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Background: Taohong Siwu decoction (THSWT) has shown therapeutic effects on ischemia/reperfusion injury (IRI). This study
tended to investigate the role of THSWT combined with the long non-coding RNA (LncRNA) H19 (H19)/miR-675-5p axis in
improving limb IRI (LIRI).

Methods: Hind LIRI rats and simulated IRI skeletal myoblasts models were constructed to evaluate the therapeutic effects of
THSWT. The mechanism of THSWT treatment on LIRI was investigated by the regulation of the H19/miR-675-5p axis and the
wingless/integrated (Wnt)/Ca>* signaling pathway. Various assessments, such as H&E staining, TUNEL staining, flow cytometry,
cell counting kit-8 (CCK-8) assay, quantitative real-time polymerase chain reaction (QRT-PCR), western blot, immunohistochem-
istry (IHC) staining, enzyme-linked immunosorbent assay (ELISA), biochemical assay, and calcium fluorescence imaging, were
conducted to observe skeletal muscle injury, cell apoptosis, skeletal myoblast proliferation, gene and protein expressions, cytokine
levels, glucose (Glu) uptake, and Ca®" concentration.

Results: THSWT intervention effectively improved skeletal muscle injury in LIRI rats, as evidenced by reduced muscle fiber
damage and decreased cell apoptosis, accompanied by downregulation of H19, miR-675-5p, cleaved-Caspase3, Bax, PLC, and PKC
expressions and upregulation of Bcl2 expression. Furthermore, silencing of H19 inhibited cell apoptosis of skeletal muscle and
reduced IL-1p, IL-6, and TNF-a levels in LIRI rats. Notably, THSWT intervention combined with the silencing of H19 synergisti-
cally promoted the repair of skeletal muscle injury in LIRI rats. Mechanistically, THSWT intervention combined with regulation of
the H19/miR-675-5p axis promoted the proliferation of skeletal myoblasts damaged by IRI through the Wnt3a/Ca>" signaling
pathway, increasing the levels of intracellular Bcl2, while decreasing the levels of Ca?*, CaMKII, PLC, PKC, cleaved-Caspase3, Bax,
TNF-a, IL-1p, IL-6, Wnt3a, and f-catenin.

Conclusions: THSWT combined with the regulation of the H19/miR-675-5p axis effectively improved LIRI by modulating the
Wnt3a/Ca®* signaling pathway, providing insights for potential therapeutic strategies for LIRI.

Keywords: limb ischemia-reperfusion injury; LncRNA H19/miR-675-5p axis; Taohong Siwu decoction; Wnt3a/Ca>* signaling
pathway
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1. Introduction

Limb ischemia/reperfusion injury (LIRI) refers to the cellular
damage and further deterioration of limb function caused by
the reintroduction of blood following a period of ischemia.
The pathological mechanisms and processes of LIRI are
complex and not yet fully understood [1]. LIRI involves
multiple factors and cell types and may vary depending on
the affected tissues and organs as well as the duration of
tissue ischemia [2]. Compared to the extensive research on
ischemia/reperfusion injury (IRI) in vital organs like the
heart, liver, and brain, studies on LIRI in limbs are relatively
limited. However, skeletal muscle, which is the main tissue in
the limbs, is highly sensitive to ischemia and irreversible
damage can occur after just 3h of ischemia [3, 4]. Severe
LIRI can lead to multiple organ dysfunction syndrome
(MODS), which is a life-threatening condition for patients
[5, 6]. Therefore, it is urgently necessary to seek effective
therapeutic approaches for LIRI, which has become our
top priority.

Long-term clinical practice and animal experimental
studies have shown that traditional Chinese medicine (TCM)
has unique advantages in IRI treatment. TCM theory focuses
on understanding the pathological mechanisms of IR, such as
blood stasis and impaired blood circulation [7-10]. Taohong
Siwu Decoction (THSWT), first mentioned in Wu Qian’s
“Yizongjinjian” during the Qing Dynasty, is a TCM classic
formula composed of six medicinal herbs, including peach
seed and safflower, Szechuan lovage rhizome, prepared Rehman-
nia root, Angelica sinensis, and red peony root [11]. Modern
pharmacological research has shown that THSWT has multiple
beneficial effects, such as improving abnormal blood rheology,
inhibiting inflammatory cytokines, relieving microcirculation
obstruction, and enhancing immune function [12]. Additionally,
THSWT can exert therapeutic effects in various diseases through
multiple mechanisms. For example, it can treat acute blood stasis
in rats by regulating amino acid and lipid metabolism [13].
Studies have also shown that THSWT can reduce cerebral infarct
volume and improve neurological function in stroke model rats
by modulating the phosphatidylinositol 3-kinase/protein kinase
B (PI3K/Akt) and nuclear factor erythroid 2-related factor 2
(Nrf2) signaling pathways [14]. Moreover, THSWT has remark-
able effects in the treatment of bone injuries by regulating the
vascular endothelial-derived growth factor-focal adhesion kinase
(VEGF-FAK) and hypoxia-inducible factor-1a (HIF-1a) signal-
ing pathways [15, 16]. Recently, research from the perspective of
TCM on the mechanisms of treating various diseases has been
deepening. Therefore, we are interested in studying the use of
THSWT in combination with targeted therapies for the treat-
ment of LIRL

