect of irisin on the suppression of cytokine levels in the hemorrhage
disappeared.

4. Inhibition of PI3K and p38 attenuates the effect of irisin in reducing tissue damage in
myocardium and skeletal muscle: As shown in Figures 5A & C, hemorrhage demonstrated an
infiltration of substantial inflammatory cells in both myocardium and skeletal muscles. Notably,
irisin treatment markedly reduced this infiltration in myocardium in hemorrhage. However, this
reduction in tissue injury by irisin treatment was negated upon the administration of Ly294002 or
SB202190. As shown in (Figures 5B & D), the tissue injury scores in myocardium and skeletal
muscle were significantly lower in the irisin-treated group. This decrease in injury scores by irisin
was abrogated by Ly294002 and SB202190. Additionally, Ly6G positive neutrophile accumulations
were significantly reduced by irisin treatment in both myocardium and skeletal muscles in
hemorrhage. However, Ly294002 and SB202190 treatments abrogated the effects of irisin on the
reduction of Ly6G positive neutrophile accumulations in both myocardium and skeletal muscles in
hemorrhage (data not shown).

5. Inhibition of PI3K and p38 diminish anti-apoptosis of recombinant in myocardium and
skeletal Muscles: Apoptosis of post-hemorrhage/resuscitation plays a critical role in determining the
outcomes of trauma (Sharma et al., 2005). We conducted TUNEL staining in the myocardium and
skeletal muscles. Figures 6A&B show that TUNEL-positive staining manifested in the myocardium

in response to hemorrhage. However, irisin treatment markedly decreased the number of
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TUNEL-positive signals, whereas Ly294002 or SB202190 abolished the effects of Irisin in reducing
TUNEL positive signals. Likewise, irisin treatment resulted in a notable reduction in
TUNEL-positive signals in skeletal muscles (Figure 6C&D). However, the functions of irisin on
mitigating TUNEL positive staining in skeletal muscles were also attenuated by Ly294002 or
SB202190.

6. Irisin enhances the phosphorylation of PI3K and p38 MAPK. We measured the activity of
PI3K by measurement of phosphorylation of PI3K 85 subunit and phosphorylation of p38 in both
skeletal and cardiac muscles. As shown in Figure 7, as compared to the hemorrhagic group,
recombinant irisin treatment resulted in the recovery of both phosphorylation of PI3K 85 at Tyr 485/
Tyr 199 (Figures 7 A, C, E and G) and p38 at Thr182/Tyr180 (Figure 7 B, D, F and H) in both
skeletal and cardiac muscle. However, the treatment of Ly294002 or SB202190 caused a marked
reduction in both the phosphorylation of PI3K 85 and p38. Densitometric analysis indicated that the
levels of phosphorylation of PI3K 85 (Figures 7 C, G) and p38 (Figures 7 D, H) were significantly
attenuated by Ly294002 treatment or SB20219.

7. Inhibition of PI3K and p38 MAPK mitigated the effects of Irisin on expression of
inflammatory cytokines in hemorrhage: Hemorrhage group showed an abundant expression of
cytokines with regard to TNF-a (Figure 8 B&D) and IL1 (Figure 8A&C) in both skeletal muscle
and cardiac muscle, which was significantly suppressed by the infusion of irisin. However, the effect
of irisin in reducing muscle TNF-a and IL1 was diminished by the inhibition of either Ly294002 or
SB20219, suggesting the effect of Irisin suppressing the expression of muscles TNF-o and IL1 is

dependent on PI3K and p38 during hemorrhage/resuscitation.
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DISCUSSION

Salient findings: To our knowledge, this is the first study to show that the protection of irisin
treatment during hemorrhage/resuscitation are mediated through the P13 kinase and p38 pathways. In
this study, we have demonstrated that: 1) Blockade of PI3K and p38 abrogated the improvements in
cardiac performance and hemodynamics in hemorrhagic shock; 2) The suppression of inflammatory
cytokine-induced by irisin in hemorrhagic shock was mitigated by the inhibition of PI3K and p38; 3)
Blockade of PI3K and p38 abolished the anti-inflammatory cell infiltration and apoptosis induced by
irisin against hemorrhage; 4) Irisin alleviated the reduction of phosphorylated PI3K and
phosphorylated p38 in the heart and muscles of hemorrhage, which were attenuated by the inhibition
of PI3K and p38 pathway; 5) Reduction of expression of inflammatory cytokines induced by irisin in
hemorrhage was absent by inhibiting PI3K and p38 pathway. Overall, our findings provide a critical
signaling pathway that PI3 kinase and p38 pathways mediate the protective effect of irisin against
hemorrhagic injuries during hemorrhage/resuscitation.

