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Purpose: Neutrophil extracellular traps (NETs) play an important role in ischemia-reperfusion injury (IRI) of the hindlimb. The aim 
of this study was to investigate the effect of recombinant DNase I and sivelestat in eliminating NETs and their effects on IRI limbs.
Patients and Methods: An air pump was used to apply a pressure of 300 mmHg to the root of the right hindlimb of the rat for 2 
h and then deflated to replicate the IRI model. The formation of NETs was determined by the detection of myeloperoxidase (MPO), 
neutrophil elastase (NE), and histone H3 in the skeletal muscles of the hindlimbs. Animals were administered 2.5 mg/kg bw/d DNase 
I, 15 or 60 mg/kg bw/d sivelestat by injection into the tail vein or intramuscularly into the ischemic area for 7d. Elimination of NETs, 
hindlimb perfusion, muscle fibrosis, angiogenesis and motor function were assessed.
Results: DNase I reduced NETs, attenuated muscle fibrosis, promoted angiogenesis in IRI area and improved limb motor function. 
Local administration of DNase I improved hindlimb perfusion more than intravenous administration. Sivelestat at a dose of 15 mg/kg 
bw/d increased perfusion, counteracted skeletal muscle fibrosis, promoted angiogenesis and enhanced motor function. However, 
sivelestat at a dosage of 60 mg/kg bw/d had an adverse effect on tissue repair, especially when injected locally.
Conclusion: Both DNase I and moderate doses of sivelestat can eliminate IRI-derived NETs. They improve hindlimb function by 
improving perfusion and angiogenesis, preventing muscle fibrosis. Appropriate administration mode and dosage is the key to prevent 
IRI by elimination of NETs. DNase I is more valid when administered topically and sivelestat is more effective when administered 
intravenously. These results will provide a better strategy for the treatment of IRI in clinical.
Keywords: ischemia-reperfusion injury, IRI, neutrophil extracellular traps, NETs, DNase I, sivelestat, hindlimb

Introduction
Hindlimb ischemia-reperfusion injury (IRI), a complex inflammatory response, may occur after recanalization of compart
ment syndrome, crush syndrome,1 vascular injury, and chronic arterial occlusive diseases.2 In addition, surgical procedures, 
such as the use of a tourniquet to obtain a clearer surgical field during knee replacement surgery, can also cause iatrogenic 
IRI.3 After the restoration of blood flow, metabolites and oxygen free radicals generated during ischemia and hypoxia may 
lead to further tissue damage due to microvascular dysfunction and increased permeability of capillaries and arterioles.4,5

Ischemia-reperfusion (IR) promotes the release of oxygen-free radicals, cytokines, and other proinflammatory mediators, 
which in turn activate neutrophils.6,7 Neutrophils aggregate and degranulate in the area of IR, destroying tissue by free radicals 
and other mechanisms. NETosis is one of the important causes of tissue damage caused by neutrophils. Under the induction of 
reactive oxygen species (ROS), protein arginine deiminase 4 (PAD4), autophagy and other factors, neutrophils release DNA as 
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a backbone and bind granule proteins (myeloperoxidase MPO, neutrophil elastase NE, etc.) and histones into highly concentrated 
filamentous structures called neutrophil extracellular traps (NETs).8–10 In acute myocardial infarction,11,12 acute renal 
ischemia,13,14 ischemic stroke15,16 and limb ischemia-reperfusion injury,17 NETs exacerbate disease progression and are 
significantly associated with worse disease outcomes.

Treatment to eliminate NETs may reduce tissue damage in the IRI region and improve vascular remodeling, improving disease 
prognosis.18 DNase I and sivelestat are two NETs elimination agents that have been used in studies. The scavenger DNase I of cell- 
free DNA (cfDNA) exerts protective effects in models of IRI such as the heart,19 kidney,20 and intestine.21 DNase I improved 
perfusion in ischemic limbs of mice and reduced infiltrating inflammatory cells but did not alter skeletal muscle damage.22 

Infusion of the neutrophil elastase inhibitor sivelestat reduces IRI in the myocardium,23,24 bladder,25 testis,26 liver,27 and 
intestine,28 but there is no report on the treatment of hindlimb IRI. In this study, we investigated the appropriate administration 
mode and dosage of DNase I and sivelestat on the clearance of NETs, hindlimb perfusion, motor function, skeletal muscle injury 
repair, and neovascularization in the rat hindlimb IRI model (Figure 1). These results will provide a better strategy for the 
treatment of IRI in clinical.

