1. Ith Ad :
o doLorg10:156/544280.075. 000756 One Health Advances

: : ®
Osthole ameliorates myonecrosis caused R

by Clostridium perfringens type A infection
in mice
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Abstract

This study aimed to investigate the protective effect of the nature product osthole (OST) against Clostridium perfrin-
gens type A infection-caused myonecrosis in a mouse model. Male mice were divided into (1) control, (2) infected, (3)
OST50 and (4) OST100 treatment groups. In the infected groups, mice were intramuscularly injected with 1x 108 CFU
of C. perfringens per day for 6 days. Mice in the OST50 and OST100 groups were administrated intraperitoneally

with OST at the doses of 50 or 100 mg/kg per day post C. perfringens infection. Our results showed that C. perfringens
infection caused marked necrosis and inflammatory cell infiltration in the muscle tissues of mice. Mice in the OST50
and OST100 treatment groups displayed significantly attenuated C. perfringens infection-induced lipid peroxida-

tion, oxidative stress, and apoptosis in their muscle tissue. Furthermore, OST treatment significantly downregulated
the expressions of NF-kB, IL.-13, and TNF-a mRNA and protein levels, while concomitantly upregulating the expres-
sions of Nrf2 and HO-1 mRNA and protein. OST treatments also inhibited the expression of phosphorylation (p)-p38,
p-mTOR, and p-Erk1/2 proteins, and upregulated LC3Il and Beclin1 proteins. In summary, our results reveal that OST
therapy confers a protective effect against C. perfringens infection-induced oxidative stress and inflammation in
muscle tissue, via activation of Nrf2/HO-1 and autophagy pathways and inhibition of p38, Erk1/2 and NF-kB pathways.
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Introduction cause of food poisoning [2], in the United States alone, it
Clostridium (C.) perfringens type A is a spore-forming is responsible for about 14% of all food poisoning cases
Gram-positive, anaerobic bacterium that causes gas gan-  [2]. Notably, gas gangrene which is also called clostridial
grene, sepsis, necrotic enteritis, and diarrhea in humans  myonecrosis, can lead to loss of cardiac function disrup-
and livestock [1]. C. perfringens type A is a global leading  tion and even death [3, 4]. Furthermore, C. perfringens has
developed resistance against several antibiotics, includ-
ing minocycline, enrofloxacin, erythromycin, tetracycline,
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China phospholipase C (PLC)), which is a critical pathogenic
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type A infection [4, 7]. C. perfringens a-toxin exposure
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induces the formation of platelet-leukocyte aggregates,
leading to the impediment of neutrophil extravasation,
ultimately resulting in immune dysfunction [8, 9]. Sev-
eral key immuno-inflammatory and redox signaling
pathways, including the reactive oxygen species (ROS)-
mediated oxidative stress pathway, mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated
kinasel/2 (Erk1/2) pathway, nuclear factor kappa-B
(NF-xB) pathway, toll-like receptor 4 (TLR4) pathway,
NOD-like receptor family pyrin domain-containing 3
(NLRP3), TLR2 pathway, and p38 MAPK pathway, have
been reported to be involved in the pathogenicity of C.
perfringens type A infection in host cells [1, 3, 10, 11].
There have been numerous reports supporting the pro-
tective benefits of natural products such as piceatannol,
amentoflavone, and verbascoside, that appear to amelio-
rate the (a)-toxin induced pathogenicity of C. perfringens
type A infection [12—14].

Osthole (OST), a coumarin derivative extracted from
Cnidium monnieri, exhibits a multitude of beneficial
biological effects, including anti-inflammatory and anti-
oxidantoxidant [15-20]. Notably, OST has been reported
to activate nuclear factor erythroid 2-related factor 2
(Nrf2) expression, which plays a critical role in regulat-
ing oxidative stress and inflammatory response [21, 22].
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OST also inhibits lipopolysaccharide-induced inflamma-
tory responses and lung damage by inhibiting the nuclear
translocation of NF-kB [18]. OST supplementation
has been reported to effectively inhibit Staphylococ-
cus aureus infection-induced lung inflammation in mice
by inhibiting the production of the virulence factor
a-hemolysin [15]. Thus far, investigations of the poten-
tial therapeutic benefits of OST against C. perfringens-
induced inflammation and myonecrosis have been
limited. In the present study, we report the protective
effects of OST supplementation against C. perfringens
type A induced myonecrosis in the muscle tissues of
mice. Importantly, for the first time, we reveal that the
potential action mechanisms involve the stabilizing regu-
lation of autophagy, MAPKs, Nrf2, and NF-kB signaling
pathways.

