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Abstract
BACKGROUND 
Peripheral arterial disease (PAD) has become one of the leading causes of disa-
bility and death in diabetic patients. Restoring blood supply to the hindlimbs, 
especially by promoting arteriogenesis, is currently the most effective strategy, in 
which endothelial cells play an important role. Tongxinluo (TXL) has been widely 
used for the treatment of cardio-cerebrovascular diseases and extended for 
diabetes-related vascular disease.

AIM 
To investigate the effect of TXL on diabetic PAD and its underlying mechanisms.

METHODS 
An animal model of diabetic PAD was established by ligating the femoral artery 
of db/db mice. Laser Doppler imaging and micro-computed tomography (micro-
CT) were performed to assess the recovery of blood flow and arteriogenesis. 
Endothelial cell function related to arteriogenesis and cellular pyroptosis was 
assessed using histopathology, Western blot analysis, enzyme-linked immuno-
sorbent assay and real-time polymerase chain reaction assays. In vitro, human 
vascular endothelial cells (HUVECs) and human vascular smooth muscle cells 
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(VSMCs) were pretreated with TXL for 4 h, followed by incubation in high glucose and hypoxia conditions to 
induce cell injury. Then, indicators of HUVEC pyroptosis and function, HUVEC-VSMC interactions and the 
migration of VSMCs were measured.

RESULTS 
Laser Doppler imaging and micro-CT showed that TXL restored blood flow to the hindlimbs and enhanced arteri-
ogenesis. TXL also inhibited endothelial cell pyroptosis via the reactive oxygen species/nucleotide-binding 
oligomerization domain-like receptor family pyrin domain-containing 3/Caspase-1/GSDMD signaling pathway. 
In addition, TXL restored endothelial cell functions, including maintaining the balance of vasodilation, acting as a 
barrier to reduce inflammation, and enhancing endothelial-smooth muscle cell interactions through the Jagged-
1/Notch-1/ephrin-B2 signaling pathway. Similar results were observed in vitro.

CONCLUSION 
TXL has a pro-arteriogenic effect in the treatment of diabetic PAD, and the mechanism may be related to the 
inhibition of endothelial cell pyroptosis, restoration of endothelial cell function and promotion of endothelial cell-
smooth muscle cell interactions.
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Core Tip: Peripheral arterial disease (PAD) has become one of the leading causes of disability and death in diabetic patients. 
Restoring blood supply to the hindlimbs, especially by promoting arteriogenesis, is currently the most effective strategy, in 
which endothelial cells play an important role. The present study demonstrated the role of Tongxinluo in promoting arteri-
ogenesis in the treatment of diabetic PAD, and the mechanism may be related to the inhibition of endothelial cell pyroptosis, 
restoration of endothelial cell function, and promotion of endothelial-smooth muscle cell interaction.
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INTRODUCTION
Diabetes is a chronic systemic metabolic disease that is genetically determined and associated with environmental factors. 
The development of diabetes is usually accompanied by various acute and chronic complications, among which 
peripheral arterial disease (PAD) is one of the most common vascular complications and one of the leading causes of foot 
ulcers, hindlimb amputation and death[1]. The main pathological feature of diabetic PAD is progressive occlusion of 
arteries in the hindlimbs. It is characterized by intermittent claudication, dorsalis pedis artery pulse loss, decreased foot 
skin temperature, skin cyanosis and other clinical signs. Currently, the basic approach to control the progression of 
diabetic PAD is to restore blood supply to the hindlimbs. Anticoagulant drugs and angioplasty surgery can restore 
vascular reperfusion to some extent[2], but the adverse side effects associated with these drugs and the high recurrence 
rate following surgery limit their applications[3].

There is increasing evidence that promoting ischemic hindlimb revascularization, including angiogenesis and arteri-
ogenesis, is an effective way to improve blood supply[4]. Angiogenesis is the expansion of the microvascular system, 
characterized by capillary sprouting, endothelial cell proliferation and migration, and vessel wall remodeling. Arteri-
ogenesis, also commonly referred to as collateral angiogenesis or therapeutic angiogenesis, involves the enlargement, 
opening, and remodeling of existing closed collateral arteries. As a method of capillary formation, angiogenesis is not 
sufficient to replace narrowed or occluded arteries[5], whereas arteriogenesis is essential to enhance perfusion and is 
critical to rescue ischemic tissue. Arteriogenesis is in turn dependent on multiple functions of endothelial cells[6,7]. 
Briefly, endothelial cells not only regulate vasodilation and promote vascular remodeling but also act as a vascular barrier 
to regulate the inflammatory response, both of which play an important role in arteriogenesis. In addition, 
communication between endothelial cells and smooth muscle cells is necessary in arteriogenesis as a lateral signal across 
the vessel wall. However, excessive reactive oxygen species (ROS), persistent inflammation, and other pathological 
factors caused by diabetes contribute to endothelial cell pyroptosis and dysfunction, further accelerating the progression 
of PAD[8,9]. Therefore, finding safer and more effective therapeutic agents that can enhance endothelium-dependent 
arteriogenesis has become a high priority to reduce the incidence of PAD and facilitate hindlimb blood flow recovery.
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Tongxinluo (TXL) is a Chinese herbal formula consisting of 12 herbs, including five animal agents represented by leech, 
scorpion, centipede, periostracum cicadae and ground beetle and seven plant agents represented by radix ginseng, radix 
paeoniaerubra, lignum albergiae odoriferae, dalbergia wood, frankincense, ice chips and spine date seed. The above 12 
herbs are concentrated, extracted, lyophilized and standardized into TXL capsules, which are widely used in clinical 
practice for the treatment of cardio-cerebral vascular diseases[10,11]. Studies have proven that TXL inhibits thrombosis, 
protects vascular endothelial cells, promotes vasodilation, enhances angiogenesis and inhibits inflammation[12,13,14]. 
Moreover, studies have found a role for TXL in the intervention of diabetes-related vascular diseases. For example, a 
previous study showed that TXL protected the diabetic heart from ischemia/reperfusion injury by maintaining 
endothelial cell barrier integrity[15]. Another study indicated that TXL prevented the transfer of transforming growth 
factor 1 (TGF-1) from glomerular endothelial cells to glomerular thylakoid cells, thereby inhibiting the progression of 
diabetic nephropathy[16]. However, scientific evidence related to its efficacy in diabetic-induced hindlimb vasculopathy 
has not been obtained to date. Therefore, our study aimed to determine the role of TXL in the treatment of diabetic PAD 
and to explore the mechanisms associated with endothelial-dependent arteriogenesis.

MATERIALS AND METHODS
Experimental animals
A total of 75 male diabetic db/db (C57BLKS/J-Leprdb/Leprdb) and 25 male nondiabetic db/m (C57BLKS/J-Leprdb/m) 
mice (aged 4-6 wk, average weight of 28 ± 3 g, specific pathogen-free grade) were purchased from the Experimental 
Animal Center of Changzhou Kavans Co., Ltd. (Changzhou, China).