Materials and Methods
Animal Model and Ethical Protocol
The experimental process complied with the China Animal Management Regulations (Document No. 55 of the Ministry of 
Health of China in 2001) and was approved by the Animal Protection and Utilization Committee of Southwest Medical 
University. 8-week-old male Sprague-Dawley rats weighing approximately 250 g were purchased from the Experimental 
Animal Center of Southwest Medical University and were randomly divided into 8 groups with 9 rats in each group. Rats were 
anesthetized under isoflurane inhalation. Except for the control group, the rest of the rats had a 5-mm-wide pressure band 
applied to the root of the right hindlimb to block arterial blood at a pressure of 300 mmHg. The toe claws of the rats became 
pale, cyanotic, and cold. The pressure was released after 2 h to achieve reperfusion. Rats were executed analgesia via 
subcutaneous injection of 0.05 mg/kg buprenorphine 30 min prior to surgical intervention and repeated at 24 h.29

Figure 1 Experimental procedure. An air pump was used to apply a pressure of 300 mmHg to the root of the right hindlimb of rats for 2 h. Releasing the pressure resulted 
in hindlimb ischemic reperfusion injury (IRI). The extracellular traps (NETs) released by neutrophils lead to tissue damage in the ischemic reperfusion area. The DNA 
digestion enzyme recombinant DNase I and the neutrophil elastase inhibitor sivelestat are used to eliminate the components of NETs. Blood flow, motor function, 
angiogenesis, and muscle fibrosis in the ischemic limbs are then tested.
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DNase I Treatment
Recombinant DNase I (MedChemExpress, USA) was diluted to 50 mg/mL with sterile water. DNase I solution was 
injected locally into the gastrocnemius muscle area of the right hindlimb of rats at a dose of 2.5 mg/kg bw/d immediately 
after the tourniquet was removed. Then inject once a day for the next 7 d (DNase I intramuscular injection group, im).

Or inject the same dose of DNase I solution via the tail vein immediately after the tourniquet was removed and 
repeated once a day for the next for 7 d (DNase I intravenous injection group, iv).

Sivelestat Treatment
Sivelestat sodium (Yuanye Bio-Technology, Shanghai, China) was diluted to 100 mg/mL in dimethyl sulfoxide. Dilute sivelestat 
with sterile water at the time of application. Sivelestat was intravenously injected immediately after the tourniquet was removed 
via the tail vein, or intramuscularly injected into the ischemic area of the mice hindlimbs, at the dose of 15 mg/kg bw/d or 60 mg/ 
kg bw/d (15 mg iv group, 60 mg iv group, 15 mg iv group and 60 mg iv group). Then repeat once a day for the next 7 d.

Saline Treatment
Sterile 0.9% saline solution was used as a negative control of DNase I or Sivelestat treatment for local injection into the 
ischemic area of rats in the IRI group. As with DNase I or sivelestat treatment, one injection was administered 
immediately after the ischemic procedure and repeated once daily for the next 7 days.

Detection of Blood Perfusion in the Hindlimbs of Rats
Blood perfusion in the hindlimbs of rats and data analysis were performed using the RFLSI III Laser Speckle Imaging 
System (RWD Life Science, Shenzhen, China).

Evaluation of the Motor Function of the Rat
The function of the hindlimbs of rats was observed every day after modeling. Following a single-blind method, three 
researchers who were not involved in making the model were invited to measure the activities of the rats’ right lower 
limbs, and scored them according to the motor function standards. When evaluating motor function, rats were placed in a track 
surrounded by cardboard, and the track wall was tapped to encourage them to run. The observation ended when the rat crawled 
3 meters along the track. The motor function of the rats’ ischemic hindlimbs was evaluated according to the following criteria: 
score 0, limping with dragging hindlimbs; score 1, limping with toes on the ground; score 2, claudication with soles on the 
ground; score 3, walking with soles with toe-tip activity, mild lameness; score 4, normal activities of soles, normal walking.

