
Article Discovery Medicine 2025; 37(201): 2428–2438
https://doi.org/10.24976/Discov.Med.202537201.205

Copyright: © 2025 The Author(s). Published by Discovery Medicine. This is an open access article under the CC BY 4.0 license.
Note: Discovery Medicine stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Targeting Inflammatory and Fibrotic Responses:
Butorphanol Orchestrates Wound Healing by
Suppressing the IL-6/p38/JNK Pathway
Minlie Yang1, Yang Yang1, Gaofeng Shi1, Yun Guo1, Tianfan Xuan1, Dan Sun1,
Lingtao Ding1,*, Xian Ding2,*
1Burns and Trauma Treatment Center, Affiliated Hospital of Jiangnan University, 214122 Wuxi, Jiangsu, China
2Department of Anesthesiology, Affiliated Hospital of Jiangnan University, 214122 Wuxi, Jiangsu, China
*Correspondence: dinglingt00@126.com (Lingtao Ding); dingxian_dx36@163.com (Xian Ding)
Submitted: 13 June 2025 Revised: 28 August 2025 Accepted: 4 September 2025 Published: 20 October 2025

Background: Excessive inflammation and fibrosis during wound healing can cause delayed repair and pathological scar forma-
tion. This study aimed to investigate the effects of butorphanol on inflammation and fibrosis during wound healing and to explore
the underlying molecular mechanisms.
Methods: A rat burn wound model was established and treated with varying doses of butorphanol. Wound closure rates were
recorded on days 3, 7, 10, and 14 post-injury. Histological analyses were performed to assess tissue repair and fibrosis. Expres-
sion levels of pro-inflammatory cytokines, macrophage polarizationmarkers, fibrosis-related proteins, and p38/c-Jun N-terminal
kinase (JNK) signalingmolecules weremeasured using real-time quantitative polymerase chain reaction (RT-qPCR), immunohis-
tochemistry, andWestern blotting. Pharmacological inhibitors and agonists targeting the interleukin-6 (IL-6)/p38/JNK pathway
were applied to validate mechanistic involvement.
Results: Butorphanol significantly accelerated wound healing, reduced inflammatory cell infiltration, and downregulated pro-
inflammatory cytokines in the early stages (p < 0.05). It promoted macrophage polarization toward the anti-inflammatory M2
phenotype by increasing Cluster of Differentiation (CD)206 expression and suppressing CD86 expression (p< 0.05). Temporally,
butorphanol enhanced the early expression of fibrosis-associated markers to support the transition to the proliferative phase,
while suppressing their excessive late-stage expression to prevent pathological scarring (p< 0.05). Mechanistically, butorphanol
inhibited activation of the IL-6/p38/JNK signaling pathway, as evidenced by altered pathway activity following pharmacological
modulation, thereby regulating inflammation and fibrosis during healing (p < 0.05).
Conclusion: Butorphanol promotes orderly wound healing by modulating inflammation and fibrosis through regulation of the
IL-6/p38/JNK signaling axis. These findings establish butorphanol as a promising therapeutic candidate for enhancing burn
wound repair, and offer new perspectives on the IL-6/p38/JNK axis as a potential molecular target for regulating inflammation
and fibrosis.
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Introduction

Wound healing is a dynamic, tightly regulated biolog-
ical process through which the body restores tissue integrity
and function following skin or tissue injury [1]. This pro-
cess typically progresses through three overlapping phases:
inflammation, proliferation, and remodeling. While most
wounds heal effectively under normal physiological condi-
tions, the process is often accompanied by the formation
of scar tissue [2]. Scars are fibrotic tissues resulting from
aberrant collagen overproduction and disorganized deposi-
tion during dermal reconstruction, reflecting the incomplete
restoration of the original tissue architecture and function
[3]. The primary contributors to scar formation include ex-
cessive early inflammation, abnormal fibroblast activation,

