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A B S T R A C T   

Ischemia‒reperfusion (I/R) injury is a frequently observed complication after flap surgery, and it 
affects skin flap survival and patient prognosis. Currently, there are no proven safe and effective 
treatment options to treat skin flap I/R injury. Herein, the potential efficacies of the bioactive 
peptide from maggots (BPM), as well as its underlying mechanisms, were explored in a rat model 
of skin flap I/R injury and LPS- or H2O2-elicited RAW 264.7 cells. We demonstrated that BPM 
significantly ameliorated the area of flap survival, and histological changes in skin tissue in vivo. 
Furthermore, BPM could markedly restore or enhance Nrf2 and HO-1 levels, and suppress the 
expression of pro-inflammatory cytokines, including TLR4, p-IκB, NFκB p65, p-p65, IL-6, and 
TNF-α in I/R-injured skin flaps. In addition, BPM treatment exhibited excellent biocompatibility 
with an adequate safety profile, while it exhibited superior ROS-scavenging ability and the 
upregulation of antioxidant enzymes in vitro. Mechanistically, the above benefits related to BPM 
involved the activation of Nrf2/HO-1 and suppression of TLR4/NF-κB pathway. Taken together, 
this study may provide a scientific basis for the potential therapeutic effect of BPM in the pre-
vention of skin flap I/R injury and other related diseases.   

1. Introduction 

Flap transplantation is a critical technological approach in plastic and reconstructive surgery [1,2]. However, flap necrosis can be a 
catastrophic problem after reconstructive flap surgery, despite its low incidence. Ischemia‒reperfusion (I/R) injury has been identified 
as the major factor that induces surgical skin flap or even organ dysfunction [3]. Currently, I/R injury may occur during the abrupt 
restoration of circulation after long-term ischemia, and its associated mechanisms can be quite complicated. Multiple factors, such as 
high levels of proinflammatory cytokine accumulation, excess reactive oxygen species (ROS) production during reperfusion, and 
epithelial apoptosis induction, have important implications for the pathogenic mechanisms of different I/R injury types during tissue 
injury or organ dysfunction [4–6]. The level of malondialdehyde (MDA) is served as a reliable biomarker of lipid peroxidation (LPO), 
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which is activated in I/R injury [7,8]. Enzymes are affected from ROS and LPO production, so superoxide dismutase (SOD) and catalase 
(CAT) are antioxidant enzymes that play an essential role against oxidative stress [9]. Therefore, antioxidants could protect cells 
against damage in flap transplantation and other related diseases [10,11]. The TLR4/NF-κB and Nrf2 pathways are suggested to be 
related to intracellular signaling during I/R injury [12,13]. 

Currently, to improve flap survival surgical technology, operation time, and medication therapy are being improved [3]. However, 
it should be noted that the aforementioned approaches may not be universally applicable due to the uncontrollable and heterogeneous 
nature of individuals [3]. Many strategies aimed at preventing skin flap failure have been proposed. For example, hyperbaric oxygen 
preconditioning and ischemic preconditioning were demonstrated to provide a promising clinical result [14,15]. However, the 
long-term effect and safety of clinical preconditioning still require further investigation. Many pharmacological therapies (e.g., 
melatonin, aprotinin, and heparin) have also been shown to improve flap tolerance [16–18], but few drugs are currently available for 
clinical application. To improve medication effectiveness and ameliorate associated systemic adverse reactions, the discovery of new 
specific medications is important. 

Insects represent a great and unexplored source of beneficial compounds that can be used in medical treatment [19]. Maggots, also 
called “WuGuChong” in traditional Chinese medicine, represent Lucilia sericata larvae. They are critical medical insects that have 
efficient immune defense mechanisms. Additionally, they contain abundant amino acids, proteins, dietary fibers, vitamins and un-
saturated fatty acids [20,21]. Housefly maggots have been used in clinical practice for treating patients with wounds, ecthyma, or 
bacterial infections in digestive organs [22–24]. Maggot treatment, which is the most rapid and most efficient debridement treatment 
for wounds involving infections and tissue necrosis, has favorable antimicrobial effects [25]. Recently, maggot extracts have been 
demonstrated to have antibacterial and anti-inflammatory effects, promote wound healing, and inhibit the progression of diabetes and 
atherosclerosis [26,27]. 