Results

OST supplementation ameliorates C. perfringens infection-
caused histopathological changes in the muscle tissues

of mice

As shown in Fig. 1A, C. perfringens infection caused
marked muscle necrosis in gross anatomical level.
The muscle tissues of infected mice in the OST50 and
OST100 treatments groups displayed a significant

OST50

~ OST 100

Fig. 1 The representative images of gross (A) and histopathological (B) examinations of muscle tissues. Mice in the untreated control group were
treated with an equal volume of vehicle (i.e, 0.5% DMSO). In the infected model group, mice were intramuscularly injected with 1x 108 CFU of C.
perfringens C57-1 stain per day for 6 days. In the OST50 and OST100 treatment groups, mice were intramuscularly injected with C. perfringens C57-1
stain for 6 days with the co-treatments of OST at the doses of 50 and 100 mg/kg per day for 7 days. Bar=100 um
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improvement compared to the untreated group. Fur-
thermore, H&E staining was performed to assess the
histopathological changes. Mice in C. perfringens infec-
tion model group showed areas of myonecrosis, which
was characterized by myofibrillar hypercontraction of
myofiber and reduced numbers with massive inflam-
matory infiltrate (Fig. 1B). OST supplementation at 50
and 100 mg/kg/day for continuous 7 days significantly
reduced the areas of myonecrosis and inflammatory cells
infiltrate in the muscle tissues, compared to those in the
infected model group (Fig. 1B).

OST supplementation reduces the bacterial burden

of infected muscle tissue

Following seven days of treatment, the bacterial burden
was assessed in the infected muscle tissues. As shown in
the Fig. 2A, Gram-staining revealed Gram-positive bacilli
in the peripheral areas of the infected muscle. The OST50
and OST100 groups all displayed reduced C. perfringens
in the infected muscle. Furthermore, the bacterial enu-
meration in the infected muscle was counted using the
agar plate method. As shown in Fig. 2B, OST treatment
at doses of 50 and 100 mg/kg/day significantly reduced
the bacterial CFU in the infected muscle, compared to
that in the infected model group.

OST supplementation ameliorates C. perfringens
infection-caused oxidative stress damage in the muscle
tissues

Marked changes in biomarkers of oxidative stress were
detected in the C. perfringens infected muscle tissues.
Compared to the untreated control group, the muscle
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tissues of the infected mice displayed increased levels
of MDA (5.63 nmol/mg protein) and decreased activi-
ties of SOD (39.2 U/mg protein) and CAT (0.91 U/
mg protein) (all P<0.001) (Fig. 3). OST supplementa-
tion significantly improved the redox imbalance of
muscle tissues caused by C. perfringens infection. In
the OST 50 and OST100 treatment groups, the MDA
levels significantly decreased to 3.69 nmol/mg protein
and 2.90 nmol/mg protein (both P<0.001), respectively
(Fig. 3A). The activities of SOD significantly increased
to 57.8 U/mg protein, and 63.4 U/mg protein (both
P<0.001), respectively (Fig. 3B), while the activities
of CAT showed significant increments to 1.47 U/mg
protein and 1.91 U/mg protein (P<0.01 or P<0.001),
respectively (Fig. 3C).

OST supplementation downregulates the levels

of caspases-9 and -3 activities in the muscle tissues of mice
As shown in Fig. 4, C. perfringens infection significantly
increased the activities of caspases-9 and -3 in the mus-
cle tissues of mice. Compared to the uninfected control
group, C. perfringens infection increased the activities
of caspases-9 and -3 to 3.87-fold and 3.17-fold (both
P<0.001), respectively. OST supplementation signifi-
cantly inhibited the activation of caspases-9 and -3 in
the infected muscle tissues. In the OST50 treatment
group, the activities of caspases-9 and -3 were signifi-
cantly decreased to 2.32-fold (P<0.001), and 2.20-fold
(P<0.01), respectively. Meanwhile, in the OST100
treatment group, the activities of caspases-9 and -3 sig-
nificantly decreased to 1.58-fold, and 1.67-fold (both
P<0.001), respectively.