Animal model of hindlimb ischemia, grouping and treatment
All mice were adaptively fed for one week, and db/db mice were randomly assigned to three groups (n = 25 per group): 
The model group, low-dose TXL (TXL-L) group and high-dose TXL (TXL-H) group. The right femoral artery of db/db 
mice was ligated as previously described[17]. Specifically, db/db mice were anesthetized by an intraperitoneal injection 
of 2% pentobarbital sodium and immobilized in a supine position. After making a 5-mm skin incision in the right 
hindlimb adductor, the femoral artery and vein were fixed and bluntly separated with pointed tweezers. The proximal 
femoral artery (the proximal end of the superficial caudal epigastric artery and the proximal caudal femoral artery) and 
the bifurcation of the femoral popliteal artery were ligated with 6-0 sutures. Penicillin was sprayed on the wound to 
prevent infection, and the wound was closed with 4-0 sutures. Three days after surgery, animals in the model group were 
gavaged with 5% (w/v) sodium carboxymethylcellulose. TXL ultrafine powder (Yiling Pharmaceutical Co., Inc., 
Shijiazhuang, China) dissolved in 0.5% sodium carboxymethylcellulose was gavaged at 0.38 and 1.5 g/kg/day to the 
mice in the TXL-L and TXL-H groups, respectively, according to clinical practical and dose conversions, as well as an 
earlier study[18]. Additionally, db/m mice without hindlimb ischemia (HLI) were gavaged with 5% (w/v) sodium 
carboxymethylcellulose and used as normal controls. After 4 wk of administration, all mice were euthanized, and plasma, 
aortic and ischemic adductor samples were obtained for subsequent measurements.

Limb function and appearance scores 
Limb appearance was independently scored on a scale from 0 to 4 (4=digit/foot autotomy, 3=severe discoloration/
gangrene, 2=moderate discoloration, 1=mild discoloration, and 0=normal appearance).

Laser doppler imaging
The ratio of blood flow in the ischemic (right) limb to the contralateral nonischemic limb was measured with a Laser 
Doppler perfusion imaging system (Moor Instruments Limited, Millwey, Axminster, Devon, EX13 5HU, United 
Kingdom). Images were obtained before and after arterial ligation and on postoperative days 7, 14, 21, and 28.

Vascular casting and micro computed tomography analysis
To visualize and quantify the limb vasculature, hindlimb vascular casting was performed by perfusing Microfil (Flow-
Tech Inc, Massachusetts, United States) as described previously[19]. Specifically, the animals were anesthetized as in HLI 
surgery, and the left third and the fourth ribs were opened. Heparinized saline (5 mL) was then perfused into the 
descending thoracic aorta until the fluid in the inferior vena cava became clear. Subsequently, diluted Microfil (5 mL) was 
injected at a rate of 2 mL/min. After perfusion, hindlimb samples were embedded in 10% neutral formalin and 
refrigerated overnight at 4 °C. Samples were then scanned with a Micro-CAT II (Siemens) at a voltage of 50 kV and a 
current of 500 µA using a high-resolution scanning mode and 72-µm voxel sizes for imaging. Then, three-dimensional 
(3D) reconstructions of the hindlimbs were obtained. After thresholding the vessels, the surface area and volume of the 
vessels were quantified using Analyze (Caliper Analyze).

Immunohistochemical analysis
The ischemic adductors were collected, soaked in 10% neutral buffered formalin for 24 h, and then cut into 4-μm-thick 
sections for immunostaining. The sections were incubated with primary antibodies against intercellular cell adhesion 
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). Horseradish peroxidase-labeled sheep anti-rabbit 
IgG (Proteintech, G1213, Wuhan, China) was used as a secondary antibody and incubated with the samples. All images 
were taken by a fully automatic biological microscope (Leica DM6000B, Wetzlar, Germany) at 400× magnification. The 
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percentage of the positive areas was recorded, and quantitative analysis was performed using ImageJ software.

Immunofluorescence analysis
Ischemic samples were processed in the same way as samples for the immunostaining assay. Capillaries and arterioles 
were stained with anti-CD31 and anti-α-smooth muscle actin (α-SMA) antibodies, respectively. Macrophages were 
stained with anti-F4/80 antibodies. Antibodies against inducible nitric oxide synthase (iNOS) and Arginase-1 (Arg-1) 
were used as specific markers of M1- and M2-type macrophages, respectively. Leukocytes were stained with anti-CD45 
antibodies. After the samples were incubated with the primary antibodies overnight at 4 °C, Alexa Flour® 488 goat anti-
rabbit IgG and/or Cy3-conjugated goat anti-mouse IgG were added, and the samples were incubated for 60 min. Finally, 
the sections were sealed with mounting medium containing DAPI (Solarbio, Beijing, China). Images were captured using 
a Zeiss confocal microscope (Oberkochen, Germany), and the mean fluorescence intensities were analyzed by ImageJ 
software.

Reactive oxygen species measurement
Ischemic muscle sections were incubated for 30 min at room temperature with ROS staining solution (SIGMA, D7008, St. 
Louis, United States), followed by DAPI restaining of nuclei and sealing with anti-fluorescence quenching sealer. Sections 
were observed under a fluorescent microscope and images were acquired at 400× magnification.

Hematoxylin and eosin staining
Collected aortic tissues were processed as described for the immunostaining assay. All samples were stained with a H&E 
staining kit (Biyuntian, Shanghai, China). All the above sections were observed by a fully automatic biological microscope 
(Leica DM6000B, Wetzlar, Germany) at 400× magnification.

Enzyme-linked immunosorbent assay
To detect changes in inflammatory factor levels, blood was harvested after the mice were euthanized and then 
centrifuged at 3000 r/min for 20 min at 4 °C. The upper serum layer was collected and stored at -80 °C. The levels of 
interleukin (IL)-1β, IL-18, IL-6 and C-reactive protein (CRP) were measured by ELISA kits (Biyuntian, Shanghai, China) in 
accordance with the manufacturer’s instructions.

Cell culture and treatment
Human vascular endothelial cells (HUVECs) and human vascular smooth muscle cells (VSMCs) were purchased from 
Yaji Biotechnology Co., Ltd. (Shanghai, China). As per the experiment, both HUVECs and VSMCs were divided into four 
groups: the normal group, which included cells cultured in Dulbecco’s modified Eagle’s medium (DMEM, HyClone, 
United States) supplemented with 10% fetal bovine serum (FBS), 100 U/mL of penicillin and streptomycin (Gibco, 
Gaithersburg, MD, United States), in 5% CO2 at 37 °C; the model group, which included cells incubated with high glucose 
(HG, DMEM containing 10% FBS, 100 U/mL penicillin, and streptomycin plus 30 mmol/L glucose) medium in hypoxia 
(1% O2, 5% CO2 and 94% N2) at 37°C for 6 h; the TXL-L group, which included cells pretreated with TXL (200 μg/mL) for 
4 h and cultured under the same conditions as the model group for 6 h; and the TXL-H group, which included cells 
pretreated with TXL (600 μg/mL) for 4 h and cultured under the same conditions as the model group for 6 h (TXL 
ultrafine powder dissolved in DMEM was sonicated for 1 h and centrifuged at 8000 rpm for 30 minutes. Then the 
supernatant was filtered (pore diameter 0.22 μm), the weight of the dissolved powder was measured, and the appropriate 
concentration was selected for in vitro experiments according to previous studies[20]). The prepared cells were then used 
for further experimentation or coculture.