More and more evidence suggests that long non-coding
RNA (LncRNA) and microRNA (miRNA) play crucial roles
in IRI pathogenesis [17—19]. Studies have investigated the poten-
tial roles of H19 and its derived miR-675 in regulating myocar-
dial IRT and have found that their expressions are upregulated in
oxygen—glucose-deprivation/reperfusion (OGD/R) myocardial
cells. Knocking down H19 can improve cell viability, reduce
apoptosis, decrease levels of inflammatory cytokines, and inhibit
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oxidative stress [20]. Another study has revealed that HI19
expression is upregulated, while miR-181a-5p expression is
downregulated in spinal cord IRI (SCIRI) mice and OGD/R cells.
Knocking down H19 promotes hind-limb motor function recov-
ery and alleviates pathological damage, cell necrosis, and inflam-
mation caused by SCIRI [21]. However, there is limited research
on the role of H19 in LIRI, and the related regulatory mechan-
isms remain to be clarified, which is a novel aspect of this study.
It has been found that hypoxia induces miR-675-5p expression,
which can enhance the HIF-1a response and activate the wing-
less/integrated (Wnt)/f-catenin signaling [22]. Studies have indi-
cated that maintaining Ca®* homeostasis is crucial for muscle
injury repair [23-25]. The Wnt/Ca®* signaling pathway plays an
important role in skeletal development and related diseases [26].
However, the regulatory mechanism of the Wnt/Ca®* signaling
pathway in skeletal muscle injury caused by lung IR still requires
further investigation.

Previous studies have shown that the classic Wnt3a
ligand not only stimulates f-catenin transcriptional activity
in colon cancer cells, but also activates PLC, promotes Ca**
mobilization, and induces Rho kinase and PLC-dependent
cell migration [27, 28]. The LncRNA AZIN1-AS1/miR-6838
axis inhibits cell apoptosis by activating the Wnt3a/f-catenin
pathway, thereby, protecting against myocardial IRI [29].
Wnt3a is downregulated in both in vivo and in vitro models
of brain IRI [30] and mediates blood—brain barrier damage
related to cerebral IR [31]. The above studies confirm that
Wnt3a mediates IRI, but its expression and role in LIRI still
need further exploration. Based on the above findings, this
study established a LIRI rat model and a simulated IRT skel-
etal myoblast model. It further explored the mechanism of
skeletal muscle injury in LIRI and the intervention effect of
THSWT from the perspective of the Wnt3a/Ca®* signaling
pathway. This study provided experimental evidence to
enrich the understanding of the pathological mechanism
and treatment methods of LIRI.

2. Materials and Methods

2.1. Preparation of THSWT. THSWT was manufactured at
the Dispensing Department of the First Affiliated Hospital of
Hunan University of Chinese Medicine using modern proces-
sing techniques. The formula consisted of peach seed and saf-
flower, each weighing 15g, and Szechuan lovage rhizome,
prepared Rehmannia root, A. sinensis, and red peony root,
each weighing 10 g. The preparation process for THSWT was
determined based on the physicochemical properties of its
active ingredients. The six herbs were extracted with water,
and the resulting water extract was then concentrated under
vacuum until it reached a relative density of 1.08-1.12, with a
temperature of 60°C. Sodium benzoate was added to dissolve
the concentrated solution, resulting in the final product,
THSWT. The original concentration of THSWT was 1.75kg/L.

2.2. Animal Model Construction and Intervention. Male
Sprague-Dawley (SD, 8 weeks, 240-300 g) rats were bought
from Hunan SJA Laboratory Animal Co., Ltd. (Changsha,
China). All rats were housed in pathogen-free cages with six
rats per cage. The conditions included a temperature of
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25+ 2°C, humidity of 50% =+ 5%, and a 12-h light/dark cycle,
with free access to food and water. After a 1-week acclimation
period, the experiments began. The SD rats were randomly
divided into eight groups: Normal, LIRI, THSWT, sh-NC, sh-
H19, inhibitor NC, miR-675-5p inhibitor, and THSWT +
miR-675-5p inhibitor, with six rats in each group. For the
THSWT and THSWT + miR-675-5p inhibitor groups, rats
were administered THSWT orally at a dose of 10 mL/kg,
twice a day for three consecutive days before modeling. The
remaining groups of rats were given an equal volume of
normal saline by oral gavage. One more intervention was
performed 2h before molding. Additionally, rats in the sh-
NC, sh-H19, inhibitor NC, miR-675-5p inhibitor, and
THSWT + miR-675-5p inhibitor groups were injected with
50 nmol/L of sh-NC, sh-H19, inhibitor NC, and miR-675-5p
inhibitor via the tail vein 2 h before modeling. sh-NC, sh-H19,
inhibitor NC, and miR-675-5p inhibitor were obtained from
Honorgene (Changsha, China). Except for the Normal group,
the other groups of SD rats underwent LIRI modeling based on
the previous experimental methods. Four hours after ischemia,
the paw became pale, with local skin appearing blue and purple,
and the skin temperature became cool. The movement of the
affected limb was significantly limited. After reperfusion, the paw
returned to a reddish color and warm temperature, indicating
the successful construction of the LIRI model. Two hours after
reperfusion, the rats were sacrificed using cervical dislocation.
Samples of skeletal muscle were collected, fixed in 4%
paraformaldehyde (N1012, NCM Biotech, China), embedded
in paraffin, and then subjected to histological analysis. All
animal experimental procedures were approved by Animal
Experimental Ethical Inspection in the Laboratory of the
First Hospital of Hunan University of Chinese Medicine
(ZYFY20220418-2) and were conducted following the
ARRIVE guidelines for reporting animal research.