OST 100

Fig. 2 Bacterial burden in the muscle tissues of mice infected with C. perfringens both with and without OST supplementation. A The representative
images of Gram-staining. B The bacterial enumeration was counted in the infected muscles. Bar=100 pum. Data were expressed as mean+S5.D
(n=10). *P<0.05 and ***P<0.001, compared between the two groups. Black arrows indicate the Gram-positive bacteria
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Fig. 3 Biomarkers of oxidative stress in the muscle tissues of mice infected with C. perfringens both with and without OST supplementation. A The
levels of MDA. B The activities of SOD. C, the activities of CAT. All data were presented as mean+S.D. (n=10). **P<0.01 and ***P<0.001, compared

between the two groups
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Fig. 4 The levels of caspases-9 and -3 activities in the muscle tissues of mice. A The caspase-9 activities. B The caspase-3 activities. All data were
presented as mean+S.D. (n=6). **P<0.01, and ***P<0.001, compared between the two groups

OST supplementation reduces C. perfringens
infection-caused inflammatory response in the muscle
tissues of mice

Compared to the uninfected control group, C. perfringens
infection significantly increased the levels of IL-1p and
TNEF-a proteins to 64.2 pg/mg protein and 39.0 pg/mg

protein (both P<0.001) (Fig. 5), respectively. In contrast,
in the OST50 treatment group, the levels of IL-1p and
TNF-a proteins were significantly decreased to 50.2 pg/
mg protein and 30.6 pg/mg protein (both P<0.05),
respectively. Similarly, in the OST100 treatment group,
the levels of IL-1B and TNF-a proteins significantly
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Fig.5 The levels of IL-1(3 (A) and TNF-a (B) in the muscle tissue of mice. All data were presented as mean+S.D. (h=6). *P<0.05, and ***P < 0.001,

compared between the two groups

decreased to 29.7 pg/mg protein and 16.2 pg/mg protein
(both P<0.001), respectively.

OST supplementation upregulates the expressions of Nrf2,
HO-1, Beclin1, and LC3Il proteins, and downregulates

the expressions of p-p38, p-Erk1/2, NF-kB, p-mTOR
proteins in the muscle tissues of mice

Compared to the uninfected control group, C. perfrin-
gens infection significantly upregulated the expressions of
p-p38, p-JNK1/2, p-Erk1/2, Nrf2, HO-1, p-mTOR, LC3I],
and NF-«B proteins to 5.31-, 2.51-, 11.5-, 2.02-, 3.25-,
4.10-, 1.87-, and 1.98-fold, respectively (all P<0.05, 0.01
or 0.0001), and significantly downregulated the expres-
sion of Beclin1 protein to 0.55-fold (P<0.01) (Fig. 6). OST
supplementation could regulate the expressions of these
proteins. Especially, in the OST100 treatment group, the
expressions of Nrf2, HO-1, Beclinl, and LC3II proteins
were upregulated to 4.48-, 10.4-, 2.05-, and 4.19- fold (all
P<0.0001), respectively, and significantly downregulated
the expression of p-p38, p-Erk, p-mTOR, and NF-kB pro-
teins to 2.23-, 3.11-,1.32-, and 0.54-fold (all P<0.0001),
respectively (Fig. 6). However, OST treatments did not
change the expression of p-JNK1/2 protein, compared to
that in the infected model group (Fig. 6).

OST supplementation regulates the expression of genes
enriched in Nrf2/HO-1 and NF-kB pathways

Compared to the wuninfected control group, C.
perfringens infection significantly upregulated the
expressions of NF-kB, TNF-a, IL-1fB, Nrf2, and HO-1

mRNAs to 5.67-, 11.1-, 6.17-, 1.95-, and 2.77-fold (all
P<0.05, or 0.0001) (Suppl. Figure 2), respectively. OST
supplementation at the doses of 50 or 100 mg/kg/day for
7 days could effectively regulate the expression of these
genes. Especially, in the OST100 treatment group, the
expressions of NF-kB, TNF-a, and IL-1p mRNAs were
significantly downregulated to 1.98-, 3.49-, and 2.10-fold
(all P<0.001) (Suppl. Figure 2), respectively, whereas
the expression of Nrf2 and HO-1 mRNAs were further
upregulated to 3.39- and 5.08-fold (both P<0.001)
(Suppl. Figure 2), respectively. * P<0.05, ** P<0.01, and
** P<0.001, compared between the two groups.