In the Transwell (Corning, 3413, New York, United States) coculture system, HUVECs and VSMCs were placed in the 
upper and lower chambers, respectively. Two chambers of culture medium were transported through the insert 
membrane pores. The medium in the upper and lower chambers of the Transwell culture system was changed daily for at 
least 3 days.

Observation of human vascular endothelial cells morphology
The morphology of HUVECs was observed using a fully automatic biological microscope at 100× magnification.

Cell counting Kit-8 assay
HUVEC viability was assessed by performing the cell counting Kit-8 (CCK-8) assay (Biyuntian, Shanghai, China) 
according to the manufacturer’s protocol.

Tube formation assay
To examine the role of TXL in HUVEC tube formation, a tube formation assay was performed. First, 60 µl of Matrigel 
adhesive matrix (Coring, New York, United States) was added to each well of a 96-well plate and solidified for 1 h at 37 
°C. HUVECs (5 × 104 cells/mL) were added to each well, and tube formation was observed using a fully automatic 
biological microscope at 400× magnification.

Flow cytometry assay
In our study, pyroptosis was measured by flow cytometry. Briefly, HUVECs were harvested, washed with PBS twice and 
stained using the caspase-1/propidium iodide (PI) Detection Kit (Life-iLab, AC12L062, Shanghai, China) according to the 
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manufacturer’s instructions. After incubation at room temperature for 15 min in the dark, the stained cells were analyzed 
on a FACSVerse flow cytometer (BD Biosciences, San Jose, CA, United States). Data acquisition and analysis were 
performed using FlowJo software (BD Biosciences, San Jose, CA, United States).

Wound scratch assay
Cell migration was assessed by performing a wound healing assay. Briefly, VSMCs were seeded into a 6-well plate and 
then scratched with a 200 μl pipette tip. Next, VSMCs were observed at 0 and 48 h following in vitro injury. A fully 
automatic biological microscope was used to obtain images of the wound at different time points. The percentage of 
wound healing area was calculated.

Transwell assay
To further evaluate cell migration, VSMCs were resuspended (1 × 106 cells/mL) in serum-free DMEM. Transwell 
chambers (Corning, 3599, New York, United States) were placed into a 24-well plate and the cell suspension (20 µl/well) 
was added to the upper chamber. Subsequently, DMEM supplemented with 10% FBS was added to the lower chamber. 
After 12 h of incubation, the cell chambers were removed, and the unmigrated cells left on the surface were removed with 
cotton swabs. Cells that migrated to the bottom surface were fixed with 4% paraformaldehyde for 20 min, followed by 
staining with 0.1% crystal violet for 15 min. Migrated cells were observed with a fully automatic biological microscope.

Western blot analysis
Ischemic adductor samples (100 mg) were lysed with RIPA lysis buffer (SEVEN, Beijing, China) supplemented with 
protease inhibitor (MCE, Shanghai, China) and then centrifuged at 12000 rpm for 10 min at 4 °C to obtain the supernatant. 
The protein concentrations in the adductor supernatant and HUVECs were determined using a BCA protein assay kit 
(Biyuntian, Shanghai, China), and appropriate amounts of 5× loading buffer were added to an aliquot of each protein. 
The proteins were denatured in a metal bath at 100 °C for 5-8 min. For each sample, 20 μg of protein was separated by 
4%-20% SurePAGE (Genscript, M00657, New Jersey, United States) and then transferred to PVDF membranes (Millipore, 
IPVH00010, Billerica, United States). The membranes were blocked with 5% blocking buffer (SEVEN, Beijing, China) and 
then incubated with primary antibodies against endothelial nitric oxide synthase (eNOS), vascular endothelial growth 
factor (VEGF), Caspase-1, Cleaved-caspase-1, nucleotide-binding oligomerization domain-like receptor family pyrin 
domain-containing 3 (NLRP3), GSDMD, tumor necrosis factor-α (TNF-α), VE-cadherin, β-catenin, Jagged-1, Notch-1, 
ephrin-B2, matrix metalloproteinase 9 (MMP9), and MMP2 (Table 1) at 4 °C overnight. Goat anti-rabbit IgG was added 
and incubated for 1 h at 37 °C. Finally, the membranes were scanned with an Odyssey imager (LI-COR, Lincoln United 
States). GAPDH and α-tubulin were used as internal references. The gray values of the protein bands were analyzed by 
ImageJ software.

Quantitative reverse transcription polymerase chain reaction
Total RNA was extracted from ischemic adductor muscles and isolated from the cells using TRIzol reagent (Ambion, 
United States). RNA (1 μg) was reverse-transcribed by the PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara 
Clontech, Kyoto, Japan), and qPCR was subsequently performed using TB Green™ Premix Ex Taq™ (Takara Clontech, 
Kyoto, Japan) according to the manufacturer’s protocol. The fold change in the target gene was calculated using the 2 −ΔΔCt 

method, and GAPDH mRNA was used as an internal control. The sequences of the primers used are listed in Table 2.

Nitric oxide analysis
Nitric oxide (NO) levels in serum and cell supernatants were measured with an NO assay kit (Nanjing Jiancheng, 
Nanjing, China). The procedure was carried out according to the instructions.

Statistical analysis
Experimental data are expressed as the mean ± standard deviation (SD) and were analyzed by SPSS 23.0 software. 
Multiple groups were compared using one-way ANOVA, followed by Tukey’s test. For perfusion recovery, two-way 
ANOVA followed by Sidak's multiple comparison post-test was performed. P < 0.05 was defined as statistically 
significant, and P < 0.01 was considered highly statistically significant. All graphs were created by GraphPad Prism (8.0) 
software.