2.3. Preparation of THSWT-Containing Serum. One hour
after the last administration, SD rats in the THSWT group
were anesthetized by intraperitoneal injection of 2%
pentobarbital sodium solution (40 mg/kg). Blood samples
were collected from the abdominal aorta. The collected
blood was placed at 37°C for 1h, followed by centrifugation
at 3000 rpm for 10 min to separate the serum. The serum was
then filtered through a 0.22 pm sterile membrane to obtain
the THSWT-containing serum for cell experiments.

2.4. Preparation of Simulated IR Solution. The preparation of
simulated IR solutions was referred to literatures [32, 33].
Preparation of simulated ischemic solution (units: mM):
NaH,PO,: 0.9, NaHCOs: 6.0, CaCl,: 1.8, MgSOy: 1.2, sodium
lactate: 40, HEPES: 20, NaCl: 98.5, KCI: 10.0, sodium meta-
bisulfite: 10.0, pH: 6.8. Preparation of simulated reperfusion
solution (units: mM): NaCl: 129.5, KCI: 5.0, NaH,PO,: 0.9,
NaHCOj: 20, CaCl,: 1.8, MgSOy4: 1.2, HEPES: 20, glucose
(Glu): 55, pH: 7.4.

2.5. Cell Culture and Treatment. Skeletal myoblasts were
isolated from the hind legs of normal SD rats and purified
as described in our previous study [34]. They were cultured
in DMEM (D5796, Sigma, USA) supplemented with 10%

fetal bovine serum (FBS; 10099141, Gibco, USA) and 1%
Penicillin/Streptomycin (SV30010, Beyotime, China), and
maintained in a humidified incubator (DH-160I, SANTN,
China) with 5% CO, at 37°C. Passage and transfection
experiments were conducted when the cells reached 70%—80%
confluence. The three to six generations of skeletal myoblasts
were used in the following experiments:

After the medium was removed, skeletal myoblasts were
added with a simulated ischemic solution and incubated for
8h. After aspiration of the simulated ischemic solution, skel-
etal myoblasts were incubated with simulated reperfusion
solution for 3h to establish a cell injury model. The cells
were then divided into Control, si-NC, si-H19, si-H19 4+ mimic
NG, si-H19 + miR-675-5p mimic, and si-H19 + miR-675-5p
mimic + THSWT groups. si-NC, si-H19, mimic NC, and
miR-675-5p mimic were purchased from Honorgene (Chang-
sha, China). Except for the Control group, cells in the other
groups were transfected with si-NC, si-H19, mimic NC, and
miR-675-5p mimic using Lipofectamine 2000 (11668019,
Invitrogen, USA). After transfection, cells in the si-H19 +
miR-675-5p mimic+THSWT group were cultured in
THSWT-containing serum.

2.6. H&E Staining. After being baked at 60°C for 12 h, skele-
tal muscle slices were dewaxed to water. Sequently, the slices
were stained with hematoxylin (AWI0001a, Abiowell, China)
for 1 min and rinsed with distilled water. After returning to
blue with phosphate-buffered saline (PBS), they were stained
with eosin (AWI0029a, Abiowell, China) for 1 min. Then, the
slices were rinsed with distilled water and dehydrated with
gradient alcohol (95%-100%). Further, the slices were
immersed in xylene for 10min to achieve transparency.
Finally, they were sealed with neutral gum (AWI0238a, Abio-
well, China) and observed under a microscope.

2.7. TUNEL Staining. The skeletal muscle slices were baked
at 60°C for 12h and then dewaxed to water. Testing for cell
apoptosis was conducted using a TUNEL detection kit
(40306ES50, Yeasen, China). The slices were treated with
100 pL of proteinase K solution at 37°C for 20 min, followed
by 100 pL of equilibration buffer at 25°C for 30 min and
finally, 50 pL of TDT enzyme solution at 37°C for 1 h. The
slices were then stained using DAPI solution at 37°C for 10 min
and secured with glycerol for future observation.

2.8. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). The total RNA was extracted from both skeletal
muscle and skeletal myoblasts through the use of Trizol reagent
(15596026, Thermo, USA), which was later processed into
cDNA utilizing an mRNA reverse transcription kit (CW2569,
CWBIO, China). Analysis of the gene expression was performed
with the QuantStudiol Real-Time PCR System (ABI, USA) by
applying the UltraSYBR Mixture (CW2601, CWBIO, China).
To assess the relative gene expression, the 274" method was
utilized with GAPDH as a standard reference gene. The specific
primers used are detailed in Table 1.

2.9. Western Blot. Total proteins were extracted from skeletal
muscle and skeletal myoblasts using RIPA lysis buffer
(AWBO0136, Abiowell, China). The proteins were isolated by
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TasLE 1: Primer sequences.
Sequences
Gene Length (bp)
Forward (5'—3’) Reverse (5'—3")
R-GAPDH ACAGCAACAGGGTGGTGGAC TTTGAGGGTGCAGCGAACTT 252
R-HI19 CTGTATGCCCTAACCGCTCAGT CTCTACCTGCACCCAACCTCC 151
R-miR-675-5p TGGTGCGGAAAGGGCCCACAGT GCTGTCAACGATACGCTACGTAA 77
R-CAMK?2a GAGCACCAACACCACCATCGAG CGGTTCAAAGGCTGTCATTCCA 151
TaBLE 2: The information about antibodies.