Histological Section and Staining of the Muscles of the Hindlimbs of Rats
Rats were euthanized at 24 h, 7 d, and 14 d after ischemia-reperfusion injury (n=3), and the right gastrocnemius muscle 
was harvested. The muscle tissue was fixed with 4% paraformaldehyde for 24 h, then embedded in paraffin and cut into 5 
μm thick slices. The slices were stained with hematoxylin and eosin after deparaffinization.

For Masson trichrome staining, the sections were deparaffinized and stained with Weigert’s ferric hematoxylin staining 
solution and separated color with an acidic ethanol differentiation solution. Then they were stained with Masson’s blue solution 
(Absin, Shanghai, China) and ponceau fuchsin staining solution and separated color with acetic acid solution and phosphomo
lybdic acid solution. Finally, it was stained with an aniline blue staining solution and the acetic acid solution was used for color 
separation. After staining, muscle fibers were stained red, collagen fibers were stained blue, and nuclei were stained dark gray. 
Sections were viewed with an Eclipse E100 upright optical microscope (Nikon, Japan), and images were acquired with a DS -U3 
imaging system (Nikon, Japan) and analyzed with Image J software (National Institutes of Health, USA).

Immunohistochemistry
Paraffin sections were deparaffinized and hydrated, and antigen retrieval was performed in a microwave oven with citrate 
antigen recovery buffer. Endogenous peroxidase was blocked with 3% hydrogen peroxide solution, and nonspecific 
antigen-antibody binding was blocked with 3% BSA. Incubate anti-myeloperoxidase (MPO) antibody (Servicebio, 
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Wuhan, China), anti-neutrophil elastase (NE) antibody (Affinity Biosciences, Suzhou, China) and anti-histone H3 
(citrulline R2 + R8 + R17, Abcam, Cambridge, UK). Chose a secondary antibody matching the species of the primary 
antibody and develop the color with DAB solution. The nuclei were stained with hematoxylin. Microscopic examination, 
image acquisition, and analysis (as described above).

For immunofluorescence detection, the paraffin sections were deparaffinized, hydrated, and antigen recovered. Nonspecific 
antigen-antibody binding was blocked with 10% donkey serum. Incubate with anti-CD31 antibody (Affinity Biosciences, 
Suzhou, China). Bind the primary antibody with a fluorophore-conjugated secondary antibody. The cell nuclei were stained 
with DAPI. The slices were observed under an Eclipse C1 fluorescence microscope (Nikon, Japan) (DAPI: ultraviolet excitation 
wavelength 330–380 nm, emission wavelength 420 nm, blue light; CY3: excitation wavelength 510–560, emission wavelength 
590 nm, red light). Images were acquired using a DS -U3 imaging system (Nikon, Japan). Analyzed with Image J software.

Statistical Analysis
All experiments were repeated at least three times. Data analysis and graphing were performed using GraphPad Prism 9 
software. All data are expressed as mean ± standard deviation (SD). Comparisons between two groups were performed with 
Student’s t-test. Comparisons between multiple groups were performed with one-way analysis of variance (ANOVA). Since 
the multi-group analysis in this study included 8 observation groups, comparing the mean of each group with the mean of 
every other group generated too much data. Therefore, we selected the option “Compare the mean of each column with the 
mean of a control column (the control group in this study)” under the “Multiple Comparisons” tab when performing the 
one-way analysis ANOVA in Graphpad Prism 9. The 95% confidence level was considered significant. For all tests, 
statistical significance of p-values is given as ns: not significant *P < 0.05, **; P < 0.01; ***P < 0.001.

Results
Replication and Evaluation of the Rat Hindlimb Ischemia-Reperfusion Injury (IRI) 
Model
After ischemia-reperfusion injury in the hindlimbs of rats, Laser image-speckle interferometer was used to detect blood 
perfusion of the bilateral hindlimb. The blood flow signal of the ischemic hindlimb was significantly lower than that of 
the normal contralateral hindlimb (Figure 2), demonstrating that the animal model was successfully established.