Irisin, a cleaved fragment of the FNDCS5 transmembrane precursor protein, predominantly found
in muscles, the heart, and the brain, is known to be released during physical exercise. (Huh et al.,
2012; Polyzos et al., 2013; Wrann et al., 2013). Increasing evidence suggests irisin's protective role
during sepsis and ischemic cardiomyopathy (Matsuo et al., 2015; Ouyang et al., 2020; Pan et al.,
2021). Our prior research indicated that irisin pre-treatment mitigated hypoxia/reoxygenation injury
in cardiomyocytes (Zhao et al., 2016) and alleviated the detrimental effects of hemorrhagic shock,
enhancing cardiac performance, augmenting insulin sensitivity, and reducing inflammatory response
and damages in the lungs and muscles (Kulthinee et al., 2022). This study further confirms that irisin

treatment improves hemodynamic stability, enhances cardiac function, and suppresses inflammatory
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cytokine release following hemorrhage resuscitation (Wang et al., 2023b).

The PI3K signaling pathway serves as a critical mediator of cell proliferation, apoptosis
inhibition, and inflammation (Shi et al., 2019). Activation of PI3K/Akt signaling reduced
inflammatory responses and autophagy in ischemia-reperfusion injury (Yang et al., 2022; Zhou et al.,
2023). It was reported that that PI3K pathways are closely associated with the functionality of irisin
in the modulation of inflammatory and insulin sensitivity (Rabiee et al., 2020; Luna-Ceron et al.,
2022; Zheng et al., 2022; Liu et al., 2023). Our recent work has demonstrated that irisin operates
through multiple intracellular pathways, including AMPK (Yano et al., 2020; Wang et al., 2023b).
Inhibition of the PI3K/Akt pathway exacerbates skeletal muscle ischemia-reperfusion injury in
FNDC5 deficient mice, a precursor of irisin (Zhou et al., 2024). Our results revealed that
hemorrhagic insults resulted in attenuation of phosphorylation of p85, a PI3K subunit, which was
rescued by giving irisin, manifesting a role of irisin in activating PI3K in hemorrhagic shock.
Pharmacologic inhibition of PI3K completely abrogated the protective effects of irisin in
hemorrhage/resuscitation, indicating that PI3K contributes critically to the protective role induced by
irisin. This is parallel with studies that irisin induced protective effects through attenuating
inflammatory responses (Trettel et al 2023). Blockade of PI3K manifested the profound reduction in
mean blood pressure in our study, suggesting that PI3K could be a key pathway to mediate vascular
function in controlling mean blood pressure during hemorrhage. We have noticed that the blockade
of PI3K abrogated the effects of irisin on the suppression of systemic inflammatory cytokines that
contribute critically to the development of organ dysfunction (Li and Alam, 2011; Tsai et al., 2013;
Niesler et al., 2014; Bonanno, 2020). Thus, the increased inflammatory cytokines by the inhibition of

PI3K could be crucial in mitigating the recovery of cardiac functions generated by irisin in
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hemorrhage.