Name Dilution rate Cat number Source Company Country
Bax 1:5000 ab32503 Rabbit Abcam UK
Caspase-3 1:1000 19677-1-AP Rabbit Proteintech USA
Bcl2 1:2000 ab182858 Rabbit Abcam UK
PLC 1:1000 ab41433 Mouse Abcam UK
PKC 1:5000 ab32376 Rabbit Abcam UK
Wnt3a 1:1000 26744-1-AP Rabbit Proteintech USA
[-catenin 1:20000 51067-2-AP Rabbit Proteintech USA
GAPDH 1:5000 10494-1-AP Rabbit Proteintech USA
HRP goat anti-mouse IgG 1:5000 SA00001-1 Mouse Proteintech USA
HRP goat anti-Rabbit IgG 1:6000 SA00001-2 Rabbit Proteintech USA

Abbreviation: Wnt, wingless/integrated.

SDS-PAGE and transferred onto nitrocellulose (NC) mem-
branes. The membranes were blocked with 5% skimmed milk
(AWB0004, Abiowell, China) for 1.5 h and then incubated with
primary antibodies at 4°C overnight. Subsequently, the mem-
branes were incubated with secondary antibodies at room tem-
perature for 1.5 h. Super ECL Plus detection reagent (AWB0005,
Abiowell, China) was applied for chemiluminescence imaging
(ChemiScope6100). The gray values of protein bands were ana-
lyzed by Quantity One 4.6.6 (Bio-Rad Inc., USA), and the pro-
tein expression was calculated with GAPDH as an internal
reference. The information on antibodies is exhibited in Table 2.

2.10. Enzyme-Linked Immunosorbent Assay (ELISA). Whole
blood samples were placed at room temperature for 2 h and
then centrifuged at 4°C at 1000 X g for 15 min. The cell cul-
tures were centrifuged at 4°C at 1000 X g for 15 min to obtain
the supernatant. IL-6 (CSB-E04640r, CUSABIO, China), IL-
14 (CB-E08055r, CUSABIO, China), and TNF-a (CB-
E11987r, CUSABIO, China) ELISA kits were applied to
evaluate IL-6, IL-1f, and TNF-a levels. Glu (A154-1-1,
Nanjing Jiancheng Bioengineering Research Institute) were
applied to evaluate Glu level via the Glu oxidase method.

2.11.  Immunohistochemistry (IHC)/Immunocytochemistry
(ICC) Staining. For skeletal muscle, slices were baked at
60°C for 12 h and dewaxed to water. Then, the citrate buffer
(0.01 M, pH 6.0; AWI0206a, Abiowell, China) was applied
for antigen retrieval and 1% periodic acid was employed for
endogenous enzyme inactivation. For skeletal myoblasts, the
cell slides were washed three times with PBS. They were then
fixed with 4% paraformaldehyde for 30 min. After that, 0.3%
Triton X-100 was added to cell slides and incubated at 37°C
for 30 min for permeabilization. Next, 3% H,O, was added to

deactivate endogenous enzymes for 10min. Tissue slices
were incubated with primary antibodies of PKC (1:200,
ab124735, Abcam, UK) and PLC (1:200, ab181558, Abcam,
UK) at 4°C overnight while cell slides were incubated with
primary antibodies of f-catenin (1:200, 17565-1-AP, Pro-
teintech, USA) under the same conditions. Tissue slices
and cell slides were then incubated with 100 pL of HRP-
goat anti-rabbit IgG (1:100, AWS0005, Abiowell, China) at
37°C for 30 min. Then 100 pL of DAB (ZLI-9018, ZSBG-Bio,
China) was added and incubated for 5min for color devel-
opment. Slices were restained with hematoxylin for 5 min,
rinsed with distilled water, and returned to blue with PBS.
Slices were dehydrated with gradient alcohol (60%-100%)
for 5min per level. The slices were placed in xylene for 10
min for transparency for future observation after being
sealed with neutral gum.

2.12. Calcium Fluorescence Imaging. Fluo-3 AM (510561056,
Beyotime, China) was diluted to 5 pM in serum-free medium
at 1:1000. Then, an appropriate volume of diluted Fluo-3 AM
solution was added to the medium-removed cells. The vol-
ume of the addition should be sufficient to cover the cells.
The cells underwent a 30-min incubation at 37°C in a
humidified incubator. To eliminate any Fluo-3 AM that
had not penetrated, the cells were rinsed thrice with a
serum-free medium. A fluorescence microscope was used
to check the fluorescence status of each group and photos
were taken.

2.13. Cell Counting Kit-8 (CCK-8) Assay. After treating skel-
etal myoblasts with 0.25% trypsin, they were placed into 96-
well plates at a concentration of 5 x 10° cells/well. Following
cell adhesion, appropriate treatments were given. Subsequently,
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the initial medium was replaced with 100 pL of medium that
included 10% CCK-8 reagent (NU679, DOJINDO, Japan).
After incubating these cells at 37°C for another 4 h, the optical
density (OD) at 450 nm was measured using a multifunctional
microplate reader (MB-530, HEALES, China).