Ischemia-Reperfusion Injury of the Hindlimb Led to Neutrophil Extracellular Trap 
Formation in Skeletal Muscle
The effects of IRI on skeletal muscle morphology were observed by hematoxylin-eosin staining and Masson’s trichrome 
staining. Compared with normal rat gastrocnemius muscle, skeletal muscle cells in the IRI group were swollen and 

Figure 2 Compare of blood perfusion of the ischemic limb and contralateral nonischemic limb after IRI modeling. Determined and photographed with a laser image-speckle 
interferometer. The yellow arrow indicates the poor perfusion.
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sarcolysis; muscle fibers were broken, disorganized, and irregularly shaped, and necrotic muscle fibers were vacuolated; 
many leukocytes were infiltrated between tissues (Figure 3A and B). Immunohistochemistry showed that neutrophil 
elastase (NE), myeloperoxidase (MPO), and histone H3 were presented at high levels in IRI compared with controls 

Figure 3 Effects of ischemia-reperfusion injury on muscle morphology and neutrophil Extracellular Traps (NETs) formation. (A) Hematoxylin-eosin staining of gastro
cnemius muscle sections. IRI resulted in abnormal muscle bundle morphology and many inflammatory cells infiltration. (B) Masson’s trichrome staining of gastrocnemius 
muscle sections. After IRI, necrotic skeletal muscle fibers are replaced by fibrous tissue. Scale bar = 50 μm. (C) Detection of NETs after IRI in the hindlimbs of rats. Between 
muscle fibers, neutrophil elastase (NE, n=5), myeloperoxidase (MPO, n=10), and histone H3 (n=10) stained positively, indicating the presence of NETs. Scale bar = 100 μm. 
Data are expressed as mean ± standard deviation, ***p < 0.001.
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(Figure 3C). These phenomena suggest that ischemia-reperfusion injury results in large numbers of neutrophils invading 
local tissues and producing NETs, which is an important cause of severe skeletal muscle injury.

Both DNAse-I and Sivelestat Reduced the Content of Intermuscular NETs in the 
Acute Phase of Ischemia-Reperfusion Injury
DNase I or sivelestat was administered after IRI, and the levels of NE, MPO, and H3 were determined 24 h later to 
evaluate the elimination efficiency of NETs.

Both DNase I and sivelestat reduced MPO levels in the ischemia-reperfusion area by more than 50%. The two routes 
of administration of DNase I were similar in terms of efficiency of MPO reduction. The efficiency was also similar for 
both routes of administration of sivelestat. Among them, the effect of sivelestat injected at a dose of 60 mg/kg via the tail 
vein was the most significant, and the MPO was reduced by more than 60% (Figure 4). Both DNase I and sivelestat can 
decrease histidine H3 levels in the ischemia-reperfusion area (Figure 5). DNase I and sivelestat had similar clearance 
efficiencies on neutrophil elastase (NE). They decreased the level of NE in the ischemia-reperfusion area by approxi
mately 50% (Figure 6).

Overall, both DNase I and sivelestat decreased the content of NETs in the IRI region.

Figure 4 Myeloperoxidase (MPO) levels 24 h after ischemia-reperfusion injury in rat hindlimb muscles. MPO decreased after administration of DNAse-I or sivelestat. n=5, 
data are expressed as mean ± standard deviation, *P < 0.05, **P < 0.01. Scale bar = 100 μm.
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Effects of DNAse-I and Sivelestat on Blood Perfusion in Ischemic Hindlimb
After 7 d of ischemia-reperfusion injury in the hindlimbs of rats, blood perfusion of the ischemic limbs was measured by 
laser speckle imager, using the healthy side as a control, and the data were analyzed. In the measurement, the rat’s paw 
was used as the region of interest (ROI), and the ratio of blood perfusion of the ischemic side to the nonischemic side of 
the limb was calculated. Intramuscular injection of DNase I, intramuscular injection or intravenous injection of 15 mg/kg 
bw/d sivelestat restored vascular perfusion of the injured hindlimb to near normal. However, intravenous injection of 
DNase I, intramuscular injection or intravenous injection of 60 mg/kg bw/d sivelestat did not produce any benefit in 
restoring blood flow to the hindlimb (Figure 7).