imbalanced collagen synthesis, and dysregulation of signal-
ing pathways regulating extracellular matrix (ECM) remod-
eling [4,5]. Pathological scars, including hypertrophic scars
and keloids, commonly arise in the context of deep burns,
extensive trauma, or impaired healing environments [6].
Current therapeutic approaches, such as pharmacological
agents, physical therapies, and surgical excision, are limited
by suboptimal efficacy, high recurrence rates, and adverse
side effects [7]. Beyond cosmetic concerns, scar forma-
tion may cause pruritus, pain, and functional impairment,
imposing significant psychological and financial burdens
on patients [8]. Therefore, elucidating the mechanisms of
scar formation during wound healing and developing safer,
more effective interventions remain central goals in regen-
erative medicine and tissue repair research.
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Butorphanol is a synthetic opioid analgesic that acts
as a κ-opioid receptor agonist and partial µ-opioid recep-
tor agonist [9]. It provides strong analgesic efficacy, fa-
vorable safety, and minimal respiratory depression, mak-
ing it widely used for postoperative, obstetric, and cancer-
related pain management. Recent studies suggest that bu-
torphanol may also facilitate wound healing. In Sprague-
Dawley (SD) rat models, butorphanol significantly ac-
celerated wound healing, reduced pro-inflammatory cy-
tokines interleukin-1 (IL-1) and interleukin-6 (IL-6), and
increased anti-inflammatory interleukin-10 (IL-10) expres-
sion by day 10 post-operation, thereby shortening healing
time and improving wound repair [10]. Interleukin-6 (IL-
6) is a pleiotropic type II cytokine essential for immune
regulation, cell proliferation, and tissue repair [11]. IL-
6 activates downstream mitogen-activated protein kinase
(MAPK) and phosphoinositide 3-kinase (PI3K) signaling
cascades to regulate cell proliferation, migration, and dif-
ferentiation [12]. Previous research has demonstrated that
butorphanol suppresses the proliferation and metastasis of
hepatocellular carcinoma cells by modulating MAPK sig-
naling, particularly by inhibiting phosphorylation of p38
and c-Jun N-terminal kinase (JNK) [13]. Both p38 and
JNK phosphorylation play key roles in wound healing. The
p38 kinase cascade is essential for wound contraction, while
JNK inhibition promotes the differentiation and migration
of epidermal keratinocytes, thereby accelerating wound re-
pair [14]. Therefore, the present study aimed to investi-
gate the potential mechanisms underlying the effects of bu-
torphanol on wound healing, focusing on its potential to
attenuate excessive inflammation and fibrotic scar forma-
tion by inducing macrophage polarization toward an anti-
inflammatory phenotype. Moreover, we explored the in-
volvement of the IL-6/p38/JNK signaling pathway in me-
diating these effects. A deeper understanding of butor-
phanol’s role in modulating inflammatory responses and fi-
brosis may not only reveal novel mechanisms of scar miti-
gation but also support its therapeutic potential as a multi-
functional agent to improve wound healing outcomes.

Materials and Methods

Animals
A total of 72 SD rats (8–10 weeks old; approxi-

mately 300 g) were obtained from Hangzhou Medical Col-
lege (Hangzhou, China). Rats were housed under con-
trolled conditions (22 ± 2 °C, 55 ± 10% humidity, 12-
hour light/dark cycle) with free access to water and standard
chow. Animals were acclimatized for one week before ex-
perimentation.

Animal Grouping
SD rats were randomly divided into four groups

(n = 12 per group): Control, Butorphanol-Low (B-L),
Butorphanol-Medium (B-M), and Butorphanol-High (B-

H). A burn wound model was established as previously de-
scribed [15]. Briefly, rats were anesthetized with 4% isoflu-
rane (R510-22-10, RWD, Shenzhen, China). After shav-
ing the dorsal hair, depilatory cream (PH1877, Phygene,
Fuzhou, China) was administered for three minutes. A pre-
heated 8 mm diameter metal rod (xk-materials, Changsha,
China), immersed in hot water, was applied to the raised
dorsal skin for 10 seconds to induce a standardized burn.
Following injury, rats in the B-L, B-M, and B-H groups
received subcutaneous butorphanol injections (027-19003,
FUJIFILMWako, Guangzhou, China) at doses of 1 mg/kg,
2.5 mg/kg, and 5 mg/kg, respectively, four times daily for
14 days [13]. Control rats received equal volumes of normal
saline (ST341, Beyotime, Shanghai, China) on the same in-
terval. All animals were hydrated and treated with topical
ketoprofen gel (https://www.bjhanmi.com.cn/front/en/cpzx
_3_2.jsp, Hanmi Pharmaceutical, Beijing, China) for anal-
gesia before being returned to individual cages.