2.14. Flow Cytometry. The digestion of skeletal myoblasts
was accomplished using EDTA-free trypsin. After rinsing
with PBS, about 3.2 x 10° cells were collected. The cell mix-
ture was combined with 5 pL of Annexin V-FITC and 5 pL of
propidium iodide in compliance with the guidelines of the
apoptosis kit (KGA108, KeyGEN BioTECH, China). After a
10-min lightless incubation, an assessment of the cells was
conducted utilizing a flow cytometer (A00-1-1102, Beck-
man, USA).

2.15. Statistical Analysis. The analysis of experimental data
was executed using GraphPad Prism 8.0 (GraphPad Software
Inc., USA) and expressed as mean =+ standard deviation of
three independent experiments. The measurement data adhered
to the normal distribution and homogeneity of variance, which
were analyzed by the Kolmogorov—Smirnov test and exploratory
descriptive statistics test. A one-way analysis of variance
(ANOVA) along with Tukey’s post hoc test was employed for
the comparison of multiple groups. p<0.05 was considered
statistically significant. All investigations were carried out in a
randomized and blind way to reduce any likelihood of
experimental bias.

3. Results

3.1. THSWT Improved LIRI in Rats. To explore the impact of
THSWT on LIRI, SD rat models of LIRI were constructed
using an improved method of blocking blood flow in the
femoral artery on the body surface. These model rats were
then subjected to intragastric THSWT intervention. H&E
staining displayed that skeletal muscle cells in the Normal
group exhibited normal morphology, with intact cell membranes
and an orderly arrangement of muscle fibers. In contrast, the
LIRI group showed disorder with damaged integrity and
continuity in some areas. However, in the THSWT group,
there was a remarkable improvement in skeletal muscle injury,
with basically intact cell structures and relatively neat muscle fiber
arrangement (Figure 1A). Further analysis demonstrated that the
cell apoptosis rate in skeletal muscle was raised in the LIRI group
compared with normal rats. However, THSWT intervention
effectively reduced LIRI-induced cell apoptosis in skeletal
muscle (Figure 1B). Additionally, the THSWT intervention
downregulated LIRI-induced high expressions of H19 and
miR-675-5p (Figure 1C). Western blot results displayed that
LIRI induced upregulated expressions of cleaved-Caspase3,
Bax, PLC, and PKC, while downregulated expression of Bcl2.
However, the THSWT intervention reversed these altered
protein expressions induced by LIRI (Figure 1D). Overall, these
results suggested that THSWT could improve LIRI in rats.

3.2. Silencing of HI19 Downregulated miR-675-5p Expression
and Improved LIRI in Rats. To clarify the regulatory role of
the H19/miR-675-5p axis in the occurrence and develop-
ment of LIRI, H19 was silenced in LIRI rats. The results

displayed that silencing of H19 improved the destruction
of skeletal muscle cells induced by LIRI, along with relatively
complete cell structure and relatively well-aligned muscle
fibers (Figure 2A). Further, silencing of H19 reduced LIRI-
induced cell apoptosis in skeletal muscle (Figure 2B). Nota-
bly, the silencing of H19 downregulated LIRI-induced high
expressions of H19 and miR-675-5p (Figure 2C). Similarly,
the high expressions of cleaved-Caspase3 and Bax induced
by LIRI were downregulated after silencing of H19, while the
expression of Bcl2 was the opposite (Figure 2D). Analysis of
serum inflammatory cytokine levels showed an increase in
IL-1p, IL-6, and TNF-a levels after LIRI. After the silencing
of HI19, the release of these inflammatory cytokines was
inhibited (Figure 2E). Taken together, these results illus-
trated that silencing of H19 could downregulate miR-675-
5p expression and improve LIRI in rats.

3.3. Combination of Silencing of miR-675-5p and THSWT
Intervention Improved LIRI in Rats. In the following study,
we investigated the impact of the combination of silencing of
miR-675-5p and THSWT intervention on LIRI in rats. We
observed that silencing of miR-675-5p and THSWT
intervention reduced, respectively, the injury of skeletal
muscle cells induced by LIRI. However, the combined
intervention greatly saved skeletal muscle cell damage in
LIRI rats (Figure 3A). Additionally, both silencing of miR-
675-5p and THSWT intervention inhibited LIRI-induced
apoptosis occurrence of skeletal muscle cells. The
combined intervention showed stronger inhibition of
apoptosis of skeletal muscle cells (Figure 3B). In the
skeletal muscle of LIRI rats, H19 expression was not
affected by silencing of miR-675-5p, but downregulated
after THSWT intervention. Furthermore, miR-675-5p
expression was both downregulated by silencing of miR-
675-5p and THSWT intervention, and downregulated
more under the combined intervention (Figure 3C).
Moreover, the expressions of cleaved-Caspase3, Bax, PLC,
and PKC were inhibited, while the expression of Bcl2 was
the opposite after silencing of miR-675-5p or THSWT
intervention in LIRI rats. The combined intervention
regulated these proteins more strongly than either one
(Figure 3D-F). Additionally, silencing of miR-675-5p and
THSWT intervention reduced the inflammatory response
in LIRI rats, which was represented by reduced serum
levels of IL-1p, IL-6, and TNF-a. As expected, the
combined intervention further reduced the inflammatory
response in LIRI rats (Figure 3G). These findings proved
that the combination of silencing of miR-675-5p and
THSWT intervention could improve LIRI in rats.