Over the past 10 years, many bioactive peptides from insects have been discovered in vitro [28,29]. Hall et al. [30] identified 
antihypertensive, antiglycemic, and anti-inflammatory peptides derived from the gastrointestinal digests of cricket (Gryllodes sigilla-
tus). Probably the best known is the carmine dye obtained from the cochineal (Dactylopius coccus), which is widely used as a natural 
colorant in cosmetics, foods, pharmaceuticals, textiles, and plastics [31]. In addition to providing essential amino acids and energy, 
they also exert various biological effects, including antioxidative, anti-inflammatory and immunomodulatory effects [32,33]. None-
theless, prior works regarding bioactive compounds in maggots have focused mostly on polysaccharides [27,34], and no existing study 
has analyzed the antioxidative and anti-inflammatory activities of the bioactive peptide from maggots (BPM). 

Consequently, the aim of our study was to investigate the therapeutic effects of BPM on skin flap of rat followed by I/R injury and 
whether the TLR4/NF-κB and Nrf2/HO-1 pathways were involved in. Our study demonstrated that BPM was promising in the pre-
vention of I/R injury in the transplantation of skin flap. 

2. Materials and methods 

2.1. Preparation of the BPM 

The amino acid composition and sequence of the BPM (Gly-Tyr-Gly-Gly-Tyr-Gly-Gly-Phe-Gly-Arg) were provided by the State Key 
Laboratory of Analytical Chemistry for Life Science & Jiangsu Key Laboratory of Molecular Medicine, Medical School, Nanjing Uni-
versity. The product purity was >99 %, as detected by HPLC (Fig. S1). BPM was dissolved in normal saline to be used in subsequent 
experiments. 

2.2. Flap I/R model establishment 

A total of 30 male Sprague‒Dawley rats (8–10 weeks old, 250–300 g) were acquired at the Model Animal Research Center of 
Nanjing University (China) and kept under specific pathogen-free (SPF) conditions at 25 ◦C, 50 % relative humidity and a 12-h/12-h 
light/dark cycle. The animals were permitted to eat food and drink water preoperatively and postoperatively. Rats were subsequently 
randomized into three groups (n = 10 for each group): the sham (sham), I/R injury (I/R), or I/R injury with BPM treatment (I/R +
BPM) groups. The rats in the I/R + BPM group were orally administered BPM (20 mg/kg) once a day for 1-week preoperatively, while 
other groups were given normal saline as control. 

After the rats were weighed, they were intraperitoneally injected with sodium pentobarbital solution (40 mg/kg). Following 
eyelash reflex detection, each rat was placed on a constant-temperature bench and fixed in place. After the hair was removed, the skin 
was disinfected with iodophor alcohol applied t on the right side of the back. Thereafter, one cross-regional flap of 9 cm × 2 cm was cut, 
where the iliolumbar artery (area I) was used as the pedicle, while the valve area spanned from the posterior intercostal artery to the 
thoracic dorsal artery (both of which were ligated) (area II). Following complete skin flap lifting, hemostasis was achieved, and sutures 
were used to close the skin 0.5 cm from the skin edge at 1 cm intervals [35]. The vascular bundle of the rats in I/R group was clamped 
with a microvascular clamp for 3 h to induce skin flap ischemia, while the rats in the sham group were not clamped [36]. 

All animal experiments complied with the ARRIVE guidelines and were carried out in accordance with either the U.K. Animals 
(Scientific Procedures) Act, 1986 and associated guidelines, the European Communities Council Directive 2010/63/EU or the National 
Institutes of Health – Office of Laboratory Animal Welfare policies and laws. This study was approved by the Ethics Committee of 
Nanjing Normal University, with ethics approval reference 2023-05-615A. All the experiments were carried out in accordance with the 
guidelines of the China Council on Animal Care and Use. Inhumane behaviors were not applied to the rats unless necessary. 
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2.3. Skin flap survival evaluation 

Rats were sacrificed at 8 days postsurgery, and a digital camera was used to take photographs of the flaps. The flap necrotic area 
was measured with the use of the Image-Pro Plus V6.0 image analysis system, and the following formula was used to calculate the flap 
survival rate: flap survival rate = flap survival area (cm2)/total flap area (cm2) × 100 %. The necrosis of skin flaps was determined 
based on black color, tissue retraction, hard texture, low elasticity, and nonbleeding when the flap was cut [35]. After taking pho-
tographs, the middle of the flap tissue (1 × 1 cm2 in size) from the proximal area of the vascular axis of the skin flap was collected, and 
diced into small blocks for further study. Blood samples were collected from the eye socket of mice. Samples for biochemical ex-
periments were stored at − 20 ◦C. 