On days 3, 7, 10, and 14 post-injury, burn sites
were photographed under 4% isoflurane anesthesia using
a stereomicroscope fitted with an Amscope MD200 cam-
era (AmScope, Los Angeles, CA, USA). Relative wound
area (%) was calculated as wound area/original wound
area × 100%. No abnormalities in animal activity, feed-
ing, drinking, or hair condition were observed during the
study. On days 3, 7, 10, and 14, three animals from each
group were anesthetized with isoflurane (3% induction,
1.5% maintenance) mixed with compressed air, and eu-
thanized by intravenously-administered pentobarbital (150
mg/kg, P3761, Sigma-Aldrich, St Louis, MO, USA). Burn
tissues were excised, bisected, and utilized for gene expres-
sion tests on one half and histological analysis on the other.

In a separate experiment, SD rats were randomly di-
vided into four groups (n = 6 per group): Control, B-H, B-H
+ Exogenous IL-6 (FIL-6), and B-H + Anisomycin. FIL-6
was prepared by pre-mixing recombinant interleukin-6 (IL-
6, 500 ng, 506-RL, R&D Systems, Shanghai, China) with
recombinant soluble IL-6 receptor alpha subunit (sIL-6Rα,
500 ng, HEK293, MCE, Shanghai, China) in a 1:1 molar
ratio. One hour after burn induction, rats in the B-H, B-H
+ FIL-6, and B-H + Anisomycin groups received 5 mg/kg
of butorphanol subcutaneously four times daily for 14 days.
Additionally, the B-H + FIL-6 group received intravenous
FIL-6 once daily for 14 days [16], while the B-H + Ani-
somycin group received intravenous injection of the JNK
activator anisomycin (5 mg/kg, HY-18982, MCE, Shang-
hai, China) once daily for 14 days [17]. Control group
treatment and analgesia were as described above. No ab-
normalities in animal behavior, feeding, drinking, or hair
condition were observed. On days 3 and 14, three ani-
mals per group were anesthetized under isoflurane anesthe-
sia, and euthanized by intravenously-administered pento-
barbital (150 mg/kg, P3761, Sigma-Aldrich, St Louis, MO,
USA), and burn tissues were collected, bisected, and used
for histology and expression analysis.
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Table 1. Primers used for real-time PCR in this study.
Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

IL-6 TCTTGGTCCTTAGCCACTCC TCTTGGTCCTTAGCCACTCC
IL-1β CTATGTCTTGCCCGTGGAG CTGCTTGAGAGGTGCTGATG
TNF-α TCTTCTCATTCCTGCTCGTG GAGGCTGACTTTCTCCTGGT
COL3α1 CAAGGCTGCAAGATGGATGC AGCTGAACTGAAAGCCACCA
COL1α1 GGTGGTTATGACTTCAGCTTCC CAGTACTCTCCGCTCTTCCAGT
GAPDH CCGGGAAACTGTGGCGTGATGG AGGTGGAGGAGTGGGTGTCGCTGTT
PCR, polymerase chain reaction; IL-6, interleukin-6; IL-1β, interleukin-1 beta; TNF-α, tumor necro-
sis factor-alpha; COL3α1, collagen type III alpha 1; COL1α1, collagen type I alpha 1; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

Histological Analysis
Burn tissues were fixed, embedded in paraffin (8002-

74-2, Nanjing Reagent, Nanjing, China), and sectioned
at 5 µm thickness. Consecutive sections from different
time points were mounted on slides. Hematoxylin and
eosin (HE) staining (C0105, Beyotime, China) was per-
formed to evaluate wound structure and area. Masson’s
trichrome staining (C0189, Beyotime, China) was used to
assess collagen and muscle fiber deposition in various sec-
tions. Stained tissues were examined under a light micro-
scope (200×; Nikon Eclipse 80i, Nikon, Tokyo, Japan).
Positively stained muscle and collagen were quantified us-
ing ImageJ software (1.47v, National Institutes of Health,
Bethesda, MD, USA).