Our previous work has demonstrated that irisin treatment enhances p38 phosphorylation in the
myocardium, contributing to cardiac protection in ischemia-reperfusion injury (Wang et al., 2017).
We found that both the deletion of PRAK, a p38 activator and high glucose reduce phosphorylated
P13 kinase, whereas irisin can preserve it (Zhang et al., 2021a). It was reported that irisin upregulates
uncoupling protein-1 expression via p38 MAPK phosphorylation, stimulating white adipose tissue
browning-specific genes in preventing obesity and associated type 2 diabetes (Zhang et al., 2014).
p38 is crucial in signal transduction from cell surface receptors and are linked to prolonged cardiac
protection in ischemic hearts (Rose et al., 2010, Zhao et al., 2001a; Zhao et al., 2001b). Previous
studies have shown that the activation of p38 was involved in the regulation of hemorrhagic injury,
but showed conflicting results, which is likely related to different models, and the magnitude of p38
activation (Hsu et al., 2008; Kan et al., 2008; Liu et al., 2012; Lv et al., 2012). While previous
studies indicated that p38 serves as a key signal in association with irisin to modulate insulin
sensitivity (Sanchis-Gomar and Perez-Quilis, 2014; Zhang et al., 2014; Lee et al., 2015), in this study,
we observed that the administration of a p38 inhibitor diminished irisin’s protective effects in
hemorrhage. In agreement with our studies, it was reported that irisin treatment increases the level of
phosphorylated-p38 during ischemia/reperfusion (Askari H et al 2018). However, other studies found
that irisin inhibits osteoblast apoptosis by inhibiting the p38 MAPK to target chondrocytes and
stimulate cellular anabolism and attenuate catabolism, thereby suppressing osteoarthritis progression
(Zhao R et al., 2023). It was also reported that blocking p38 MAPK mitigates the development of the
renal dysfunction in hemorrhagic shock (Sato et al., 2005). The difference in these studies is not clear,

but likely stems from the different models employed in these studies. In addition, previous report
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indicates that the genetic deletion of p38 illustrated detrimental effects without affecting heart rate,
but we have noticed that the inhibition of p38 in hemorrhage showed an increase in heart rate in this
study. The reason for an increase in HR following p38 inhibitor in this model is not clear, which
merits further investigation in future studies. Our studies also indicate that the inhibition of
inflammatory  responses contributes critically to the protection of irisin against
hemorrhage/resuscitation. In addition to mitigating inflammatory cell infiltration, the suppression of
Ly6G positive neutrophile infiltration by irisin in cardiac and skeletal muscles accounts for the role
of irisin in attenuating inflammatory responses via PI3K and p38 in hemorrhage (Carai P et al, 2023;
Kain V et al 2019). However, it is not clear whether other specific populations of inflammation cells
such as macrophages etc. will also be affected by irisin/PI3K and p38 in modulation of inflammation
in hemorrhage. Our studies have indicated that both PI3K and P38 are engaged in the generation of
the protective effect of irisin during hemorrhage/resuscitation. However, we could not identify
whether PI3K and p38 individually or synchronizes to modulate the effect of irisin against

hemorrhage. It is not clear whether PI3K and p38 could form a cascade to modulate the functionality

of irisin in the event of hemorrhage/resuscitation, which is interesting and needs further investigation.

In this study, DMSO was used vehicle for dissolvents of PI3K and p38 inhibitors in either
hemorrhage or hemorrhage treated with irisin. There was no significant effect on cardiac function
between DMSO and dissolvent of irisin (PBS). This allowed for the combination of PBS and DMSO
treatments in either hemorrhage or hemorrhage treated with irisin, which increases the sample size of

control and improves the rigor in this study to define the role of this pathway on hemorrhage.

In conclusion, our study has established that irisin provides protective effects in

hemorrhage/resuscitation. This is evidenced by improved hemodynamic stability, enhanced cardiac
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function, and a decrease in inflammatory cytokine release, histological damage, and cell apoptosis.
Notably, these beneficial effects of irisin are negated when the PI3 kinase and p38 pathways are
inhibited. Collectively, our findings suggest that irisin/PI3K and irisin/p38 are crucial pathways for
mitigating hemorrhage/resuscitation injury, which offers a promising avenue for new therapeutic
strategies in managing hemorrhage/resuscitation.

Data Availability Statement: The authors declare that all the data supporting the findings of this
study are contained within this manuscript.
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Figure Legends:

Figure 1. The protocol of hemorrhage and resuscitation. Mice were maintained MAP at 35~45
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mmHg for one hour. Following this, resuscitation was carried out using a volume three times that of
the extracted blood, which included both the withdrawn blood and lactated Ringer's solution (LRS).
The experimental protocol summarizes experimental groups/retreatment in hemorrhage/resuscitation

and an assay of post-resuscitation and sample size.