3.4. THSWT Combined With H19/miR-675-5p Axis Regulated
the Wnt3 a/Ca”" Signaling Pathway. To elucidate the potential
mechanism of THSWT combined with the H19/miR-675-5p
axis in LIRI treatment, we constructed a cell model by
treating skeletal myoblasts with a simulated IR solution. Cells
were subjected to H19 silencing, miR-675-5p overexpression,
and treatment with a THSWT-containing medium or a
combination of the above methods for intervention. The
successful and efficient H19 silencing and miR-675-5p
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Ficure 2: Silencing of H19 could inhibit miR-675-5p to improve limb ischemia/reperfusion injury (LIRI) in rats. (A) The pathological
changes in skeletal muscle were observed by H&E staining. (B) Cell apoptosis in skeletal muscle was assessed by TUNEL staining. (C) The
expressions of H19 and miR-675-5p in skeletal muscle were evaluated by quantitative real-time polymerase chain reaction (QRT-PCR). (D)
The expressions of cleaved-Caspase3, Bax, and Bcl2 were analyzed by western blot. (E) Serum levels of IL-14, IL-6, and TNF-a were assessed
by enzyme-linked immunosorbent assay (ELISA). *p<0.05 vs. Normal; *p<0.05 vs. LIRL; ¥p<0.05 vs. sh-NC.

overexpression were verified by qRT-PCR. Silencing of HI19
decreased the expressions of miR-675-5p and CaMKII in
injured skeletal myoblasts. However, overexpression of miR-
675-5p partially offset the impact of silencing of H19 on the
above indicators. However, further treatment with THSWT-
containing medium reduced the expressions of H19, miR-675-
5p, and CaMKII in injured skeletal myoblasts (Figure 4A).
Western blot results displayed that overexpression of miR-675-
5p inhibited the downregulation of PLC and PKC induced by
silencing of H19. However, further treatment with a THSWT-
containing medium counteracted the harmful effects of
overexpression of miR-675-5p, showing reduced expressions of
PLC and PKC (Figure 4B). Further, level of f-catenin decreased
after silencing of H19. However, overexpression of miR-675-5p
reversed these changes. When injured skeletal myoblasts were
further treated with THSWT-containing medium, level of f-
catenin was greatly reduced (Figure 4C). Silencing of HI19
inhibited the Wnt3a and f-catenin proteins in skeletal
myoblasts with a simulated IR solution. Overexpression of
miR-675-5p inhibited the downregulation of Wnt3a and f-
catenin proteins induced by silencing of H19. However, further
treatment with a THSWT-containing medium counteracted the
harmful effects of overexpression of miR-675-5p, showing
reduced expressions of Wnt3a and f-catenin proteins
(Figure 4D). Moreover, level of Ca”" decreased after silencing
of H19. However, overexpression of miR-675-5p reversed these
changes. When injured skeletal myoblasts were further treated
with THSWT-containing medium, level of Ca>* were greatly
reduced (Figure 4E). These results illustrated that THSWT
combined with the H19/miR-675-5p axis could regulate the
Wnt3a/Ca®" signaling pathway.

3.5. THSWT Intervention Combined with the H19/miR-675-
5p Axis Regulation Repaired LIRI. According to the results
mentioned above, we further confirmed the efficacy of
THSWT intervention combined with the H19/miR-675-5p
axis regulation in repairing LIRI by modulating the

Wnt/Ca®* signaling pathway. The results showed that
overexpression of miR-675-5p partially counteracted the
promotion of silencing of H19 on the proliferation of injured
skeletal myoblasts. However, further treatment with THSWT-
containing medium conversed the trends above, resulting in a
restored proliferation of injured skeletal myoblasts (Figure 5A).
Moreover, overexpression of miR-675-5p changed the apoptosis
inhibition of silencing of H19 on injured skeletal myoblasts,
exhibiting increased expressions of cleaved-Caspase3 and Bax
and decreased expression of Bcl2. However, further treatment
with THSWT-containing medium counteracted the harmful
effects of overexpression of miR-675-5p, showing decreased
expressions of cleaved-Caspase3 and Bax and increased
expression of Bcl2 (Figure 5B,C). Furthermore, the levels of
Glu, IL-1p, IL-6, and TNF-a in the cell culture supernatant
decreased under the influence of silencing of H19. However,
overexpression of miR-675-5p reversed the effect of silencing
of H19. When further treated with THSWT-containing
medium, the levels of Glu, IL-1f, IL-6, and TNF-« in the cell
culture supernatant were reduced (Figure 5D,E). These results
displayed that THSWT intervention combined with the
H19/miR-675-5p axis regulation could repair LIRL