2.4. Histological examination of the skin flap 

The flap tissue samples were fixed with 4 % paraformaldehyde, embedded in paraffin, and cut into 4-μm sections. Sections were 
deparaffinized and subjected to deparaffinization and hematoxylin & eosin (HE) staining. The tissue damage score was subsequently 
calculated to assess histological changes in HE-stained slides according to previous methods [36,37] after mild modifications. Spe-
cifically, the tissue damage score was determined based on pathological results, such as intravascular microthrombosis, hyperemia and 
inflammatory cell infiltration, as follows: 0 (none), 1 (trivial), 2 (mild), 3 (moderate), and 4 (severe). Finally, the flap tissue structure 
and cells were monitored [36]. 

2.5. Oxidative stress status and inflammatory factors evaluation 

This work evaluated flap oxidative stress status by determining the levels of malondialdehyde (MDA), superoxide dismutase (SOD), 
glutathione peroxidase (GSH-Px), and myeloperoxidase (MPO) within skin flap tissue. In brief, 1 × 1 cm2 of tissue was isolated from the 
flap center of each group, after which the samples were weighed, homogenized and diluted with ddH2O2 to 10 % (v/v) within an ice 
bath. After 15 min of centrifugation of the homogenate at 600×g and 4 ◦C, the supernatants were harvested to measure MDA, SOD, 
GSH-Px, and MPO levels using a commercial kit in accordance with the manufacturer’s instructions (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China). The concentrations of TNF-α and IL-6 were measured by ELISA kits according to the manufacturer’s 
instructions (Elabscience Biotechnology, Wuhan, Hubei, China). 

2.6. Skin flap mRNA extraction and RT‒qPCR 

Total RNA was isolated from the skin flaps of the rats with RNA Miniprep reagent (Beyotime, China) in accordance with specific 
protocols and was subsequently reverse transcribed into cDNA (Vazyme Biotech, Nanjing, China). TLR4, TNF-α, IL-6, IL-1β, Nrf2 and 
HO-1 levels were determined using SYBR Green PCR Master Mix (Vazyme Biotech, Nanjing, China). Additionally, an ABI Viia 7 Real- 
Time PCR system (ABI USA, Los Angeles, CA, USA) was used for RT‒qPCR, with GAPDH serving as the endogenous reference. Table 1 
lists all the primers used. The 2− ΔΔCt approach was utilized for calculating relative mRNA expression. 

2.7. Western blot analysis 

Total protein samples from the skin flaps were separated via 10 % SDS‒PAGE and subsequently transferred to PVDF membranes 
(Millipore, Boston, MA, USA). Thereafter, 5 % bovine serum albumin in combination with TBST was added to the membranes, which 
were incubated overnight at 4 ◦C with primary antibodies against TLR4, p-IκB, NFκB p65, p-p65, IL-6, Keap1, TNF-α, Nrf2, HO-1 and 
GAPDH (1:2000; Abcam, USA). Thereafter, goat anti-rabbit secondary antibody (1:40,000) was added for further membrane incu-
bation. Then, the membranes were rinsed three times, and the bands were visualized with a chemiluminescent agent (Vazyme Biotech, 
Nanjing, China). Finally, ImageJ software was used for image analysis. All protein bands were normalized to the band corresponding to 
GAPDH. 

2.8. Cell culture 

RAW 264.7 murine macrophages were obtained from the Chinese Academy of Sciences cell bank and cultivated in DMEM (Gibco, 

Table 1 
Primer sequences used in RT‒qPCR.  