Reverse Transcription Quantitative Polymerase
Chain Reaction (RT-qPCR)

Total RNA was extracted from burn tissues us-
ing TRIzol reagent (A33250, Thermo Fisher Scien-
tific, Waltham, CA, USA). RNA was reverse-transcribed
into complementary DNA (cDNA) using a reverse tran-
scription kit (04379012001, Roche, Basel, Switzer-
land). Quantitative PCR was performed on an ABI
PRISM 7300 Real-Time PCR system (Applied Biosys-
tems, Waltham, CA, USA) with SYBR Green PCR Mas-
ter Mix (4344463, Thermo Fisher Scientific, Waltham,
CA, USA). Primer sequences (Tsingke, Beijing, China) are
listed in Table 1. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) served as the internal reference. Relative
gene expression was calculated using the 2−∆∆CT method.
For group comparisons, the expression ratio of each target
gene to GAPDH in the Control group was normalized to
100%, and the ratios of the experimental groups were ex-
pressed relative to this baseline.

Immunohistochemistry (IHC)
Paraffin-embedded burn tissue sections (5 µm) were

subjected to antigen retrieval in citrate buffer (C2488,
Sigma-Aldrich, St Louis, MO, USA). Following wash-
ing, sections were blocked with 5% bovine serum albu-
min (BSA, ST025, Beyotime, China) for one hour. Pri-
mary antibodies against CD86 (ab238468, Abcam, Cam-

bridge, UK), CD206 (18704-1-AP, Proteintech, Wuhan,
China), and alpha-smooth muscle actin (α-SMA, AF1032,
Affbiotech, Liyang, China) were applied and incubated
overnight at 4 °C. Following PBS (C0221A, Beyotime,
Shanghai, China) washes, sections were incubated for
one hour with HRP-conjugated goat anti-rabbit IgG H&L
(ab205718, Abcam, Cambridge, UK) or goat anti-mouse
IgG H&L (ab150119, Abcam, Cambridge, UK) sec-
ondary antibodies. Staining was visualized using a 3,3′-
diaminobenzidine (DAB) substrate kit (ab64238, Abcam,
Cambridge, UK), and counterstained with hematoxylin
(H9627, Sigma-Aldrich, St Louis, MO, USA). Images were
captured under a light microscope (400×, Nikon Eclipse
80i, Nikon, Tokyo, Japan), and positive staining (brown)
was quantified with ImageJ software (1.47v, National In-
stitutes of Health, Bethesda, MD, USA).

Western Blotting (WB)
Burn tissues were lysed in radioimmunoprecipitation

assay (RIPA) buffer (P0013, Beyotime, Shanghai, China).
Protein concentrations were determined, and equal amounts
of protein were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE, P0690,
Beyotime, Shanghai, China). Proteins were transferred
onto polyvinylidene fluoride (PVDF) membranes (FFP24,
Beyotime, Shanghai, China). Membranes were blocked
with 5% non-fat milk, incubated overnight at 4 °C with pri-
mary antibodies (Table 2), washed, and then probed with
HRP-conjugated secondary antibodies for one hour. Bands
were visualized using a chemiluminescence detection kit
(KGC4902, KeyGene, Nanjing, China) and imaged with
the ChemiDocTM XRS system (Bio-Rad, Hercules, CA,
USA). Band intensities were quantified using ImageJ soft-
ware (1.47v, National Institutes of Health, Bethesda, MD,
USA). Relative protein expression was calculated as the
target protein gray value/GAPDH gray value. For group
comparisons, the Control group ratio was normalized to
100%, and experimental groups were expressed relative to
this baseline.
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Table 2. Antibodies used in western blot analysis.
Antibody name Molecular weight Host Dilution Catalog number Supplier Type

p-p38 43 kDa Rabbit 1:1000 #9211 CST Primary antibody
p38 40 kDa Rabbit 1:1000 #9212 CST Primary antibody
p-JNK 46, 54 kDa Rabbit 1:1000 #9251 CST Primary antibody
JNK 46, 54 kDa Rabbit 1:1000 #9252 CST Primary antibody
GAPDH 36 kDa Rabbit 1:1000 ab201822 Abcam Primary antibody
Goat Anti-Rabbit IgG H&L (HRP) Goat 1/2000 ab6721 Abcam Secondary antibody
p-p38, phosphorylated p38; p-JNK, phosphorylated JNK; JNK, c-Jun N-terminal kinase.