RESULTS
Induction of hindlimb ischemia and TXL-mediated blood flow recovery
The primary observation of the present study was arteriogenesis in preexisting collateral arteries that interconnected the 
deep femoral artery branch with the distal superficial femoral artery. Given that the blood supply of the adductor is 
predominantly derived from this site, we ligated the proximal end of the femoral artery and the bifurcation of the femoral 
popliteal artery to observe arteriogenesis in the adductor (Figure 1A and B). TXL was administered to mice three days 
after ligation of the femoral artery. Laser Doppler images were obtained at weekly intervals, and microsphere perfusion 
and other biomedical detection analyses were performed 4 wk after surgery (Figure 1C). We found that the hindlimbs of 
mice in all experimental groups showed different degrees of necrosis after femoral artery ligation (Figure 1D), while the 
limb appearance scores of mice in the group treated with TXL were lower than those of mice in the model group, 
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Table 1 Primary and secondary antibodies

Antibodies Company Dilution

CD31 abcam, ab281583 1:300 dilution

α-SMA abcam, ab124964 1:300 dilution

Caspase-1 Servicebio, GB11383 1:500 dilution

Cleaved-caspase-1 Immunoway, YC002 1:1000 dilution

NLRP3 Immunoway, YT5382 1:1000 dilution

GSDMD Proteintech, 66387-1-l g 1:5000 dilution

ICAM-1 abcam, ab222736 1:1000 dilution

VCAM-1 abcam, ab134047 1:1000 dilution

eNOS abcam, ab5589 1:1000 dilution

VEGF abcam, ab52917 1:5000 dilution

CD45 Proteintech, 60287-1-l g 1:200 dilution

TNF-α abcam, ab183218 1:1000 dilution

VE-cadherin Proteintech, 27956-1-AP 1:1000 dilution

β-catenin Proteintech, 51067-2-AP 1:5000 dilution

F4/80 Servicebio, GB113373 1:500 dilution

iNOS abcam, ab15323 1:250 dilution

Arg-1 Proteintech, 66129-1-l g 1:1000 dilution

Jagged-1 Immunoway, YT5401 1:1000 dilution

Notch-1 Servicebio, GB111690 1:500 dilution

ephrin-B2 Immunoway, YT1586 1:1000 dilution

MMP9 Servicebio, GB11132 1:1000 dilution

MMP2 Servicebio, GB11130 1:1000 dilution

GAPDH Servicebio, G3206-1OD 1:2000 dilution

α-tubulin Servicebio, GB15139 1:500 dilution

Goat anti-rabbit IgG abcam, ab216777 1:5000 dilution

Goat anti-mouse IgG H&L Abcam, ab216772 1:5000 dilution

Alexa Flour® 488 goat anti-rabbit IgG Servicebio, GB25303 1:250 dilution

Cy3-conjugated goat Servicebio, GB25303 1:250 dilution

anti-mouse IgG

α-SMA: α-smooth muscle actin; NLRP3: Nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3; ICAM-1: Intercellular 
cell adhesion molecule-1; VCAM-1: vascular cell adhesion molecule-1; eNOS: Endothelial nitric oxide synthase; VEGF: Vascular endothelial growth factor; 
TNF-α: Tumor necrosis factor-α; iNOS: Inducible nitric oxide synthase; Arg-1: Arginase-1; MMP9: Matrix metalloproteinase9; MMP2: Matrix 
metalloproteinase 2.

especially at Day 28 after HLI (Figure 1E). Laser Doppler images showed a significant decrease in hindlimb perfusion in 
all experimental groups immediately after surgery, followed by an increase in a time-dependent manner (Figure 1F). 
Figure 1G shows that by Day 7 after HLI, the mean ratio of ischemic to nonischemic perfusion in the TXL-H group was 
significantly higher than in the model group. From postoperative Days 14 to 28, TXL increased perfusion recovery in a 
dose-dependent manner, suggesting that TXL may restore blood flow in the ischemic hindlimb to some extent.

TXL promoted arteriogenesis in the ischemic hindlimb
Vascular casting was performed by perfusing Microfil to visualize the hindlimb vasculature. Micro computed 
tomography (micro-CT) analysis and 3D reconstruction showed that compared to the model group, mice in the TXL-
treated group had more corkscrew-like collateral vessels, and even more corkscrew-like collateral vessels in the TXL-H 
group (Figure 2A; white arrows). Vascular volume and surface area were quantified by micro-CT analysis, which 
revealed no significant difference between the normal, model and TXL-L groups. However, there was a significant 
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Table 2 Primer sequences

Gene Species Forward sequence (5’-3’) Reverse sequence (5’-3’)
PCNA Mouse GTCGGGTGAATTTGCACGTA CTCTATGGTTACCGCCTCCTC

GAPDH Mouse CCTCGTCCCGTAGACAAAATG TGAGGTCAATGAAGGGGTCGT 

Jagged-1 Human TGTGGCTTGGATCTGTTGCTTGG ACGTTGTTGGTGGTGTTGTCCTC

Notch-1 Human GTGCCCTGGGCTTCTCTG GGCACGATTTCCCTGACCA

ephrin-B2 Human CGTCCAGAACTAGAAGCTGGT CCGTCTGTGCTAGAACCTGG

VEGF Human ACAAATGTGAATGCAGACCAAA ACCAACGTACACGCTCCAG

eNOS Human GCCGGAACAGCACAAGAGTTA CCCTGCACTGTCTGTGTTACT

VE-Cadherin Human CAGCCCAAAGTGTGTGAGAA CGGTCAAACTGCCCATACTT

β-catenin Human AGCTTCCAGACACGCTATCAT CGGTACAACGAGCTGTTTCTAC

GAPDH Human GGAAGCTTGTCATCAATGGAAATC TGATGACCCTTTTGGCTCCC 

VEGF: Vascular endothelial growth factor; eNOS: Endothelial nitric oxide synthase.

increase in the TXL-H group compared to the model group (Figure 2B and C). These results indicated that high-dose TXL 
may enhance perfusion by promoting the generation of small arteries during HLI. To further evaluate arteriogenesis, 
CD31 and α-SMA were labeled to observe capillaries and myogenic vessels, respectively (Figure 2D-F). There was no 
significant difference in α-SMA expression between the normal and model groups, and CD31 expression was significantly 
higher in the model group than in the normal group. In addition, CD31 and α-SMA expression was significantly higher in 
the TXL-H group than in the model group. These results indicated that high-dose TXL promoted capillary formation as 
well as arteriogenesis.

TXL inhibited endothelial cell pyroptosis
An increasing number of studies have confirmed the involvement of endothelial cell pyroptosis in the pathogenesis of 
diabetic vascular complications[21], and pyroptosis may be induced by excessive reactive oxygen species (ROS). To verify 
whether TXL inhibits endothelial cell pyroptosis through the classical ROS/NLRP3/Caspase-1/GSDMD signaling 
pathway, we assessed the levels of ROS, the above proteins, and downstream inflammatory factors. The results suggested 
that the expression levels of ROS, NLRP3, GSDMD, Caspase-1, Cleaved caspase-1, IL-18 and IL-1β were significantly 
increased in the model group compared with the normal group, while TXL reversed this trend (Figure 3A-I), among 
which, TXL reduced the expression of ROS, GSDMD, Cleaved caspase-1, IL-1β and IL-18 in a dose-dependent manner. 
Overall, these results indicated that TXL may inhibit endothelial cell pyroptosis via the ROS/NLRP3/Caspase-1/GSDMD 
signaling pathway, which in turn inhibits the persistence of inflammation.