Effects of DNAse-I and Sivelestat on Recovery of Motor Function of Ischemic 
Hindlimb
Motor function was monitored daily after ischemia-reperfusion injury in the right hindlimb of rats until 14 d after injury. 
After injury, the hindlimbs were unable to move voluntarily and could only drag and crawl was score 0, and recovery of 
completely normal movement was score 4 (For specific scoring criteria, see Methods and Materials). The results showed 
that either DNAse-I or Sivelestat was helpful for the recovery of motor function (Figure 8), but intramuscular injection of 
sivelestat at a dose of 60 mg/kg bw/d into the ischemic area did not improve motor scores but decreased them. At 14 

Figure 5 Histone H3 levels 24 h after ischemia-reperfusion injury in rat hindlimb muscles. H3 decreased after administration of DNAse-I or sivelestat. n=5, data are 
expressed as mean ± standard deviation, *P < 0.05, ***P < 0.001. Scale bar = 100 μm.
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d after injury, except for the IRI group and the sivelestat 60 mg/kg bw/d intramuscular injection group, the motor scores 
of the other treatment groups were all full scores, that is, they returned to normal.

The Effect of DNAse-I and Sivelestat in Preventing Muscle Fibrosis in Ischemic 
Hindlimb
Ischemia-reperfusion injury caused local necrosis of the gastrocnemius muscle. The necrosis area was replaced by 
collagen produced by fibroblasts. At 14 d after injury, the repair of rat hindlimb skeletal muscle injury was assessed by 
Masson’s trichrome staining. The collagen fiber regions were identified by image analysis software, and the results 
showed that IRI led to muscle fibrosis, and both DNase I and sivelestat treatment reduced tissue fibrosis. Among them, 
15 mg/kg bw/d sivelestat injected intravenously had the most significant effect on inhibiting the proliferation of collagen 
fibers, while 60 mg/kg bw/d sivelestat injected intramuscularly into the ischemic area did not reduce tissue fibrosis 
(Figure 9).

Figure 6 Neutrophil elastase (NE) levels 24 h after ischemia-reperfusion injury in rat hindlimb muscles. NE decreased after administration of DNAse-I or Sivelestat. n=5, 
data are expressed as mean ± standard deviation, *P < 0.05, **P < 0.01. Scale bar = 100 μm.
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Effects of DNsase I and Sivelestat on Angiogenesis in Ischemic Regions
Platelet endothelial cell adhesion molecule (CD31) was used as a marker for vascular endothelial cell. At 14 d after 
injury, the angiogenesis in the ischemic area was evaluated by immunofluorescence labeling of CD31 in rat 

Figure 7 Blood perfusion in the hindlimbs of rats 7 d after ischemia-reperfusion injury in the hindlimbs. Blood circulation in the hindlimbs of rats was determined by laser 
speckle contrast imaging technique. Intramuscular DNase I, intramuscular and intravenous sivelestat at a dose of 15mg/kg bw/d were beneficial for restoring blood flow in 
the ischemic limbs. n=3, data are expressed as mean ± standard deviation, *P < 0.05, **P < 0.01.

Figure 8 Hindlimb motor scores within 14 d after ischemia-reperfusion injury of hindlimb muscles in rats. Sorted by rate of recovery of motor function: DNAse (im) > 
sivelestat (60mg.iv) > sivelestat (15mg.iv) > sivelestat (15mg.im) > DNAse (iv) > IRI> sivelestat (60mg.im). n=3, data are expressed as mean ± standard deviation.

Journal of Inflammation Research 2023:16                                                                                          https://doi.org/10.2147/JIR.S396049                                                                                                                                                                                                                       

DovePress                                                                                                                         
715

Dovepress                                                                                                                                                            Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


gastrocnemius muscle sections. The proportion of fluorescent area was calculated under Image J. The reason we 
chose day 14 was that the hindlimb function of the rats at this time had basically recovered. Immunofluorescence of 
CD31 showed that both DNase I and sivelestat contribute to angiogenesis in the ischemic area. Among them, 
intramuscular injection of DNase I in the ischemic area had the most obvious effect on promoting angiogenesis, and 
its fluorescence intensity was 3 times that of the IRI group (Figure 10).