Discussion

C. perfringens is a Gram-positive, anaerobic, spore-
forming, and rod-shaped pathogen [23]. It is known to
produce an arsenal of >20 virulent toxins [23], including
a-toxin, B-toxin, epsilon-toxin, iota-toxin, enterotoxin,
and necrotic enteritis B-like toxin [24]. C. perfringens
type A commonly causes life-threatening infections,
including gas gangrene, septicemia, and necrotic enteritis
[24].

In the present study, we provide demonstratable
evidence of the protective benefits of OST
supplementation via intraperitoneal injection at the
doses of 50 mg/kg/day (cumulative dose 350 mg/kg) and
100 mg/kg/day (cumulative dose 700 mg/kg) for 7 days,
which could both effectively improve C. perfringens
C57-1 induced myonecrosis and reduced the bacterial
burden (Figs. 1 and 2). Furthermore, our results showed
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Fig. 6 Effects of OST supplementation on the protein expressions in the muscle tissues of mice. The expressions of p-p38, p-JINK1/2, p-Erk1/2,

Nrf2, HO-1, p-mTOR, Beclin1, LC3II, and NF-kB proteins in the muscle tissues of mice were analyzed using Western Blotting. The representative
images were presented (on the left) and the values of each band were analyzed quantitatively using Image J software (on the right). All results were
presented as mean+SD (n=4). ** P<0.01, and *** P<0.001, compared between the two groups

that OST supplementation could effectively attenuate C.
perfringens C57-1 induced oxidative stress and immuno-
inflammatory responses via stabilizing regulation of the
Nrf2/HO-1, MAPK, NF-«B and autophagy pathways
(Figs. 2, 3, 4, 5, 6 and Suppl. Figure 2).

Previous studies have demonstrated that a-toxin is the
major virulence factor of C. perfringens A type involved in
gas gangrene pathogenesis [25, 26]. Monturiol-Gross et.
al., reported that C. perfringens a-toxin exposure at the
lower dose (i.e., 4 ng/mL) significantly induced excessive
production of reactive oxygen species (ROS), which
could be markedly inhibited by various antioxidants such
as glutathione monomethyl ester, N-acetyl-L-cysteine,
CAT, and tiron [3]. In the present study, we found that
C. perfringens C57-1 infection significantly upregulated
the levels of MDA, and significantly downregulated the
activities of antioxidant enzymes SOD and CAT (Fig. 3).
These findings suggest that oxidative stress plays an
important role in C. perfringens A pathogenesis. OST
supplementation reversed these effects and significantly
decreased the levels of MDA, and upregulated the
activities of SOD and CAT (Fig. 3). Similarly, Zhou et. al.,
reported that OST supplementation at a dose of 100 mg/
kg via intraperitoneal injection markedly attenuated
tamoxifen-induced oxidative stress injury in the liver
tissue of mice [27]. Taken together, these data indicated

that OST supplementation could offer a protective effect
against myonecrosis caused by C. perfringens A type
infection via the inhibition of lipid peroxidation and the
upregulation of antioxidant enzymes activities.

It is well known that C. perfringens a-toxin could
also directly disrupt cell membranes of mammalian
cells, rapidly resulting in cytolysis/hemolysis [28].
Moreover, C. perfringens a-toxin is known to induce
cell apoptosis via mitochondrial damage in the isolated
skeletal muscle [29]. Manni et. al, found that C.
perfringens o-toxin treatment of GM95 cells elevated
the release of cytochrome C from mitochondria,
caspases-9 and -3 activation[30]. Similarly, our results
showed that C. perfringens A type infection markedly
increased caspases-9 and -3 activities in the muscle
tissues of mice, and theses apoptosis markers were
partly abolished in the OST supplementation groups
(Fig. 4). In a previous study, Xia et. al, found that
intraperitoneal administration of OST at the doses
of 10-30 mg/kg for 14 days protected against cortical
stab wound injury-induced neuronal apoptosis in
mice [31]. Taken together, these data indicated that
OST supplementation could attenuate C. perfringens
induced apoptosis in the muscle tissues of mice,
which may partly be attributed to the inhibition of
the mitochondrial apoptosis pathway. Moreover,
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mitochondria are a critical target of ROS [32].
Many studies have demonstrated that the inhibition
of ROS production could effectively ameliorate
mitochondrial dysfunction and block the activation
of the mitochondrial apoptotic pathway [3, 32, 33].
Therefore, the ameliorative effects conferred by OST
supplementation in the muscle tissues of mice may be
partly associated with its inhibition of ROS production.