4. Discussion

Among orthopedic diseases, LIRI has high disability and
mortality rates [2]. Currently, the main treatment options
for LIRI in clinical practice include fasciotomy, hyperbaric
oxygen therapy, gene therapy, et cetera. However, these
treatments are costly, have unstable efficacy, and their
mechanisms of action are not fully understood [35-37].
With the development of TCM, many Chinese herbs and
their active ingredients have shown advantages in the treat-
ment of various types of IRI [7, 8, 38]. Currently, most stud-
ies believe that LIRI is associated with calcium metabolism
disorder, cell apoptosis, and inflammatory damage. At the
molecular pathological level, targeted regulation of signaling
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FiGure 3: Taohong Siwu decoction (THSWT) intervention combined with silencing of miR-675-5p could improve limb ischemia/reperfusion
injury (LIRI) in rats. (A) The pathological changes in skeletal muscle were observed by H&E staining. (B) Cell apoptosis in skeletal muscle
was assessed by TUNEL staining. (C) The expressions of H19 and miR-675-5p in skeletal muscle were evaluated by quantitative real-time
polymerase chain reaction (QRT-PCR). (D) The expressions of cleaved-Caspase3, Bax, and Bcl2 were analyzed by Western blot. (E, F) The
expressions of PLC and PKC in skeletal muscle were analyzed by immunohistochemistry (IHC) staining. (G) Serum levels of IL-1/3, IL-6, and
TNF-a were assessed by enzyme-linked immunosorbent assay (ELISA). *p<0.05 vs. Normal; p<0.05 vs. LIRL; “p<0.05 vs. miR-675-5p
inhibitor; ®p<0.05 vs. THSWT.
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FIGURE 4: Taohong Siwu decoction (THSWT) combined with the H19/miR-675-5p axis could regulate the wingless/integrated 3a (Wnt3a)/
Ca®* signaling pathway. (A) The expressions of H19, miR-675-5p, and CaMKII in skeletal myoblasts were evaluated by quantitative real-time
polymerase chain reaction (QRT-PCR). (B) The expressions of PLC and PKC in skeletal myoblasts were analyzed by western blot. (C) The
expression of f-catenin in skeletal myoblasts was analyzed by immunohistochemistry (IHC) staining. (D) The expressions of Wnt3a and
p-catenin in skeletal myoblasts were analyzed by Western blot. (E) Determination of Ca®* concentration in skeletal myoblasts by calcium
fluorescence imaging. *p<0.05 vs. si-NC; “p<0.05 vs. si-H19+mimic NC; &p<0.05 vs. si-H19+miR-675-5p mimic.

molecules has gradually become a research hotspot [2, 39-41].
In this study, the targeted regulation of the THSWT com-
bined with the H19/miR-675-5p axis effectively repaired
LIRI. Mechanistically, this therapeutic effect was achieved
through the regulation of the Wnt3a/Ca>" signaling pathway.

IRI exhibits multiple pathological changes, with cell apo-
ptosis and inflammation being two core aspects. Inflamma-
tory cytokines like TNF-a, IL-1f, and IL-6 participate in the
pathological physiology of IRI. Among them, TNF-« is the
initiating factor of the inflammatory cascade reaction and
has been proven to be one of the therapeutic targets for
various types of IRI [42]. Studies have shown that the admin-
istration of anti-TNF-a antibodies at the beginning of reper-
fusion can alleviate ischemic injury [43]. For example, the
TCM ingredient Naoyanghuasu III inhibits the TNF-a-
induced angiogenesis and inflammatory response of human
umbilical vein endothelial cells by regulating the NIK/IKK-a/
CXCL12 pathway [44]. TNF-a induces monocyte macro-
phages to release IL-1f and IL-6, showing a synergistic
pro-inflammatory effect. Downregulating IL-1/ expression
has been shown to protect the lungs of intestinal IRI rats
from acute injury [45]. In the study of myocardial IRI, IL-6
has been found to contribute to the development of early
reperfusion myocardial infarction [46]. In this study, TNF-
a, IL-1f, and IL-6 levels in the serum of LIRI rats were raised
compared to the Normal group. This also confirmed the
essentially inflammatory nature of the pathological process
in LIRI. However, the release of TNF-q, IL-1/, and IL-6 was
inhibited after THSWT intervention, which may be due to
the anti-inflammatory activity of the active ingredients in

THSWT. For example, the neuroprotective effect of safflower
flavonoid extract may be related to its anti-inflammatory
effect [47]. In addition, liguzinediol can inhibit the synthesis
of pro-inflammatory factors to alleviate congestive heart fail-
ure caused by myocardial infarction [48]. In the pathological
process of IRI, cell apoptosis and inflammation are interde-
pendent. Cell apoptosis releases a large number of intracel-
lular substances into the surrounding tissue gaps, exacerbating
the infiltration of inflammatory cells and inflammatory reac-
tions [49, 50]. Studies have shown that garlic can inhibit cell
apoptosis and alleviate skeletal muscle injury induced by IR by
reducing the expression of IL-1/ and caspase-3 [51]. Moreover,
the activation of the PKC/NADPH oxidase pathway can pro-
mote IR-induced cell apoptosis [52]. The polysaccharides from
A. sinensis in THSWT can alleviate neuronal apoptosis induced
by focal cerebral ischemia [53]. In this study, THSWT sup-
pressed LIRI-induced cell apoptosis, manifested as downregu-
lation of cleaved-Caspase3 and Bax expression, and upregulation
of Bcl2 expression in the skeletal muscle. These studies confirm
that THSWT inhibits IR induced apoptosis injury, which will
contribute to its further application.