Overall Evaluation of the Effect of DNase I and Sivelestat on NETs Elimination in 
Ischemia-Reperfusion Areas and on Tissue and Functional Repair
Taking effective removal of NETs as 1, invalid as 0; improvement of blood perfusion and motor function as 1, no 
improvement as 0; reduction of skeletal muscle fibrosis in ischemia-reperfusion area as 1, failure to reduce as 0; 
promotion of angiogenesis in the ischemia-reperfusion area as 1, failure to promote as 0, we summarized the effects 
of DNase I and sivelestat on NETs clearance and tissue and functional repair. The results showed that DNase I was 
beneficial to IRI whether it was through the tail intravenous injection or the local injection of the ischemia area, and 
sivelestat at a dosage of 15 mg/kg bw/d showed a similar effect. Sivelestat at a dose of 60 mg/kg bw/d had the effect of 
eliminating NETs but was not beneficial for tissue and functional repair (Table 1).

Figure 9 Masson’s trichrome staining of the ischemic area 14 d after ischemia-reperfusion injury in rat hindlimb muscles. Muscle fibers are stained red, collagen is stained blue, 
and nuclei are stained dark brown. Necrotic myofibers are replaced by fibrin hyperplasia after ischemia-reperfusion, showing large blue areas. Intravenous injection of 15 mg 
sivelestat most markedly reduced collagen fibrillar hyperplasia. Scale bar = 100 μm. n=3, data are expressed as mean ± standard deviation, *P < 0.05, **P < 0.01, ***P < 0.001.
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Discussion
The ischemia-reperfusion injury occurs after acute hindlimb mechanical trauma, arterial embolism, surgery of the 
extremities with a tourniquet, and recanalization of chronic hindlimb ischemia and is an important factor affecting 
limb survival and function.30,31 Neutrophil extracellular traps play an important role in the process of hindlimb IRI. NETs 
are extracellular fibrillar matrices of chromatin and granular proteins formed by neutrophils upon activation by 
chemicals, inflammatory mediators, or foreign bodies. They are the means by which neutrophils kill extracellular 
pathogens, but may also have deleterious effects on the host, which can occur in infectious, inflammatory and thrombotic 
diseases.32–36 The components of NETs are DNA backbones, histones, granzymes, and peptides (including neutrophil 
elastase NE, myeloperoxidase MPO, and so on). Elimination of NETs has been shown to benefit the repair of IRI organs 
and tissues such as the heart, kidney, liver, intestine, brain, etc., but there are few studies on hindlimb IRI. Our study 
showed that both DNase I and sivelestat improved the prognosis of hindlimb IRI in rats.

Except that intramuscular injection of DNase I in the IR region improved arterial perfusion of the hindlimbs better 
than the intravenous injection, the two routes of administration of DNase I showed no significant difference in the 
clearance of the major components of NETs, the recovery of motor function, the promotion of angiogenesis and the 
prevention of muscle fibrosis. Albadawi et al found that DNase-I treatment reduced the content of NETs in postischemic 
muscle, decreased infiltration of inflammatory cells, and improved limb perfusion after ischemia, but did not alter the 

Figure 10 Immunofluorescence staining of CD31 in the ischemic area 14 d after ischemia-reperfusion injury of rat hindlimb muscles. Angiogenesis in the IRI region was 
assessed by labeling vascular endothelial cells with anti-CD31 antibody (red fluorescence). Single or clustered CD31-positive signals were counted as vascular vessels. Both 
DNase I and sivelestat treatment contributed to angiogenesis, with local injection of DNase I have the most obvious effect. Cell nuclei were stained with DAPI (blue 
fluorescence). Scale bar = 100 μm. n=3, data are expressed as mean ± standard deviation, *P < 0.05, **P < 0.01, ***P < 0.001.
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content of pro-inflammatory molecules and skeletal muscle injury.22 Therefore, they concluded that DNase I treatment 
cannot prevent IRI, which is different from what we observed. We believe that the reason for this is that DNase I was 
administered by intraperitoneal injection in the study by Albadawi et al. Due to a large amount of cell-free DNA 
(cfDNA) present in the peritoneal fluid,37,38 blood,32–35 and other body fluids, DNase I was consumed, and the effective 
concentration eventually distributed in the region of IR was not sufficient to alter the prognosis of IRI. Our experiment 
also confirmed that local application of DNase I in the ischemic area was more effective than the intravenous injection, as 
evidenced by better restoration of blood perfusion (Figure 7).