The immuno-inflammatory response is one of the
main events associated with C. perfringens type A
induced myonecrosis in humans and animals [11, 34,
35]. Guo et. al, reported that C. perfringens a-toxin
exposure of primary chicken intestinal epithelial cells
activated the expression of NF-kB and its downstream
proinflammatory factors, including TNF-«, IL-6, IL-8,
and inducible nitric oxide synthase (iNOS) [10]. Similarly,
in the present study, C. perfringens infection significantly
upregulated the expression of NF-kB, IL-1f, and TNF-«a
mRNA and protein levels in the muscle tissue of mice
(Figs. 5 and 6; Suppl. Figure 2); these untoward effects
were reversed in response to OST treatment (Figs. 5 and
6; Suppl. Figure 2). Notably, previous studies have showed
that NF-«B is a critical target in the OST-mediated anti-
inflammatory response [20, 36, 37].

C. perfringens o-toxin has been demonstrated to
directly interact with tyrosine kinase A, consequently
activating the Erk1/2 and p38 signaling pathways [38].
Consistently, Monturiol-Gross et. al., reported that the
activation of NF-kB by C. perfringens a-toxin exposure
is mainly dependent on the expression of Erk1/2 [39]. In
the present study, our results showed that C. perfringens
infection significantly upregulated the expression of
p-Erk1/2, p38, and p-JNK1/2 protein levels (Fig. 6). OST
supplementation significantly abolished the expression of
p-Erk1/2 and p38 proteins; however, it did not impact the
expression of p-JNK1/2 (Fig. 6).

Several studies have demonstrated OST as an inducer
of Nrf2, a critical transcription factor in regulating
oxidative stress and the inflammatory response [20]. For
example, Tang et. al., reported that OST supplementation
at a dose of 25 mg/kg/day for 14 days significantly
upregulated the expression of Nrf2 and HO-1 proteins in
the brain, protecting against chronic sleep deprivation-
induced memory impairment in rats [40]. Garcia-
Arroyo et. al, showed that oral supplementation with
OST at a dose of 40 mg/kg/day for 30 days significantly
upregulated the expression of Nrf2, HO-1, CAT, and
SOD proteins in the kidneys of rats, which conferred a
protective role against high-fat/high-sugar diet-induced
chronic renal damage [41]. Consistently, our current
study found that OST supplementation significantly
upregulated the expressions of Nrf2 and HO-1 mRNA
and protein levels, and elevated the levels of CAT and
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SOD in the muscle tissues of infected mice (Figs. 3 and 6;
Suppl. Figure 2).

LC3-II and Beclinl are key biomarkers of autophagic
flux, as they respectively mediate the initiation and
closure of the autophagic vesicle [42, 43]. Conway et.
al, showed that activation of the autophagy related
gene 16L1 (ATGI16L1)-mediated the clearance of
Salmonella infection in intestinal epithelial cells of
mice [44]. Golovkine et. al, reported that ATG5, ATG7,
and ATG16L1-mediated autophagy played a critical
role in mice against Mycobacterium tuberculosis [45].
In the present study, we observed a marked increase
in the expression of p-mTOR (at Ser 2448), with the
elevated expression of LC3II protein and downregulated
expression of Beclinl in muscle tissues of infected mice,
reflecting an inhibition of autophagy (Fig. 6). OST
supplementation significantly inhibited the expression of
p-mTOR and concomitantly upregulated the expression
of LC3II and Beclinl protein levels in the muscle tissue
of infected mice, suggesting OST potentially activates
autophagic clearance of C. perfringens (Fig. 6).