TXL restored endothelial cell structure and regulated eNOS, VEGF, NO, ICAM-1 and VCAM-1 expression to restore 
endothelial cell function
To further demonstrate that the mechanism by which TXL promotes arteriogenesis is associated with endothelial cells, we 
examined the effect of TXL on the morphology of endothelial cells via H&E staining. As shown in Figure 4A, mice in the 
normal group had an intact and smooth aortic intima with an orderly arrangement of smooth muscle cells. Notably, the 
aortas of mice in the model group had thickened lumens, disrupted intimal structures and disturbed smooth muscle 
arrangement (black arrows). However, these characteristic morphological changes were abated in the TXL group. To 
assess the effect of TXL on endothelial cell function, the levels of NO, eNOS, VEGF, ICAM-1 and VCAM-1 were 
evaluated. eNOS and its product NO are involved in endothelial cell functions, including the maintenance of vascular 
permeability and vasodilator tone. VEGF, on the other hand, is highly correlated with vascular structural remodeling. As 
shown in Figure 4B-E, there was no significant difference in eNOS, VEGF and NO levels between the normal and model 
groups. However, a marked increase in eNOS, VEGF and NO levels was observed in the TXL-H group compared with 
the model groups. In addition, the adhesion molecules VCAM-1 and ICAM-1 can recruit leukocytes and regulate 
leukocyte adhesion on vascular endothelial cells, which are important indicators of endothelial cell damage. Immunohis-
tochemical assays showed that the levels of ICAM-1 and VCAM-1 were significantly increased in the model group 
compared with the normal group and decreased after TXL treatment (Figure 4F-I). Thus, these data suggested that TXL 
restored endothelial cell function to promote arteriogenesis in the context of acute HLI.

TXL enhanced the barrier function of endothelial cells to inhibit the inflammatory response and promote macrophage 
polarization
It is well known that the inflammatory response plays a crucial role in the progression of diabetic vascular injury[22] and 
that endothelial cells act as a vascular barrier to inhibit the infiltration of inflammatory cells. To assess the effect of TXL on 
the barrier function of endothelial cells, we measured barrier-related protein levels in ischemic tissues and inflammatory 
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Figure 1 Experimental design. Tongxinluo (TXL) improved hindlimb appearance and restored blood flow in mice. A: Hindlimb vasculature; B: Ligation site; C: 
Timeline of the experimental operations; D: The appearance of ischemic hindlimbs in mice 4 wk after surgery; E: The limb appearance scores of mice, assessed 
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weekly after surgery; F: Laser Doppler perfusion imaging was performed before and after surgery and on postoperative Days 7, 14, 21, and 28; G: Quantification of 
tissue perfusion in the ischemic limb (red box) is expressed as a percentage of perfusion in the nonischemic limb. The data are presented as the means ± SDs. aP < 
0.05 compared with the model group, bP < 0.05 compared with the TXL-L group, n = 4-8. TXL: Tongxinluo.

Figure 2 Tongxinluo promoted arteriogenesis in the ischemic hindlimb. A: Representative whole-mount images of Microfil vascular casting of mouse 
limbs; B and C: Collateral vessels are indicated by white arrows and were quantified by micro- computed tomography analysis to determine the vessel volume and 
surface area; D: Immunofluorescence staining for CD31 (red) and α-SMA (green) to evaluate the capillary density and arterioles in the ischemic adductor (200×, 
bar=100 μm); E-F: Quantification of the mean fluorescence density of CD31 and α-SMA. All the values are shown as the means ± SDs. aP < 0.05 compared with the 
normal group, bP <0.05 compared with the model group, cP < 0.05 compared with the Tongxinluo group, n = 3-6. TXL: Tongxinluo.
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Figure 3 Tongxinluo inhibited endothelial cell pyroptosis. A: Immunofluorescence staining for assessment of reactive oxygen species (ROS) levels in 
ischemic hindlimbs (400×, bar = 50 μm); B: Quantification of the mean fluorescence intensity of ROS; C-G: Western blot analysis of the expression of the pyroptosis-
associated proteins NLRP3, GSDMD, Caspase-1 and Cleaved caspase-1 in the ischemic adductor; H and I: The pyroptosis-associated inflammatory cytokines IL-18 
and IL-1β were analyzed by ELISA. The values are shown as the means ± SDs. aP < 0.05 compared with the normal group, bP < 0.05 compared with the model 
group, cP < 0.05 compared with the Tongxinluo-L group, n = 3-4. ROS: Reactive oxygen species; TXL: Tongxinluo.

cytokine levels in the blood. As depicted in Figures 5A-G, the Western blot and ELISA results showed that compared to 
the model group, the TXL groups had increased expression of the barrier-related proteins VE-cadherin and β-catenin and 
altered expression of the leukocyte marker CD45 and proinflammatory cytokines TNF-α, IL-6 and CRP. More specifically, 
TXL decreased CRP levels and increased VE-cadherin levels in a dose-dependent manner (Figure 5B-G). The above 
results confirmed that there are pathological changes in the vascular barrier in diabetic PAD mice and support the role of 
TXL in repairing the endothelial cell barrier and reducing inflammation.

The macrophage phenotype may reflect the inflammatory response and revascularization in ischemic muscles. There 
are two types of macrophages: M1 and M2. The main function of M1-type macrophages is to participate in the inflam-
matory response, while the main function of M2-type macrophages is to proliferate blood vessels and inhibit the inflam-
matory response. To observe the polarization of macrophages, we examined the colocalization of F4/80 with the M1-type 
macrophage marker iNOS (proinflammatory) and the M2-type macrophage marker Arg-1 (anti-inflammatory) in 
ischemic muscles. Compared with the model group, TXL effectively decreased the Pearson’s coefficient of iNOS co-
localization with F4/80 and increased the Pearson coefficient of Arg-1 co-localization with F4/80 (Figure 5H-K).

TXL strengthened the crosstalk between endothelial cells and smooth muscle cells to induce smooth muscle cell 
proliferation and migration
To further demonstrate that TXL promotes arteriogenesis in an endothelium-dependent manner, we evaluated the 
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Figure 4 Tongxinluo restored endothelial cell structure and regulated endothelial nitric oxide synthase, vascular endothelial growth 
factor, nitric oxide, intercellular cell adhesion molecule-1 and vascular cell adhesion molecule-1 expression. A: Representative images 
showing H&E staining of the aortas of mice (400×, bar = 50 μm); B-D: Western blot analysis of the expression of endothelial cell function-related proteins eNOS and 
VEGF in mice; E: Nitric oxide (NO) kit to detect NO levels in mouse serum; F and G: Immunochemical staining of intercellular cell adhesion molecule-1 (ICAM-1) and 
vascular cell adhesion molecule-1 (VCAM-1) in the ischemic adductor (400×, bar = 50 μm); H and I: Quantification of the percentage areas of ICAM-1 and VCAM-1. 
The values are shown as the means ± SDs. aP < 0.05 compared with the normal group, bP <0.05 compared with the model group, cP < 0.05 compared with the TXL-L 
group, n = 3-4. TXL: Tongxinluo; eNOS: Endothelial nitric oxide synthase; VEGF: Vascular endothelial growth factor; ICAM-1: intercellular cell adhesion molecule-1; 
VCAM-1: Vascular cell adhesion molecule-1; NO: Nitric oxide.

crosstalk between endothelial and smooth muscle cells. Studies have shown that signal transduction between Notch 
(receptor) in smooth muscle cells and Jagged (ligand) in endothelial cells may be a mechanism for cell differentiation and 
vascular maturation[23,24]. In addition, some studies have indicated that ephrin-B2, a downstream signaling molecule of 
Notch, contributes to endothelial-smooth muscle cell communication during vessel formation[25]. In our study, Western 
blot results showed that there was no significant difference in Jagged-1, Notch-1 and ephrin-B2 Levels between the 
normal and model groups, but all of the above proteins were notably upregulated in the TXL-H group compared to the 
model group (Figure 6A-D). These results indicated that TXL enhanced the interaction between endothelial and smooth 
muscle cells, probably through the Jagged-1/Notch-1/ephrin-B2 signaling pathways.