Gene Forward Reverse 

TLR4 TCTGCCCTGCCACCATTTACA CAGGTCT-AAAGAGAGATTGAC 
TNF-α CCAACAAGGAGGAGAAGTTCC CTCTGCTTGGTGGTTTGCTAC 
IL-6 ACAAAGCCAGAGTCCTTCAGAG GGCAGAGGGGTTGACTT 
IL-1β GGAACCCGTGTCTTCCTAAAG CTGACTTGGCAGAGGACAAAG 
Nrf2 AACAACGCCCTAAAGCA TGGATTCACATAGGAGC 
HO-1 CACGTATACCCGCTACCT CCAGTTTCATTCGAGCA 
GAPDH CGCTTCACGAATTTGCGTGTCAT GAAGATGGTGATGGGATTTC  
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USA) supplemented with 10 % fetal bovine serum (Gibco, USA) and 1 % penicillin/streptomycin (Gibco, USA) under 5 % CO2 and 
37 ◦C conditions. The passage of Raw 264.7 cells was conducted every other day to prevent autodifferentiation. A Scepter™ 2.0 Cell 
Counter (Millipore, USA) was used to maintain a 50–80 % cell density. Only cells at the exponential phase were used in subsequent 
analyses. 

2.9. Cell viability detection through the CCK-8 assay 

RAW 264.7 cells ((1 × 104/well) were inoculated into a 96-well microplate for a 24-h period under 5 % CO2 and 37 ◦C conditions. 
Thereafter, the cells were subjected to treatment with sterilized BPM filtered with a 0.22 μm filter membrane at various doses (50, 100, 
200, 400, and 800 μg/mL) for a 24-h period, and cell viability was measured using a Cell Counting Kit-8 (CCK-8; Vazyme, China). After 
incubation for 24 h, CCK-8 solution was added to each well, after which the cells were incubated at 37 ◦C. The absorbance was 
measured with a microplate reader at 450 nm (A450). Every assay was conducted in triplicate to obtain the average value. 

2.10. In vitro evaluation of the anti-inflammatory and antioxidant activities of BPM 

To further investigate whether BPM exerts anti-inflammatory and antioxidative effects on cells, inflammation was aggravated by 
the addition of lipopolysaccharide (LPS) [38]. Thereafter, we inoculated RAW 264.7 cells into 6-well plates (5 × 105 cells/ml) and 
introduced sterilized BPM (50, 100, 200 μg/mL) filtered with a 0.22 μm filter membrane into RAW 264.7 cell medium and incubated 
the mixture for 40 min at 37 ◦C. Furthermore, LPS (1 μg/ml) was introduced to induce inflammatory responses by further incubation 
for 8 h. Then, we detected inflammatory markers and oxidative stress markers by Western blot analysis (TLR4, IL-6, TNF-α, p-IκB, 
p-p65, Nrf2, HO-1, and Keap1). 

On the other hand, the ROS-fluorescent probe (Thermo Fisher) was added for 30 min of RAW 264.7 cell incubation, followed by the 
addition of sterilized BPM (200 μg/mL) to DMEM. After coincubation for 30 min, H2O2 (100 μM) was added to induce ROS generation 
for a 30-min period [38]. Cells incubated with only the ROS-fluorescent probe were set as the control group, while those treated with 
both the probe and H2O2 were set up as the H2O2 group. The fluorescence intensity was determined via BD flow cytometry. Then, 
fluorescence microscopy was conducted for image acquisition at an excitation wavelength of 480 nm (the emission wavelength = 525 
nm). The levels of SOD and GSH-Px were measured by commercial kits according to the manufacturer’s instructions (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China). To examine the abilities of BPM in scavenging free radicals, we evaluated them using 
DPPH according to the method as described previously [39]. 

Fig. 1. The bioactive peptide from maggots (BPM) mitigated Ischemia‒reperfusion (I/R) injury within skin flaps sutured to rats. (A) Representative 
images of the skin flaps in each group (scale bar: 50 mm). (B) Flap survival rate after I/R injury. (C) Typical H&E staining images showing tissue 
damage in each group and microthrombi in skin flaps treated with BPM (scale bar: 100 μm). The I/R group exhibited severe hyperemia, inflam-
matory cell infiltration, and intravascular microthrombi. (D) Tissue damage score of each group. The score of the BPM treatment group was 
markedly lower than that of the I/R group. The results are presented as the means ± SDs. *P < 0.05, **P < 0.01, and ***P < 0.001; ns, 
not significant. 
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2.11. Statistical analysis 

GraphPad Prism 9.00 (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis. Two-tailed Student’s t tests 
were used to compare the significance of differences between two groups. p < 0.05 indicated statistical significance. The results were 
obtained from three or more separate assays. 