In conclusion, here we show for the first time OST
supplementation provides protective effects against
C. perfringens induced muscle myonecrosis in mice
via the dual inhibition of oxidative stress and immuno-
inflammatory response via the inhibition of p38, Erk1/2,
NF-«kB pathways, and the activation of Nrf2/HO-1 and
autophagy pathways. Our current data highlights the
therapeutic potential of OST for the treatment of C.
perfringens infection associated muscle pathogenesis in
humans and animals.

Materials and methods

Chemicals and reagents

OST (purity>98%) was purchased from Chengdu
Herb Purify Co., LTD (Chengdu, China). Aprotinin,
leupeptin, pepstatin A, sodium dodecyl sulfonate (SDS),
sulfinylbismethane (DMSO), and phenylmethylsulfonyl
fluoride (PMSF) were purchased from Sigma-Aldrich
(New York, NY, USA). RIPA Lysis Buffer, caspases-3, and
-9 kits were purchased from Beyotime (Haimen, China).
All other chemicals were the highest grade commercially
available.

Bacteria culture

C. perfringens type A bacterial strain (C57-1) used in this
study was purchased from the Institute of Veterinary
Drug Control (Beijing, China). This strain was grown on
brain heart infusion (BHI) broth at 37 °C in an anaerobic
chamber (10% [vol/vol] H,, 10% [vol/vol] CO,, and 80%
[vol/vol] N,) (Oxoid Limited, UK). When an optical
density at 600 (i.e., OD 600) was reached at about 0.5, the
culture was centrifuged (8000 rpm, 10 min) and washed
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two times with PBS, then, the number of colony-forming
units (CFU) per 100puL was counted by plating serial
10-fold dilutions on BHI agar plates supplemented with
yolk.

Animals and treatments

In this study, all animal experiments have been approved
by the Institutional Animal Care and Use Committee at
the China Agricultural University (No. CAU20230301-
1). Male ICR mice (25-28 g, 8-week-old) were obtained
from Beijing Vital River Animal Technology Co., Ltd.
(Beijing, China). Mice had a 1-week acclimatization
period before treatments. All mice had free access to
food and water during experimental periods. All animal
experiments were conducted in the isolation device of
the experimental animal platform at China Agricultural
University.

Mice were randomly divided into control, model,
OST50, and OST100 treatment groups and 10 mice were
in each group. Mice were intramuscularly injected once
per day for 6 days at the femoral muscle site with 100
uL PBS containing 1x10® CFU of C. perfringens C57-1
stain. In the OST50 and QST100 treatment groups, mice
were firstly intramuscularly injected with 1x10® CFU
of C. perfringens C57-1; after 1 h, mice were then
injected intraperitoneally with OST at the doses of 50
and 100 mg/kg per day, respectively, and the treatments
were continuous for 7 days. Mice in the untreated
control group were treated with equal volume of vehicle
(i.e., 0.5% DMSO). The detail experimental design was
shown in Suppl. Figure 1. After 12 h of the last dose,
mice were euthanized by sodium pentobarbital (80 mg/
kg, intraperitoneal injection) and C. perfringens-infected
femoral muscles were isolated for histopathological
evaluations, and gene and protein expressions described
below.

Histopathological examination of muscle tissues

After treatment, the C. perfringens-infected femoral
muscles were isolated. Four samples were obtained
in each group. Histopathological examinations were
performed according to our published methods [46]. In
brief, the isolated femoral muscle tissues were fixed in
4% paraformaldehyde and embedded in paraffin, and
Hematoxylin—Eosin (H&E) staining was performed for
light microscopic observation.

Gram staining for bacteria detection

Gram staining was performed using a Gram Stain Kit
(Beijing Biorigin Science & Technology, Beijing, China)
according to the provided protocol by the manufacturer.
Briefly, the obtained sections were treated with a series of
steps for removing paraffin and alcohol. Then, slices were
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stained with the crystal violet dye on the sections to stain
for 10 s—30 s. After washing, slices were stained with 1%
iodine solution for 1 min and then were washed using
water. Finally, slices were followed to tarnish using 95%
ethanol (for 30 s) and re-stain using Double red dye (for
1 min). After staining, slices were observed in an optical
microscope.