The effect of TXL on the proliferation and migration of smooth muscle cells was assessed by RT–PCR and Western blot 
assays. Our findings indicated that TXL-H treatment upregulated the mRNA expression of PCNA (Figure 6E), which is a 
marker of cell proliferation. Similar to PCNA, Western blot analysis showed that the expression of MMP2 and MMP9, 
which are important indicators of smooth muscle cell migration, was significantly higher in the TXL-H group than in the 
model group (Figure 6F-H). Taken together, these results indicated that TXL enhanced the interactions between 
endothelial cells and smooth muscle cells through the Jagged-1/Notch-1/ephrin-B2 signaling pathway and promoted 
smooth muscle cell proliferation and migration, thereby promoting arteriogenesis.

TXL promoted HUVEC proliferation, restored HUVEC function, and inhibited pyroptosis
We next validated the role of TXL in endothelium-dependent arteriogenesis at the cellular level. HUVEC morphology 
was observed first, and results showed that compared with the normal group, the cell growth of HUVECs in the model 
group was stagnant, with a decrease in cell number and volume. However, TXL, especially high-dose TXL, significantly 
increased the number and volume of cells (Figure 7A). The CCK-8 assay suggested that HG/hypoxia induced a decrease 
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Figure 5 Tongxinluo enhanced the barrier function of endothelial cells to inhibit the inflammatory response and promote macrophage 
polarization. A-E: The barrier-related proteins VE-cadherin and β-catenin and the cytokines CD45 and TNF-α were measured and quantified by Western blot 
analysis; F-G: Measurement of the cytokine levels of IL-6 and C-reactive protein by ELISA; J and K: Immunofluorescence staining of total macrophages (F4/80, green) 
with M1-type macrophage markers [inducible nitric oxide synthase (iNOS), red] and M2-type macrophage markers (Arg-1, red) (100×, bar=250 μm); H and I: 
Quantification of the Pearson colocalization coefficients of F4/80 with iNOS and Arg-1. The values are shown as the means ± SDs. aP < 0.05 compared with the 
normal group, bP <0.05 compared with the model group, cP < 0.05 compared with the TXL-L group, n = 3. TXL: Tongxinluo; CRP: C-reactive protein; iNOS: Inducible 
nitric oxide synthase.

Figure 6 Tongxinluo strengthened the crosstalk between endothelial cells and smooth muscle cells to induce smooth muscle cell 
proliferation and migration. A-D: Western blot analysis of the expression of Jagged-1, Notch-1 and ephrin-B2, which are related to the signaling pathway that 
mediates endothelial-smooth muscle cells interactions; E: Quantitative analysis of PCNA mRNA expression was determined via RT-PCR; F-H: Western blot analysis 
of the expression of the cell proliferation-associated proteins matrix metalloproteinase 9 (MMP9) and MMP2 in the ischemic adductor. The values are shown as the 
means ± SDs. aP < 0.05 compared with the normal group, bP <0.05 compared with the model group, cP < 0.05 compared with the Tongxinluo group, n = 3. TXL: 
Tongxinluo; MMP9: Matrix metalloproteinase 9.

in the viability of HUVECs compared to the normal group, and TXL treatment effectively increased the viability of the 
cells in a dose-dependent manner (Figure 7B).

Subsequently, NO levels were measured by an NO kit and the levels of VEGF, eNOS, VE-cadherin and β-catenin 
secreted by endothelial cells were detected by polymerase chain reaction (RT-PCR). As shown in Figures 7C-G, compared 
with the normal group, the levels of VEGF, eNOS, and β-catenin were increased in the model group while NO levels were 
decreased. High-dose TXL significantly increased the levels of NO and the above proteins, while low-dose TXL only 
increased the levels of NO and VE-cadherin. In addition, the HUVEC tube formation assay showed that under normal 
conditions, HUVECs can form a clear honeycomb-like independent tubular structure. However, after HG/hypoxia 
stimulation, the tube-forming function of HUVECs was severely impaired, and the ability to form independent tube-like 
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Figure 7 Tongxinluo promoted human vascular endothelial cell (HUVEC) proliferation, restored HUVEC function, and inhibited 
pyroptosis. A: Human vascular endothelial cell (HUVEC) morphology; B: Cell counting Kit-8  assay for HUVEC proliferation rate; C: NO kit to detect NO levels in in 
HUVEC supernatants; D-G: The expression of the endothelial-associated proteins endothelial nitric oxide synthase, vascular endothelial growth factor, VE-cadherin 
and β-catenin in the HUVEC supernatants was analyzed by RT-PCR; H: HUVECs for tubule formation experiments; I: Flow cytometry detection of cell pyroptosis; J: 
Statistical analysis of the percentage of caspase-1 and PI double-stained positive cells in the total cells. The values are shown as the means ± SDs. aP < 0.05 
compared with the normal group, bP <0.05 compared with the model group, cP < 0.05 compared with the TXL-L group, n = 3. TXL: Tongxinluo; VEGF: Vascular 
endothelial growth factor; eNOS: Endothelial nitric oxide synthase.

structures was almost eliminated. TXL significantly improved the tube-forming ability of HUVECs (Figure 7H), 
suggesting that TXL promoted capillary formation, which is consistent with the results of animal experiments in which 
TXL increased the expression of CD31. The above results suggest that TXL restores endothelial cell functions, including 
secretion, barrier formation, and capillary formation.

To further confirm that TXL suppressed endothelial cell pyroptosis, we counted caspase-1/PI double-positive cells 
using flow cytometry (Figure 7I-J). The results showed a marked increase in the Caspase-1+/PI+ HUVEC number in the 
model group compared to that in the normal group. The Caspase-1+/PI+ HUVEC number in the TXL group was 
significantly reduced compared with that in the model group, and the reduction in the TXL-H group was more 
pronounced than that in the TXL-L group.