3. Results 

3.1. BPM alleviated skin flap I/R injury 

To observe the beneficial effect of BPM on skin flap survival after I/R injury, skin morphological changes and flap survival rates 
were analyzed. In general, the necrotic tissue in the flap was gray, brown or black, with no elasticity. In contrast, the surviving flap was 
white or pink and maintained normal elasticity (Fig. 1A). The average flap survival rates of the Sham, I/R, and I/R + BPM groups at 8 
days post-operation were 79.3 ± 3.5 %, 42.1 ± 4.0 %, and 62.6 ± 5.1 %, respectively. Clearly, the I/R group exhibited a markedly 
decreased flap survival rate in comparison with that of the Sham group. In contrast, compared with those in the I/R group, the flap 
survival rate in the I/R + BPM group was significantly higher, indicating markedly improved tissue injury (Fig. 1B). 

Additionally, histopathological changes in the skin flap after I/R injury were monitored. The stratum corneum and flap subcu-
taneous tissue did not exhibit any abnormalities or significant edema in the Sham group (Fig. 1C). The scattered distribution of a low 
proportion of neutrophils within the interstitial space was observed, with near arrangement of fibers and an intact blood vascular wall 
in the Sham group. Nonetheless, edema and exfoliation were observed in a portion of the epidermis in the I/R group (Fig. 1C). Fracture 
and disordered arrangement of the fiber structure were also observed. Inflammatory cell infiltration was observed within the flap. In 
contrast, overall, the flap tissue structure was intact, with mild edema and inflammatory cell infiltration in the BPM treatment group 
(Fig. 1C). Neat fiber structure could be seen, the blood vascular wall was intact, and the tissue damage score was significantly 
decreased compared to I/R group (Fig. 1D). We also examined H&E–stained sections of crucial metabolic organs, such as the hearts, 
livers, spleens, kidneys, and lungs. No structural differences or signs of inflammatory cell infiltration were found (Fig. S2A). 
Furthermore, we analyzed serum biochemical markers of hepatic and renal functions, namely, alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine (Cr), and found no indications of damage (Fig. S2B). 

3.2. BPM inhibited oxidative stress and inflammation during skin flap I/R injury 

I/R injury typically results in the generation of excessive inflammatory factors, such as TNF-α and IL-1β, as well as IL-6. In addition, 
MDA, SOD, MPO, and GSH-Px are key oxidative stress markers during I/R injury. To assess oxidative stress injury resulting from skin 
flap I/R injury, MDA, MPO, GSH-Px, and SOD levels were analyzed within surgical flaps. The downregulation of SOD and GSH-Px after 
I/R injury could be reversed by BPM treatment (Fig. 2A and B). The I/R group presented higher levels of MDA and MPO than did the 
Sham group, while BPM treatment markedly downregulated the above markers of oxidative stress (Fig. 2C and D). Moreover, BPM 
treatment inhibited the expression of proinflammatory factors. As a result, TNF-α and IL-6 expression markedly decreased in the BPM 
treatment groups compared to that in the I/R injury groups (Fig. 2E and F). Based on the above findings, BPM mitigated oxidative stress 

Fig. 2. BPM inhibited oxidative stress and inflammation in I/R-injured flaps. SOD (A), GSH-Px (B), MPO (C), and MDA (D) levels within flap tissue 
were analyzed through chemical chromatometry. ELISA was also conducted to determine the levels of proinflammatory factors, such as TNF-α (E) 
and IL-6 (F). The results are presented as the means ± SDs. *P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant. 
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and inflammation. 
The therapeutic efficacy of BPM in skin flap I/R injury was mediated by the regulation of the Nrf2/HO-1 and TLR4/NF-κB 

pathways. 
Based on our aforementioned results, BPM significantly negatively suppressed oxidative stress and inflammatory responses. To 