Figure 2. Time-MAP course during the hemorrhage/resuscitation and the MAP in mice exposed to
hemorrhage: A: The time-MAP course during the hemorrhage/resuscitation; B: The baseline MAP
before hemorrhage; C: The MAP after completing resuscitation; D: The MAP after 1 hour of
resuscitation; Hemo+PBS (n=12); Hemo+lrisin (n=13); Hemo+IR+ Ly294002 (n=6); Hemo+IR+
SB202190 (n=6). Data are shown as Mean £ SEM *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001. F = 38.65 (B); 24.29 (C) and 0.52 (D) in ANOVA. Hemo, Hemorrhage; IR, irisin; PI3Ki, P13
kinase inhibitor: Ly294002; p38i, p38 MAPK inhibitor: SB202190;

Figure 3. Representative images of LV with M mode in mice exposed to hemorrhage/resuscitation.
Images of echocardiography was captured at two hours following hemorrhage and resuscitation. The
scale on images: a speed at 75 mm/second; a depth of 1.5 cm. Hemo, Hemorrhage; IR, irisin; PI3Ki,

P13 kinase inhibitor: Ly294002; p38i, P38 MAPK inhibitor: SB202190.

Figure 4. ELISA analysis of IL-6, TNF-a, and IL-1 in serum. A: Levels of IL-6 in serum; B: Serum
levels of TNF-a; C: Levels of IL-1 in serum. Data are shown as Mean = SEM. Animal number in
each group for heart and skeletal muscle tissue were as follows: Hemorrhage (8); Hemorrhage +irisin
(n=8); hemorrhage+Irisin+Ly294002 (n=4); Hemorrhage+Irisin+SB202190 (n=4) for heart and
skeletal muscles. ***p < 0.001; ****p < 0.0001 versus Hemo+lrisin; F=57.74 in (A), 181.4 in (B)
and 26.1 in (C) in ANOVA.

Figure 5. Histological analysis of pathological injury in skeletal muscle (GAS), and myocardium
tissues. A: H&E staining showing inflammatory cell infiltration in myocardium (scale bars indicate

100 pum); B: A bar graph showing tissue injury index score in myocardium; ****p< 0.0001 versus
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Hemo+lIrisin; F=187.1 in ANOVA. C: H&E staining showing inflammatory cell infiltration in
skeletal muscle (scale bars indicate 100 um); D: A bar graph showing tissue injury index score in
skeletal muscle; Data are shown as Mean £ SEM. ****p < 0.0001 versus Hemo+lIrisin; F=36.9 in
ANOVA; Hemorrhage (n=6); Hemorrhage +irisin (n=6); Hemorrhage+lrisin+Ly294002 (n=6);
Hemorrhage+Irisin+SB202190 (n=6) for heart and skeletal muscles; Hemo, hemorrhage; PI3Ki,

P13 kinase inhibitor Ly294002; p38i, P38 MAPK inhibitors SB202190;

Figure 6. TUNEL staining of apoptosis in the myocardium and skeletal muscles (GAS) following
hemorrhage/resuscitation. A: The image of TUNEL-positive nuclei in the myocardium (scale bar 100
um); B: A bar graph for data of TUNEL-positive nuclei in the myocardium; Data are expressed as
Mean = SEM; F=47.6 in ANOVA,; C: The image of TUNEL-positive nuclei in skeletal muscle (scale
bar: 100 um); D: A bar graph for data of TUNEL-positive nuclei in skeletal muscle; Data are
expressed as Mean + SEM; F=43.1 in ANOVA. Animal numbers in each group were as follows:
Hemorrhage (n=6); Hemorrhage +irisin  (n=6);  hemorrhage+Irisin+Ly294002  (n=6);
Hemorrhage+Irisin+SB202190 (n=6) for both heart and skeletal muscles. ****p < 0.0001 versus
Hemo-+Irisin. TUNLE positive nuclei were normalized to areas observed under microscope. Hemo,

hemorrhage; PI3Ki, PI3 kinase inhibitor Ly294002; p38i, P38 MAPK inhibitors SB202190.