Statistical Analysis
GraphPad Prism v8.0 (GraphPad, San Diego, CA,

USA) was used for data analysis, with the results expressed
as mean ± standard deviation (SD). The Shapiro-Wilk test
and Levene’s test were employed to assess data normal-
ity and variance homogeneity, respectively. Repeated-
measures analysis of variance (ANOVA) was applied to
Fig. 1B for comparisons among multiple groups. Two-
way ANOVA was performed for Figs. 2,3 and Fig. 1D–F,
while one-way ANOVA was employed for all other com-
parisons. Post hoc multiple comparisons were performed
using Tukey’s test, Sidak’s test (Fig. 1D–F and Figs. 2,3), or
Dunnett’s test (Fig. 1B). Supplementary Table 1 presents
the results of normality and equal variance tests for the data.
A p-value < 0.05 was considered statistically significant.

Results

Butorphanol Suppresses Excessive Inflammation and
Promotes Wound Healing in Rats

On day 7, thewound area of the high-dose butorphanol
group (B-H) was significantly lower than that of the Con-
trol group (Fig. 1A,B, p < 0.01). The wound areas in the
B-L and B-M group showed no significant difference com-
pared to the Control group (Fig. 1A,B, p > 0.05). By days
10 and 14, the wound area of the B-L, B-M, and B-H groups
was considerably reduced relative to the Control group,
with wound size decreasing in a dose-dependent manner
(Fig. 1A,B, p < 0.05). Accordingly, the B-H group was
chosen for further investigation.

Histological analysis revealed that on day 3, the Con-
trol group exhibited marked inflammatory cell infiltration
and capillary dilation. In contrast, the B-H group exhibited
significantly reduced inflammatory cell infiltration com-
pared to the Control group, accompanied by evident neo-
vascularization and fibroblast activation (Fig. 1C). From
days 7 to 14, the B-H group consistently exhibited fewer
inflammatory cells and a faster resolution of inflammation
compared to the Control group. Conversely, the Control
group maintained persistent and pronounced inflammatory
cell infiltration (Fig. 1C).

Although the B-H group initially promoted fibrob-
last activation, the number of fibroblasts gradually declined
with prolonged treatment, reaching levels lower than in the

Control group on days 10 and 14 (Fig. 1C). These findings
suggest that B-H treatment effectively controls early in-
flammatory responses, accelerates inflammation resolution,
and regulates the repair process by preventing excessive fi-
broblast accumulation (Fig. 1C). Additionally, on days 3,
7, and 10, levels of pro-inflammatory cytokines such as
interleukin-6 (IL-6), interleukin-1 beta (IL-1β), and tumor
necrosis factor-alpha (TNF-α) were significantly reduced in
the B-H group compared to the Control group (Fig. 1D–F,
p < 0.01). By day 14, no significant differences were ob-
served between the groups (Fig. 1D–F). IHC demonstrated
that on days 3, 7, 10, and 14, CD206 expression was sig-
nificantly higher, whereas CD86 expression was lower, in
the B-H group relative to the Control group (Fig. 2A–C, p
< 0.05).

Butorphanol Alleviates Fibrotic Scar Formation
On day 3, the expression of alpha-smoothmuscle actin

(α-SMA) in the B-H group was significantly higher than in
the Control group (Fig. 2D,E, p< 0.01). However, on days
10 and 14, α-SMA levels in the B-H group were markedly
lower than those in the Control group (Fig. 2D,E, p< 0.05).
On days 3 and 7, the expression of collagen type III alpha 1
(COL3α1) and collagen type I alpha 1 (COL1α1) was sig-
nificantly upregulated in the B-H group relative to the Con-
trol group (Fig. 3A,B, p < 0.01). By days 10 and 14, how-
ever, levels of both indicators in the B-H group were no-
ticeably reduced (Fig. 3A,B, p< 0.01). Masson’s trichrome
staining further revealed that on day 14, collagen content in
the B-H group was significantly lower than in the Control
group (Fig. 3C,D, p < 0.01).