validate the mechanism related to the protective effect of BPM, pathways related to the therapeutic efficacy of BPM were evaluated. 
Given that NF-κB plays an important role in inflammation, we examined how BPM affects its activation in skin samples. Here, 
compared with those in the Sham group, the I/R injury group showed marked upregulation of TLR4, p-IκB, p-p65, IL-6, and TNF-α 
(Fig. 3A–G). Nonetheless, the protein levels were apparently downregulated after BPM treatment. Moreover, we examined oxidative 
stress-related protein levels. Nrf2 and HO-1 levels in the I/R group apparently decreased. Consistently, treatment with BPM was 
capable of restoring or enhancing Nrf2 and HO-1 levels (Fig. 3H–J). I/R injury elevated Keap1 expression within skin samples, but BPM 
markedly reduced Keap1 expression (Fig. 3H and K), leading to the activation of Nrf2. Taken together, our data demonstrated that BPM 
contributed to the protective effects of I/R injury on skin flaps by activating the Nrf2/HO-1 pathway and hindering the TLR4/NF-κB 
pathway. 

3.3. BPM regulated the transcript expression of inflammation and oxidative stress indicators 

To determine how BPM affects I/R-injured skin flaps, proinflammatory factor and Nrf2 mRNA expression in skin samples was 
determined via qRT‒PCR. Consistent with the protein levels, I/R injury markedly increased the mRNA expression of proinflammatory 
factors, such as TLR4, TNF-α, IL-6, and IL-1β (Fig. 4A–D). Treatment with BPM almost completely suppressed this upregulation 
(Fig. 4A–D). Additionally, Nrf2 and HO-1 mRNA expression in the I/R group was dramatically lower than that in the Sham control 
group (Fig. 4E and F). Again, treatment of rats with BPM significantly antagonized I/R-induced changes (Fig. 4E and F). As revealed by 
the mRNA regulatory results, BPM had favorable effects on I/R-injured skin flaps by modulating the Nrf2/HO-1 and TLR4/NFκB 
pathways. 

3.4. BPM exerted antioxidant and anti-inflammatory effects by scavenging endogenous ROS in vitro 

Low cytotoxicity is an important factor for investigating whether antioxidant and anti-inflammatory agents can be added to cells as 
free radical scavengers. Therefore, the in vitro cytotoxicity of BPM was assessed by observing the cell survival rate after BPM incu-
bation. As shown in Fig. 5A, the non-BPM-treated cells were assigned a 100 % cell viability. BPM exhibited lower cytotoxicity at <200 
μg/mL (Fig. 5A). However, when the doses of BPM increased from 200 to 800 μg/mL, the cell viability markedly decreased from 110.4 
% to 52.3 %, respectively (Fig. 5A). Therefore, we chose a dose of 200 μg/mL for analyzing inflammation and oxidative stress marker 

Fig. 3. BPM inhibited the TLR4/NF-κB pathway and enhanced the Nrf2/HO-1 pathway within I/R-injured skin flaps. (A) Western blotting was 
conducted to determine the protein levels of TLR4, p-IκB, NFκB p65, p-p65, IL-6, and TNF-α. (B–G) TLR4, p-IκB, NFκB p65, p-p65, IL-6, and TNF-α 
protein levels were normalized to those of GAPDH. (H) Western blotting was conducted to analyze Nrf2, HO-1, and Keap1 protein expression. (I–K) 
The graphs indicate the quantitative results. Three separate assays were carried out, and the results were similar. The results are presented as the 
means ± SDs. *P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant. 
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protein levels in BMP-treated LPS-triggered RAW 264.7 cells. As demonstrated in Fig. 5B, the scavenging capabilities toward DPPH 
radicals were significantly enhanced when the treatment of BPM were dose-dependently increased. 