TXL enhanced the interaction between HUVECs and VSMCs and promoted the migration of sVSMCs
We established a coculture system of HUVECs and VSMCs (Figure 8A-B)[26] and detected the levels of Jagged-1 in 
HUVECs and Notch-1 and ephrin-B2 in VSMCs by RT-PCR (Figure 8C-E). The results showed that high-dose TXL 
increased the expression levels of Jagged-1 and Notch-1, and both high and low doses of TXL increased the level of 
ephrin-B2, thus increasing two-cell communication. Finally, to analyze the role of TXL in the migration of VSMCs, we 
performed transwell and scratch wound healing assays. We found that the wound healing ability of VSMCs in the model 
group was significantly decreased compared with that of the control cells. TXL increased the wound healing ability of 
VSMCs (Figure 8F-G). Similarly, using a Transwell assay, we found that the migration number of VSMCs in the model 
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Figure 8 Tongxinluo enhanced the interaction between human vascular endothelial cells and vascular smooth muscle cells (VSMCs) and 
promoted the migration of VSMCs. A and B: Schematic diagram and photos of the coculture system; C-E: Quantitative analysis of Jagged-1, Ntoch-1 and 
ephrin-B2 mRNA expression was determined via RT-PCR; F: Scratch assay to detect VSMC migration ability. G: Percentage of the wound healing area was measured 
using ImageJ software; H: Transwell assays were performed to detect VSMC migration ability and the relative cell migration number was calculated by ImageJ 
software. The values are shown as the means ± SDs. aP < 0.05 compared with the normal group, bP <0.05 compared with the model group, cP < 0.05 compared with 
the TXL-L group, n = 3. TXL: Tongxinluo; HUVECs: Human vascular endothelial cells; VSMCs: Vascular smooth muscle cells.

group was higher than that of cells in the control group. The migratory number of VSMCs was significantly increased in 
the TXL-H group compared to the model group, which is an essential prerequisite for arteriogenesis (Figure 8H). From 
the above results, we conclude that TXL promotes the interaction between endothelial cells and smooth muscle cells, 
which in turn promotes smooth muscle cell migration and further induces arteriogenesis.

DISCUSSION
Diabetic PAD is characterized by poor blood circulation and abnormal sensation in the hindlimb induced by metabolic 
abnormalities. Currently, the pathogenesis of diabetic PAD is not fully understood, and there is a great clinical need for 
new therapeutic options to stimulate collateral revascularization and increase blood flow. Therapeutic arteriogenesis is an 
attractive strategy to improve the management of these disabling and often lethal diseases. Among all the complex 
pathophysiological mechanisms of arteriogenesis, the role of endothelial cells has been emphasized[6,7]. In the present 
study, we first investigated the effect of TXL on arteriogenesis in the treatment of diabetic PAD and explored the 
mechanism associated with endothelial cells. We established a diabetic mouse model of HLI by ligating the femoral artery 
of db/db mice and administered TXL by gavage. In terms of observing arteriogenesis, we used laser Doppler and micro-
CT to visualize that TXL increased blood flow and collateral vascularity in the hindlimb of mice. We then performed 
immunofluorescence staining of capillaries (CD31) and muscle arteries (α-SMA) in ischemic muscle, which made it clearer 
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that TXL promotes both capillary formation and arteriogenesis. After clarifying that TXL treatment of diabetic PAD has a 
pro-arteriogenesis effect, we further investigated the potential mechanisms of arteriogenesis associated with endothelial 
cells. Furthermore, we found that the inhibition of endothelial cell pyroptosis and restoration of endothelial cell function 
played an essential role in the TXL-regulated stimulation of arteriogenesis. Finally, we further validated the above experi-
mental results by in vitro experiments.

As mentioned in previous studies, pyroptosis of vascular endothelial cells is a key factor in the pathogenesis of 
diabetes-related vascular complications[27,28]. It has been reported that hyperglycemia-induced ROS-dependent 
activation of the NLRP3 inflammasome is an important initiator of endothelial cell injury[29]. Briefly, sustained 
hyperglycemia induces excess ROS, which are natural activators of inflammasomes. After activation of the NLRP3 
inflammasome, GSDMD is cleaved to the N-terminal GSDMD forms by active Caspase-1, leading to oligomerization 
membrane pore formation[30]. All of the above processes further lead to cell swelling and rupture, triggering the release 
of cellular contents and proinflammatory factors, such as IL-18 and IL-1β, into the intercellular space[31]. In the present 
study, hindlimb ischemia and diabetes together led to massive production of ROS in mice, which in turn induced 
endothelial cell pyroptosis, as manifested by a significant increase in the expression of Caspase-1, Cleaved Caspase-1, 
NLRP3, and GSDMD proteins and a massive release of the inflammatory factors IL-18 and IL-1β. Subsequently, inflam-
matory mediators spill over into the systemic circulation, triggering a sustained exacerbation of the systemic inflam-
matory response. These results are identical to those of Yu et al[32], who reported that the pyroptosis of endothelial cells 
may play a key role in the mechanism of progression of diabetic PAD. Our results indicated that TXL may inhibit 
endothelial cell pyroptosis via the ROS/NLRP3/Caspase-1/GSDMD signaling pathway and suppress the persistence of 
vascular inflammation. We further validated the role of TXL in endothelial cell pyroptosis at the cellular level. In in vivo 
experiments, we exposed HUVECs to HG/hypoxia to induce cell damage. Flow cytometry analysis showed that TXL 
significantly reduced the percentage of pyroptotic cells, which was consistent with the results of animal experiments. 
Furthermore, the repression of endothelial cell pyroptosis by TXL is a prerequisite for restoring endothelial cell function.

With regard to endothelial cell function, our in vivo experiments revealed that TXL upregulated the expression of NO, 
eNOS and VEGF, allowing endothelial cells to maintain the appropriate level of vascular permeability and tonicity, which 
is crucial in the process of vascular remodeling. Moreover, TXL reduced the expression of the adhesion molecules ICAM-
1 and VCAM-1 to inhibit leukocyte-endothelial adhesion and endothelial inflammation. In terms of inflammation, 
endothelial cells act as a barrier and are impermeable to cell migration under physiological conditions. However, diabetes 
leads to adhesion of leukocytes to endothelial cells and transendothelial migration, resulting in increased local inflam-
mation and vascular fragility[33]. In the present study, we found that TXL increased the expression of VE-cadherin and β-
catenin, which are important intercellular proteins involved in maintaining endothelial cell barrier integrity. Moreover, 
our results showed that TXL dramatically downregulated the expression of CD45, CRP, TNF-α and IL-6, which is 
consistent with a previous study[34]. The above results demonstrated that TXL protected the integrity of the endothelial 
barrier and inhibited inflammation. Then, we further validated the above results at the cellular level. The results showed 
that TXL maintained HUVEC structure and enhanced function by increasing NO, eNOS, VEGF, VE-cadherin and β-
catenin protein expression. In addition, TXL significantly increased the tube-forming ability of HUVECs, suggesting that 
TXL plays a role in promoting capillary formation, which is consistent with the results of animal experiments