Figure 7. Western blot and densitometric analysis showing phosphorylated PI3K-p85 subunit,
non-phosphorylated PI13K-p85 subunit, phosphorylated p38 and non-phosphorylated p38 in skeletal
muscles (GAS) and cardiac muscles of mouse exposed to hemorrhage and resuscitation. A-H:
Western Dblot and densitometric analysis showing phosphorylated PI3K-p85 subunit,
non-phosphorylated PI3K-p85 subunit (A, C) in skeletal muscle and (E, G) in myocardium,
phosphorylated p38 and non-phosphorylated p38 in skeletal (B, D) and cardiac muscle (F, H) of
mouse exposed to hemorrhage/resuscitation. Values represent means + SE. Animal numbers in each
group were as follows: Hemorrhage (n=6); Hemorrhage +irisin (n=6); hemorrhage+Irisin+Ly294002
(n=6); Hemorrhage+Irisin+SB202190 (n=6) for heart and skeletal muscles. ***p < 0.001; ****p <
0.0001 versus Hemo+Irisin. Results are expressed as fold increase of hemorrhage in C, D, G and H.

F=31.73 (C), 90.78 (D), 15.14 (G) and 121.7(H) in ANOVA. Hemo, hemorrhage; PI3Ki, P13 kinase
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inhibitor Ly294002; p38i, P38 MAPK inhibitors SB202190.

Figure 8. gPCR confirmed the transcriptional change in inflammatory cytokine including IL1
MRNA and TNF-o mRNA in cardiac muscle (A, B) and skeletal muscles (GAS) (C, D) of mice
exposed to hemorrhage/resuscitation. Animal numbers in each group were as follows: Hemorrhage
(n=8); Hemorrhage +irisin (n=8); hemorrhage+Ilrisin+Ly294002 (n=5);
Hemorrhage+Irisin+SB202190 (n=5) for heart and skeletal muscles. Values represent means = SE.
****p<0.0001 versus Hemo+lrisin. F=76.75 (A); 142.6 (B); 125.3(C) and 53.8 (D) in ANOVA.

Hemao, hemorrhage; PI13Ki, PI3 kinase inhibitor: Ly294002; p38i, P38 MAPK inhibitor: SB202190.

Table 1: Echocardiographic Parameters in hemorrhage/resuscitation

Groups Hemo+PBS Hemo+IR Hemo+IR+PI3Ki Hemo+IR+p38i F value
Parameters (n=13) (n=12) (n=16) (n=16)
HR (BPM) 49649 475%15 516431 540+12" 3.33
EF (%) 59.8+1.117  72.3+0.46 55.0£1.45 54.8+1.66 ~  130.3
FS (%) 26.240.58"  34.8+0.37 23.3+0.76" 23.0+0.7177 1480
IVSd (MM) 0.6420.02 0.73%0.05 0.58+0.02 0.56+0.02 4.48
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IVSs (MM) 0.64+0.04 0.79+0.05 0.65+0.04 0.58+0.04" 3.74
LVIDd (MM) 4.33+0.09”  3.780.14 4.150.16 4.48+0.14” 6.39
LVIDs (MM) 3.1920.077"  2.32#0.17 3.2120.117 3.52+0.10°  18.37
LVPWd (MM) 0.85+0.03 0.94+0.04 0.7620.04 0.78+0.05 4.23
LVPWs (MM) 1.00+0.05 1.13£0.03 0.78£0.07 0.88+0.09 8.29
LVvold/EDV (ml)  0.08+0.00”  0.06+0.00 0.07£0.01 0.09+0.01" 7.42
LVvoIS/ESV (ml)  0.03+0.00°  0.02+0.00 0.03£0.00"" 0.04+0.007  21.07

Abbreviations in Table 1 are described in the section of abbreviations in main text: Results are
expressed as Mean + SEM (n = 6~13/per group). p < 0.05; "p< 0.01; ~p < 0.001; " p < 0.0001.
All comparisons in the table are between the other three groups and the ‘Hemo+IR’ group. Hemo,

Hemorrhage; IR, irisin; PI3Ki, P13 kinase inhibitor Ly294002; p38i, P38 MAPK inhibitors
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Figure1

Hemorrhagic shock and resuscitation protocol
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Figure 2
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Figure 4
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Figure 6 TUNEL positive staining in myocardium TUNEL positive staining in skeletal muscles
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Figure 7
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Figure 8
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