Under normal conditions, cells can balance endogenous antioxidase activities precisely to maintain low ROS levels. Therefore, 
fluorescence images revealed H2O2-mediated ROS generation and BPM-induced ROS scavenging in RAW 264.7 cells (Fig. 5C and D). 
BPM evidently scavenged endogenous ROS relative to H2O2-treated cells, as evidenced by the reduced green fluorescence/ROS signal 
intensity (Fig. 5C and D). In addition, endogenous antioxidases such as SOD and the nonenzymatic antioxidant GSH-Px can prevent the 
release of cytotoxic ROS and reactive nitrogen species (RNS) in cells and organisms. To determine the mechanism by which BPM 
scavenges endogenous ROS in H2O2-treated RAW 264.7 cells, we measured SOD and GSH-Px antioxidase activities in RAW 264.7 cells 
(Fig. 5E and F). SOD and GSH-Px activities in RAW 264.7 cells decreased after 100 μmol/L H2O2 treatment but were markedly elevated 
in H2O2-treated RAW 264.7 cells following BPM treatment. These findings indicate that BPM could prevent H2O2-mediated reductions 
in SOD and GSH-Px activity within RAW 264.7 cells, likely facilitating antioxidant and anti-inflammatory activities. 

BPM ameliorated inflammation and oxidative stress in LPS-stimulated RAW 264.7 cells via activation of Nrf2/HO-1 and sup-
pression of the TLR4/NF-κB pathway in a dose-dependent manner. 

To elucidate the critical mechanisms related to the potential function of BPM, we analyzed indicators related to inflammation and 
oxidative stress in LPS-treated RAW 264.7 cells after treatment with BPM at various doses. As a result, LPS markedly promoted TLR4, 
p-p65, p-IκB, IL-6, TNF-α, and Keap1 expression but reduced Nrf2 and HO-1 expression in RAW 264.7 cells (Fig. 6A and B), suggesting 
that LPS plays a role in activating inflammation- and oxidative stress-related pathways. BPM administration significantly reversed the 
changes in the expression of the above proteins in a dose-dependent manner (Fig. 6A–J). Thus, herein we demonstrated that BPM could 
suppress the upregulation of proinflammatory factors and oxidative stress by activating Nrf2/HO-1 while suppressing the TLR4/NF-κB 
signaling pathways in a dose-dependent manner. 

4. Discussion 

Progress is being made in repair and reconstruction surgery, and different free flap graft reconstruction surgeries are being per-
formed in clinical practice [40,41]. Avoiding I/R injury during free flap transplantation can be challenging, and it may cause complete 
or partial flap necrosis [42,43]. It is important to explore I/R injury mechanisms and discover efficient agents for reducing and 
preventing skin I/R injury. A number of bioactive peptides, such as collagen from fishes and crude mucus from catfish, may be used to 
accelerate skin repair [44–46]. Many peptides with low molecular weights can be easily absorbed and may display favorable physi-
ological effects, such as anti-inflammatory, antioxidative, antimicrobial, and skin repair effects, as well as improved collagen synthesis 
[47–49]. As reported in one prior study, a cecropin-like maggot-derived peptide displayed strong anti-inflammatory and antimicrobial 
effects on gram-negative bacteria [50]. Our previous works [51,52] verified that maggot extracts protected against acute inflammation 
and oxidative stress in ulcerative colitis. This study clearly demonstrated that BPM exerted a protective effect on flap I/R injury and 
promoted flap survival while reducing inflammatory factor levels and oxidative stress injury, and the specific molecular mechanism 
related to the role of BPM in flap I/R injury might be correlated with the regulation of the Nrf2/HO-1 and TLR4/NF-κB pathways. 

To further understand the molecular mechanism related to flap I/R injury, we constructed a flap I/R injury rat model. Eight days 
after surgery, flap survival rates were determined. The results showed that I/R group had markedly decreased flap survival, whereas I/ 

Fig. 4. BPM regulated proinflammatory factors and Nrf2 at the transcript level. The mRNA expression of proinflammatory factors, such as TLR4 (A), 
TNF-α (B), IL-1β (C), and IL-6 (D), and oxidative stress-associated proteins, such as Nrf2 (E) and HO-1 (F), in skin tissues was measured through RT‒ 
qPCR, with GAPDH serving as the endogenous reference. The results are presented as the means ± SDs. *P < 0.05, **P < 0.01, and ***P < 0.001; ns, 
not significant. 
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R + BPM group showed markedly increased flap survival, compared to I/R group, suggesting that BPM could protect I/R injury within 
the skin flap. The inflammatory response has a critical effect on I/R-injured skin flaps [53]. Inflammatory cytokines can enhance 
macrophages, causing validated cascades and aggravated tissue injury [54]. As shown in other studies, oxidants, such as ROS and lipid 
peroxides, are involved in flap graft reconstruction operations, thus leading to I/R injury [55]. Our findings indicated that rats 
experiencing skin flap I/R presented elevated TNF-α and IL-6 expression, and BPM intake markedly downregulated these proin-
flammatory factors. In addition, SOD and GSH-Px activities were markedly enhanced, whereas MPO and MDA levels were markedly 
decreased within skin tissues in the I/R group. Administration of BPM suppressed these alterations. Thus, it was confirmed that BPM 
regulated I/R injury within the flap skin. 