The transformation of the macrophage phenotype plays a vital role in vascular remodeling and the inflammatory state 
of ischemic muscle. Macrophages are categorized as M1 type (proinflammatory) and M2 type (anti-inflammatory), which 
have been demonstrated to be involved in the initial and vascular remodeling phases of HLI, respectively[35]. Our study 
showed that TXL decreased the expression of the M1-type marker iNOS while increasing the expression of the M2-type 
marker Arg-1, indicating that TXL promoted the polarization of macrophages toward the M2 type to decrease inflam-
mation and enhance vascular remodeling. Previous studies have shown that the regulatory relationship between 
endothelial cells and macrophage polarization plays a role in revascularization and perfusion recovery in ischemic 
muscle[36]. We suppose that the decrease in M1-type macrophages may be related to the protection of endothelial cell 
barrier function and inhibition of the inflammatory response by TXL. There was no evidence that the increase in M2-type 
macrophages was related to endothelial cells. Based on previous studies of endothelial cell-macrophage interactions[37,
38,39], we speculate that this increase may be related to increased secretion of VEGF promoting the adhesion of 
macrophages to endothelial cells.

Previous studies have shown that M2-type macrophages increase the secretion of metallomatrix enzymes to promote 
the proliferation and migration of smooth muscle cells, which is a fundamental requirement for the formation of 
functional arteries[40]. In this study, we measured the levels of the cell proliferation marker PCNA and the smooth 
muscle cell migration markers MMP2 and MMP9 to further determine the effect of TXL on arteriogenesis. Our data 
implied that TXL promoted smooth muscle cell proliferation and migration to generate functional arterioles, which was 
in accordance with previous studies showing that TXL enhances the migratory capacity of marrow mesenchymal stem 
cells through upregulation of metallomatrix enzymes and VEGF[41]. In addition, communication between endothelial 
cells and smooth muscle cells across the vessel wall is essential for the generation of collateral arteries[42]. Currently, 
strong evidence suggests that Notch signaling plays an important role in endothelial cell-smooth muscle cell crosstalk. In 
contrast, deletion of Jagged-1, a ligand for Notch, in endothelial cells leads to vascular defects associated with smooth 
muscle proliferation. This pathway regulates smooth muscle cell proliferation and migration mainly by regulating the 
downstream ephrin-B2 signaling pathway. Therefore, we examined the Jagged-1/Notch pathway and its downstream 
target ephrin-B2 to further identify the underlying mechanisms in this study. We found that TXL upregulated the Jagged-
1/Notch-1/ephrin-B2 signaling pathway, which was consistent with previous findings that the Notch signaling pathway 
regulates the ability of MMP2 and MMP9 expression to induce the migration of vascular smooth muscle cells[43]. Thus, 
this study provides new evidence that TXL enhances endothelial cell-smooth muscle cell interactions and promotes 
vascular smooth muscle cell proliferation and migration. In other words, TXL promoted endothelium-dependent arteri-
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ogenesis.
In the HUVEC and VSMC co-culture system, RT-PCR results demonstrated that TXL enhanced the interaction between 

HUVECs and VSMCs through the Jagged-1/Notch-1/ephrin-B2 signaling pathway. Furthermore, scratch and Transwell 
experiments demonstrated that TXL promoted the proliferation and migration of VSMCs, which is a prerequisite for 
arteriogenesis. All of the above results are consistent with the results of animal experiments.

There are some limitations in this study. As there was no db/db sham group in this study, we could not determine 
whether diabetes or arterial ligation caused the inflammation and endothelial injury. We believe that the increased 
inflammatory response in the hindlimb, as well as the endothelial damage, may be induced by the combination of 
diabetes and arterial ligation. We will further demonstrate this separately in future studies.

CONCLUSION
In summary, in the current study, it was shown that TXL promoted arteriogenesis in diabetic mice with HLI, which may 
be achieved by the inhibition of endothelial cell pyroptosis, restoration of endothelial cell function and enhancement of 
the interaction between endothelial cells and smooth muscle cells. However, our in vitro and animal study findings will 
have to be validated in clinical studies. This study provides an experimental basis for the clinical application of TXL in the 
treatment of diabetic PAD, which provides evidence and direction for further research in the future.

ARTICLE HIGHLIGHTS
Research background
Peripheral arterial disease (PAD) has become one of the leading causes of disability and death in diabetic patients. 
Restoring blood supply to the hindlimbs, especially by promoting arteriogenesis, is currently the most effective strategy, 
in which endothelial cells play an important role. Tongxinluo (TXL) has been widely used for the treatment of cardio-
cerebrovascular diseases and extended for diabetes-related vascular disease.

Research motivation
To investigate the effect of TXL on diabetic PAD and its underlying mechanisms.

Research objectives
In the current study, it was shown that TXL promoted arteriogenesis in diabetic mice with HLI, which may be achieved 
by the inhibition of endothelial cell pyroptosis, restoration of endothelial cell function and enhancement of the interaction 
between endothelial cells and smooth muscle cells. This study provides an experimental basis for the clinical application 
of TXL in the treatment of diabetic PAD, which provides evidence and direction for further research in the future.

Research methods
An animal model of diabetic PAD was established by ligating the femoral artery of db/db mice. Laser Doppler imaging 
and micro-computed tomography (micro-CT) were performed to assess the recovery of blood flow and arteriogenesis. 
Endothelial cell function related to arteriogenesis and cellular pyroptosis was assessed using histopathology, Western 
blot analysis, enzyme-linked immunosorbent assay and real-time polymerase chain reaction assays. In vitro, human 
vascular endothelial cells (HUVECs) and human vascular smooth muscle cells (VSMCs) were pretreated with TXL for 4 h, 
followed by incubation in high glucose and hypoxia conditions to induce cell injury. Then, indicators of HUVEC 
pyroptosis and function, HUVEC-VSMC interactions and the migration of VSMCs were measured.

Research results
Laser Doppler imaging and micro-CT showed that TXL restored blood flow to the hindlimbs and enhanced arteri-
ogenesis. TXL also inhibited endothelial cell pyroptosis via the ROS/NLRP3/Caspase-1/GSDMD signaling pathway. In 
addition, TXL restored endothelial cell functions, including maintaining the balance of vasodilation, acting as a barrier to 
reduce inflammation, and enhancing endothelial-smooth muscle cell interactions through the Jagged-1/Notch-1/ephrin-
B2 signaling pathway. Similar results were observed in vitro.

Research conclusions
TXL promoted arteriogenesis in diabetic mice with HLI, which may be achieved by the inhibition of endothelial cell 
pyroptosis, restoration of endothelial cell function and enhancement of the interaction between endothelial cells and 
smooth muscle cells.

Research perspectives
Since there was no db/db sham group in this study, we were unable to determine whether diabetes or arterial ligation 
caused inflammation as well as endothelial injury. We believe that the increased inflammatory response in the hindlimb 
as well as the endothelial damage may be caused by the combination of diabetes and arterial ligation. We will 
demonstrate this further in a future study.
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