Butorphanol Modulates IL-6/p38/JNK Signaling to
Suppress Inflammation and Attenuate Fibrotic Scar
Formation

The B-H group exhibited markedly lower ratios of
phosphorylated-p38 (p-p38)/p38 and p-JNK/JNK on days
3, 7, and 10 compared to the Control group (Fig. 3E–G, p
< 0.01). By day 14, no significant differences were ob-
served between groups (Fig. 3E–G). On day 3, levels of
IL-6, IL-1β, TNF-α, and CD86 were significantly reduced
in the B-H group, whereas CD206 expression was elevated
relative to the Control group (Fig. 4A–G, p < 0.05). In
contrast, the B-H + FIL-6 and B-H + Anisomycin groups

https://www.discovmed.com/
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Fig. 1. Butorphanol modulates wound healing and inflammatory cytokine expression. (A,B) Relative wound area on days 3, 7,
10, and 14 in the Control, Butorphanol-Low (B-L), Butorphanol-Medium (B-M), and Butorphanol-High (B-H) groups were determined
using the graph paper tracing method. (C) Hematoxylin and eosin (HE) staining of burn wound tissues from Control and B-H groups on
days 3, 7, 10, and 14. Magnification: 200×; scale bar: 100 µm. Green arrow: Fibroblast; Blue arrow: Inflammatory cell; Red arrow:
Blood capillary. (D–F) Relative mRNA expression levels of interleukin-6 (IL-6), interleukin-1 beta (IL-1β), and tumor necrosis factor-
alpha (TNF-α) in burn tissues from Control and B-H groups on days 3, 7, 10, and 14, measured by reverse transcription quantitative
polymerase chain reaction (RT-qPCR). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as the internal reference. Three
rats were randomly selected at each time point; n = 12 rats per group. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. Control.

showed markedly higher IL-6, IL-1β, TNF-α, and CD86
levels, along with reduced CD206 expression, compared
to the B-H group (Fig. 4A–G, p < 0.01). On day 14, the
expression of COL3α1, COL1α1, and α-SMA was signif-
icantly lower in the B-H group than in the Control group
(Fig. 4H,I and Fig. 5A,B, p < 0.001). Conversely, the B-H
+ FIL-6 and B-H + Anisomycin groups exhibited signifi-
cantly higher levels of these fibrosis markers compared to
the B-H group (Fig. 4H,I and Fig. 5A,B, p < 0.05). HE
staining of burn tissues on day 14 showed normal fibroblast
numbers in the Control group, but more pronounced inflam-
matory cell infiltration than in the B-H group (Fig. 5D). The
B-H group demonstrated significantly reduced fibroblast
numbers with minimal inflammatory infiltration, whereas
the B-H + FIL-6 and B-H + Anisomycin groups exhibited
the opposite pattern (Fig. 5D). Furthermore, on day 14, the
collagen levels in the B-H group were significantly lower
than in the Control group (p< 0.01, Fig. 5C,E). In contrast,
the B-H + FIL-6 and B-H + Anisomycin groups showed a
pronounced increase in collagen content compared to the
B-H group (p < 0.05, Fig. 5C,E).