The Nrf2/HO-1 and TLR4/NF-κB pathways play important roles in the inflammatory response and oxidative stress during I/R 
injury. The Nrf2 pathway regulates numerous antioxidant proteins and detoxification enzymes, such as GSH-Px, HO-1, and SOD. 

Fig. 5. BPM was capable of scavenging endogenous ROS and increasing antioxidant enzyme activities in vitro. (A) RAW 264.7 cell activity following 
24-h BPM treatment at various doses (0, 50, 100, 200, 400, and 800 μg/mL). (B) The DPPH radicals scavenging activities of BPM were increased 
dose-dependently. (C–D) Cells were stimulated with H2O2 for a 30-min period, and BMP was added as therapy. Green fluorescence indicates the 
amount of ROS produced (scale bar: 50 μm). (E–F) SOD and GSH-Px activities in RAW 264.7 cells were analyzed through chemical chromatometry. 
The results are presented as the means ± SDs. *P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant. 
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Consequently, the Nrf2 pathway has a critical effect on the cellular defense system [38]. Activated Nrf2, which positively regulates 
HO-1 transcription, has an important effect on decreasing gastrointestinal inflammation together with oxidative stress [56,57]. The 
redox-sensitive transcription factor NFκB plays a crucial role in innate immunity, inflammation, and tissue integrity maintenance and 
can modulate the levels of proinflammatory cytokines, such as TLR4, p-p65, p-IκB, IL6, and TNF-α, eventually inducing immune 
dysfunction and local inflammation and triggering the positive feedback loop that induces inflammation, causing I/R injury [58,59]. 
As reported in other studies, erythropoietin pretreatment mitigates lung I/R injury through the TLR4/NF-κB pathway [60]. In addition, 
recombinant human growth hormone and luteolin protect against skin flap I/R injury through the TLR4/NF-κB pathway and decrease 
ROS levels [61]. According to our data, BPM exerted direct suppressive effects on the upregulation of proinflammatory cytokines, 
including TLR4, p-IκB, p-p65, TNF-α, and IL-6. Additionally, following BPM treatment, it directly activated Nrf2 and HO-1 in I/R 
injury. Consistently, the anti-inflammatory and antioxidative functions of BPM were confirmed in vitro. According to the results of the 
CCK-8 assay, 24 h of BPM treatment at 200 μg/mL did not obviously change RAW 264.7 cell viability, suggesting that BPM had a mild 
cytotoxic effect. The excellent efficacy and low toxicity of BPM in vivo highlighted that BPM might be useful for treating skin flap I/R 
injury. 

To conclude, our findings demonstrated that BPM has therapeutic efficacy on I/R-injured skin flaps. This work is the first to clarify 
that the mechanisms underlying BPM are possibly associated with the inhibition of the inflammatory response and oxidative stress 
damage by Nrf2/HO-1, as well as the TLR4/NF-κB pathway. Based on the above findings, BPM may serve as a promising compound for 
the therapy of flap I/R injury. 
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Fig. 6. BPM dose-dependently suppressed inflammation and oxidative stress in LPS-stimulated RAW 264.7 cells. (A–B) TLR4, p-IκB, p-p65, IL-6, 
TNF-α, Nrf2, HO-1, and Keap1 protein levels were determined through Western blotting. (C–J) The graphs indicate the quantitative results. 
Three separate assays were conducted to obtain the results. The results are presented as the means ± SDs. *P < 0.05, **P < 0.01, and ***P < 0.001; 
ns, not significant. 
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