Sivelestat has been shown to be effective in eliminating NETs in acute myocardial infarction, acute renal ischemia, 
intestinal ischemia-reperfusion injury, etc., but there is no report of improving hindlimb IRI. We used two kinds of doses 
of sivelestat in our experiments based on the literature of rat studies.25,26 Sivelestat at a dosage of 15 mg/kg bw/d, 
whether injected locally into the IR area or infused intravenously, had a good effect on eliminating NETs. It improved 
regional angiogenesis, limb blood perfusion and motor function, and attenuated skeletal muscle fibrosis after IRI. 
Intravenous infusion of sivelestat at a dosage of 60 mg/kg bw/d can promote angiogenesis, improve motor function, 
and combat muscle fibrosis, but is not helpful in improving hindlimb arterial perfusion. Regional injection of sivelestat at 
a dose of 60 mg/kg bw/d in the IR area was effective in eliminating NETs, but it had no benefit for the prognosis of 
hindlimb IRI. It even delayed recovery of motor function (Figure 8). We believe that the probable reason is that local 
administration of high concentrations of sivelestat inhibits neutrophil activation by preventing neutrophil cytoskeletal 
rearrangement,39–41 which impairs the function of neutrophil on tissue repair and pro-angiogenesis in ischemic 
injury.42–45

This study has some limitations due to the experimental period and conditions. First, it was not investigated whether 
administration of DNase I or sivelestat before the onset of ischemia-reperfusion injury had an effect on rat skeletal muscle injury 
and exercise capacity, There are some studies that have shown that treatment with drugs prior to injury can reduce injury.31,46 

Second, the effect of other methods of administration, such as intraperitoneal injection,47 on the therapeutic effect was not 
investigated. Finally, the possibility and efficacy of combined administration of DNase I and sivelestat were not discussed. These 
deficiencies will be the target of our future research. Despite these limitations, our results provide data to attenuate experimental 
lower extremity ischemia-reperfusion injury by eliminating NETs and offer a rationale for potential future clinical applications.

Table 1 The Ability of DNase I and Sivelestat to Eliminate NETs and Their Effect on Tissue Repair in Ischemia-Reperfusion Areas

DNase I 2.5mg 
iv

DNase I 2.5mg 
im

Sivelestat 15mg 
iv

Sivelestat 15mg 
im

Sivelestat 60mg 
iv

Sivelestat 60mg 
im

NETs elimination

MPO 1 1 1 1 1 1
H3 1 1 1 1 1 1

NE 1 1 1 1 1 1

Total 3 3 3 3 3 3

Organizational and functional recovery

Blood 

perfusion

0 1 1 1 0 0

Motor score 1 1 1 1 1 0

Anti-fibrosis 1 1 1 1 1 0

Angiogenesis 1 1 1 1 1 0
Total 3 4 4 4 3 0

Notes: Effective removal of NETs was scored as 1, ineffective as 0; improvement of tissue repair indicators (blood perfusion, motor score, inhibition of fibrosis, and 
promotion of angiogenesis) was scored as 1, and no change was scored as 0. 
Abbreviations: NETs, Neutrophil extracellular traps; MPO, myeloperoxidase; NE, neutrophil elastase; IRI, Hindlimb ischemia-reperfusion injury; IR, Ischemia-reperfusion; 
ROS, reactive oxygen species; PAD4, protein arginine deiminase 4.
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Conclusion
In conclusion, we believe that after hindlimb IRI, intramuscular injection of DNase I or intravenous injection of 
a moderate dose of sivelestat can improve blood perfusion of injured hindlimb by removing NETs, reduce skeletal 
muscle fibrosis, promote angiogenesis, and then improve hindlimb motor function. Effective removal of NETs may be 
good strategy to improve ischemia-reperfusion injury of the hindlimb.
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