H19is a 3.0 kb LncRNA with highly conserved evolution.
It involves multiple types of IRI and can be considered a
potential target for IRI treatment. In cerebral IRI, the expres-
sion of H19 is upregulated under ischemic conditions, pro-
moting cell death through autophagy and exacerbating brain
damage [54]. In addition, H19 promotes neuronal necrop-
tosis through the miR-181a-5p/HMGBI1 axis, leading to
SCIRI [21]. Studies have shown that HI9 is a precursor
of miR-675. The H19/miR-675 axis participates in the
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Ficure 5: The combination of Taohong Siwu decoction (THSWT) intervention and the H19/miR-675-5p axis regulation repaired limb
ischemia/reperfusion injury (LIRI). (A) The proliferation of skeletal myoblasts was evaluated using the cell counting kit-8 (CCK-8) assay. (B)
Cell apoptosis of skeletal myoblasts was analyzed using flow cytometry. (C) Expressions of cleaved-Caspase3, Bax, and Bcl2 in skeletal
myoblasts were analyzed by western blot. (D) The glucose (Glu) level in the supernatant of skeletal myoblasts was measured using a
biochemical assay kit. (E) Levels of IL-1f, IL-6, and TNF-«a in the supernatant of skeletal myoblasts were evaluated by enzyme-linked
immunosorbent assay (ELISA). *p<0.05 vs. si-NC; “p<0.05 vs. si-H19+mimic NC; ¢p<0.05 vs. si-H19+miR-675-5p mimic.

occurrence and metastasis of cancers [55, 56]. However, the
regulatory mechanism of the H19/miR-675 axis in LIRI has
not been reported. Here, the expressions of both H19 and
miR-675-5p were upregulated after LIRI. Silencing of HI19
and inhibiting miR-675-5p improved the damage to skeletal
muscle caused by LIRI. When combined with THSWT inter-
vention, the reparative effect on LIRI was further enhanced.
These results illustrate that THSWT may improve LIRI
through the inhibition of the H19/miR-675-5p axis in skele-
tal muscle.

Studies have shown that a key process in IRI is intracel-
lular calcium overload in tissues [57]. To further clarify the
therapeutic mechanism of THSWT in LIRI, the expressions
of proteins related to calcium homeostasis and the Wnt/Ca**
pathway were analyzed. Most studies have shown that the
Wnt/Ca** signaling pathway is involved in embryonic

development, tissue formation, and diseases [58]. However,
there are few studies on the expression of the Wnt/Ca**
signaling pathway and related proteins in LIRIL It has been
shown that Wnt-f-catenin signal transduction can protect
mice from liver IRT [59]. CaMKII plays a crucial role in
calcium transfer and can combine with calcium to form a
Ca®*/CaM complex [60]. In the IR process, excessive calcium
enters the cells, activating the Ca**/CaM complex. In this
study, LIRI induced intracellular calcium overload. THSWT
intervention combined with the H19/miR-675-5p axis regu-
lation reduced the levels of PLC, PKC, CaMKII, Wnt3a, /-
catenin, and Ca®*. These results are consistent with our pre-
vious findings [34]. These results suggest that the Wnt/Ca**
pathway may be a regulatory target of THSWT in LIRI.
DADLE improves left ventricular function in a mouse IR
model by inhibiting the expression of Wnt3a and $-Catenin,
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exerting a protective effect against myocardial IRI [61]. Dur-
ing the differentiation of human neuronal progenitor cells,
Wnt3a triggers the Wnt/Ca>" signaling pathway, leading to
an increase in cytosolic free calcium ([Ca**]i) and activation
of calcium/calmodulin-dependent kinase II [62]. Wnt3a rap-
idly induces O-glycosylation through the Ca®*-PKA-Gfatl
axis or increases O-glycosylation in a Wnt-f-catenin-depen-
dent manner after prolonged stimulation, stabilizing PDK1
protein and enhancing glycolysis and osteogenic activity
[63]. In this study, we found that THSWT alone or in com-
bination with LncRNA H19/miR-675-5p axis regulates Wnt3a/
B-catenin and Ca®*, consistent with the above findings. Our
study simulated IR solution for simulating LIRI environment
and preliminarily confirmed the mechanism of action of
THSWT. Although this modeling method has been widely
used, the lack of low oxygen group treatment remains one of
the limitations of this study. Other studies have reported that
Wnt-5a, an atypical Wnt ligand, regulates neuronal develop-
ment and differentiation by modulating the CDK5 pathway
through Ca**/calpain signaling [64]. After simulating IR solu-
tion treatment, the secretion of Wnt5a/Ca** signaling mole-
cules and intracellular Ca** concentration in myoblasts
increased, but were weakened by THSWT treatment [34].
These study may encourage the use of THSWT in critical
clinical settings for LIRL

Despite the promising results and potential therapeutic
benefits of using THSWT and H19/miR-675-5p axis in the
treatment of LIRI, several limitations should be considered.
First, the study focuses on animal and cell models, and there
may be differences in the response and treatment outcomes
compared to human patients. It is crucial to conduct further
research and clinical trials to validate the findings in human
subjects and assess the safety and efficacy of these treatments.
Additionally, the study primarily examined the effects of
THSWT and the H19/miR-675-5p axis on specific targets
within the Wnt3a/Ca®* signaling pathway. However, the
interaction and crosstalk between different pathways and
the potential synergistic or antagonistic effects of multiple
targets should be considered. A comprehensive understand-
ing of the complex molecular interactions involved in LIRI
will enhance the development of more effective treatments.

5. Conclusion

To summarize, our study demonstrated that the combina-
tion of THSWT intervention with the regulation of the
H19/miR-675-5p axis effectively improved LIRI by modulat-
ing the Wnt3a/Ca®* signaling pathway. These findings pro-
vided valuable insights into potential therapeutic strategies
for LIRI. The next steps could focus on further investigating
the detailed mechanisms of the H19/miR-675-5p axis and
exploring potential clinical applications of THSWT in LIRI.
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