Measurement of malondialdehyde (MDA) levels,

and superoxide dismutase (SOD) and catalase (CAT)
activities in the muscle tissues of mice

The biomarkers of oxidative stress, including malondialde-
hyde (MDA) levels, superoxide dismutase (SOD), and catalase
(CAT) activities in the muscle tissues of mice were examined
via the commercially available MDA, SOD, and CAT reagent
kits (Nanjing Jiancheng, Jiangsu, China). The protocols are
strictly followed to the instructions of the reagent kits. Protein
concentration of each sample was measured viaa BCA™ pro-
tein assay kit (Beyotime, Haimen, China). Finally, the values of
MDA levels, and SOD, CAT activities were normalized to the
protein concentration of each sample.

Measurement of caspases-3 and -9 activities in the muscle
tissues of mice

The activities of caspases-3 and -9 in muscle tissues were
measured, according to our previous study [32]. The proto-
cols are strictly followed to the instructions of the reagent
kits. Protein concentration of each sample was measured
via a BCA™ protein assay kit (Beyotime, Haimen, China).
Finally, the values of caspases-3 and -9 activities were nor-
malized to the protein concentration of each sample.

Measurement of protein expression in the muscle tissues
of mice

The expression of protein markers involved MAPK,
NF-kB, and autophagy pathways in the muscle tissues
of mice were examined using western blotting method,
according to our previous description [47, 48]. About
10-20 mg tissues were added in the 1.5 mL-Eppendorf
tube containing 0.5 mL RIPA buffer with multiple pro-
tease inhibitors (i.e., 1 mM PMSF, 1 pg/mL aprotinin,
1 pg/mL leupeptin, and 1 pg/mL pepstatin A). After
10 min’s incubation at 4 °C, the samples homogenized
using a high-throughput protein homogenizer at 4 °C.
After homogenization, the lysates were collected by
centrifugation at 14,000 g for 15 min at 4 °C and the
supernatants were collected. A BCA protein assay kit
was used to measure the protein concentration of each
sample. The gradient SDS-PAGE 8-15% gels were used
to electrophoretic separation and a total of 30 pg of pro-
tein were loaded in each lane. The primary antibodies,
including polyclonal rabbit anti- microtubule-associated
protein-1 light chain-3 (LC3), Nrf2, HO-1 (all 1:1000
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dilution; ProteinTech Group, Chicago, IL, USA), Beclinl,
NF-kB (1:1000, Santa Cruz Biotechnology, TX, USA),
phosphorylation (p) -mTORC1 (Ser 2448) p-p38, p—c-
Jun N-terminal kinase 1/2 (JNK1/2), and p-Erk1/2 pro-
teins (1:1000 dilution, Cell Signaling Technology, MA,
USA), and mouse anti- glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:10,000 dilution, Santa Cruz
Biotechnology, TX, USA), were used in this study. The
densitometric values of gel were quantified using Image]
software (National Institute of Mental Health, Bethesda,
MD, USA) and the relative expressed levels of all targeted
protein were normalized to GAPDH protein.

Measurement of gene expression in the muscle tissues

of mice

Muscle tissues of mice were collected and total RNA
were extracted using the commercial total RNA Isolation
Kit (No. RC112-01, Vazyme Biotech Co., Ltd., Nanjing,
China), according to our previous study [49]. The quality
of isolated RNA was assessed using a Nanodrop reader
(Thermo Fisher Scientific, Shanghai, China). Then, a total
of 1 ug RNA was used to synthesize the cDNA by a Prime
Script RT-PCR kit (Takara, Dalian, China). The PCR
primers of all genes (including IL-1p, Nrf2, HO-1, NF-kB,
TNF-«, and GAPDH) were provided in Suppl. Table 1.
The qRT-PCR was performed by using the AB7500 real-
time PCR instrument (Applied Biosystems, Foster City,
CA, USA). The 2722t method was used to calculate the
relative transcript abundance of these targeted genes.
GAPDH was set up as an endogenous control gene.

Statistical analysis

All results in the present study were presented as the
mean * standard deviation (S.D.), unless otherwise speci-
fied. Comparisons among groups were performed using
one-way analysis of variance, with post hoc correction by
Tukey’s method from the GraphPad Prism 9.0 software
(GraphPad Software, Inc., La Jolla, CA, USA). A P value
less than 0.05 was considered statistically significant.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/544280-023-00028-6.
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