Discussion

Inflammation control represents a critical phase in the
wound healing process [18]. While moderate and timely
inflammation facilitates the clearance of pathogens and
necrotic tissue and initiates regenerative mechanisms, ex-
cessive or prolonged inflammatory responses can cause ad-
ditional tissue injury and delayed wound closure [19]. For
example, chronic inflammation constitutes a major barrier
to wound healing in diabetic models [20]. In severe burns,
persistently elevated inflammatory cytokines are strongly
associated with hypertrophic scar formation [21]. In the
present study, we observed that IL-6, IL-1β, and TNF-
α expression peaked on day 7 post-injury, whereas bu-
torphanol treatment significantly downregulated these pro-
inflammatory mediators and reduced immune cell infiltra-
tion in burn tissue, indicating strong anti-inflammatory po-
tential. A previous study reported that butorphanol pro-
motes wound healing in SD rats by markedly downregu-
lating IL-1 and IL-6, upregulating the anti-inflammatory
cytokine IL-10 on day 10, and accelerating wound clo-
sure [10]. Our findings are consistent with these observa-
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Fig. 2. Butorphanol regulates macrophage polarization and alpha-smooth muscle actin (α-SMA) expression. (A–C) Immunohis-
tochemical staining of CD206 and CD86 in burn tissues from Control and B-H groups on days 3, 7, 10, and 14. Magnification: 400×;
scale bar: 100 µm. (D,E) Immunohistochemical staining of α-SMA in burn tissues from Control and B-H groups on days 3, 7, 10, and
14. Magnification: 400×; scale bar: 100 µm. Three rats were randomly selected at each time point; n = 12 rats per group. ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001 vs. Control.

tions, further supporting the pro-healing effects of butor-
phanol. Additionally, in a full-thickness burn model us-
ing Dgka⁻/⁻ mice, enhanced macrophage infiltration was
associated with significantly reduced wound area, under-
scoring the regulatory role of macrophages in wound heal-
ing [15]. Similarly, in our study, butorphanol upregu-
lated the M2 macrophage marker CD206 and suppressed
the M1 marker CD86 during the early healing phase, sug-
gesting that it promotes a phenotypic shift toward anti-
inflammatory macrophage polarization. As macrophages
are pivotal regulators of inflammation and repair, their sub-
type balance directly influences cytokine release and tissue

regeneration [22]. Collectively, our findings indicate that
butorphanol facilitates wound healing in the early phase
by promoting M2 macrophage polarization and suppress-
ing excessive inflammation, thereby downregulating pro-
inflammatory cytokines.

Moreover, we observed that butorphanol transiently
upregulated α-SMA, COL3α1, and COL1α1 expression
during the early wound healing stage, while significantly
inhibiting their sustained elevation in later phases. α-SMA
serves as a marker of myofibroblast activation, whereas
COL3α1 and COL1α1 encode key structural components
of collagen involved in scar formation [23,24]. These find-

https://www.discovmed.com/
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Fig. 3. Butorphanol regulates fibrotic scar formation through the IL-6/p38/c-Jun N-terminal kinase (JNK) signaling pathway.
(A,B) RT-qPCR analysis of collagen type III alpha 1 chain (COL3α1) and collagen type I alpha 1 chain (COL1α1) expression in burn
tissues from Control and B-H groups on days 3, 7, 10, and 14. GAPDH served as the internal reference. (C,D) Masson’s trichrome
staining of scar tissues from the Control and B-H groups on days 3, 7, 10, and 14. (E–G) Western blot analysis of phosphorylated p38 (p-
p38), p38, phosphorylated JNK (p-JNK), and JNK levels in burn tissues from Control and B-H groups on days 3, 7, 10, and 14. GAPDH
served as the internal reference. Magnification: 200×; scale bar: 100 µm. Three rats were randomly selected at each time point; n = 12
rats per group. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. Control.

ings suggest that butorphanol exerts stage-specific regula-
tory effects during wound repair. In the early inflamma-
tory phase, infiltration of immune cells activates fibrob-
lasts and induces collagen deposition [25,26]. Butorphanol
may attenuate excessive infiltration while supporting fi-
broblast activation and matrix production, thereby promot-
ing the transition from inflammation to the proliferative

phase. At later stages, butorphanol inhibits excessive colla-
gen accumulation, thereby reducing the risk of hypertrophic
scarring. This biphasic regulation may represent a mech-
anism through which butorphanol balances wound heal-
ing efficiency with scar quality. Notably, butorphanol also
downregulated α-SMA expression during the early stage
and subsequently upregulated collagen levels at later time

https://www.discovmed.com/
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Fig. 4. Butorphanol modulates inflammatory cytokine expression and macrophage polarization via the IL-6/p38/JNK pathway.
(A–C) RT-qPCR analysis of IL-6, IL-1β, and TNF-α expression in burn tissues from Control, B-H, B-H + Exogenous IL-6 (FIL-6), and
B-H + Anisomycin groups on day 3. GAPDH served as the internal reference. (D–G) Immunohistochemical staining of CD206 and
CD86 in burn tissues from the four groups on day 3. Magnification: 400×; scale bar: 100 µm. (H,I) Immunohistochemical staining of
α-SMA in burn tissues from the four groups on day 14. Magnification: 400×; scale bar: 100 µm. Three rats were randomly selected at
each time point; n = 6 rats per group. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. Control; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 vs. B-H.

points, suggesting a dynamic role in fibrosis regulation.
Collectively, these findings suggest that butorphanol miti-
gates abnormal scar formation and facilitates tissue remod-
eling by temporally regulating the expression of fibrosis-
associated biomarkers.

Given the central role of inflammation in wound heal-
ing, we hypothesize that the late-stage antifibrotic effects
of butorphanol may be mediated through modulation of
the inflammation-fibrosis axis. Our mechanistic investiga-
tions support this hypothesis. Butorphanol significantly in-

https://www.discovmed.com/
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Fig. 5. Butorphanol attenuates fibrotic scar formation via the IL-6/p38/JNK signaling pathway. (A,B) RT-qPCR analysis of
COL3α1 and COL1α1 expression in burn tissues from Control, B-H, B-H + FIL-6, and B-H + Anisomycin groups on day 14. GAPDH
served as the internal reference. (D) HE staining of burn tissues from the four groups on day 14. Magnification: 200×; scale bar: 100 µm.
(C,E) Masson’s trichrome staining of burn tissues from the four groups on day 14. Magnification: 200×; scale bar: 100 µm. Three rats
were randomly selected at each time point; n = 6 rats per group. ∗∗p < 0.01, ∗∗∗p < 0.001 vs. Control; ^p < 0.05, ^^p < 0.01 vs. B-H.

hibited phosphorylation of p38 and JNK, key downstream
components of the IL-6 signaling cascade [12]. Previous
studies have emphasized the significance of the p38/JNK
pathways in scar formation [27,28]. Wang et al. [29]
reported that bone morphogenetic protein 1 (BMP1) pro-
motes fibroblast proliferation, migration, and ECM de-
position in keloids by activating the p38 signaling path-
way. Qin et al. [30] demonstrated that staphylococcal
nuclease and tudor domain containing 1 (SND1) facili-
tate keloid formation by activating telomerase through the
JNK signaling pathway. Additionally, Liu et al. [31] ob-
served that tumor necrosis factor-stimulated gene-6 (TSG-
6), secreted by human umbilical cord-derived mesenchy-
mal stem cells (MSCs), alleviates burn-induced excessive
inflammation by suppressing p38 and JNK activity. More-
over, previous work showed that butorphanol reduces neu-

ronal inflammatory responses and apoptosis by inhibiting
the p38/JNK/ATF2/p53 signaling axis [32]. Consistently,
our results indicate that butorphanol suppresses the IL-
6/p38/JNK pathway, thereby modulating both early inflam-
matory responses and downstream fibrotic remodeling, re-
inforcing its biphasic regulatory role in wound repair. Fur-
thermore, studies in mice have shown a mechanotrans-
duction pathway activated by mechanical force and medi-
ated by focal adhesion kinase (FAK)-extracellular signal-
related kinase (ERK)-monocyte chemoattractant protein-1
(MCP1/CCL2) signaling, leading to inflammation-driven
fibrosis [33]. Notably, other studies have demonstrated that
butorphanol decreases MCP1 expression [34,35]. These
findings suggest that butorphanol may act synergistically
through multiple targets and pathways. Additional experi-
ments are needed to further validate this possibility.
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Despite these promising findings, several limitations
must be acknowledged. First, this study was performed
using a rat burn wound model, which may not fully cap-
ture the complexity of human wound healing and scar for-
mation. Future research will utilize diabetic wound mod-
els, porcine skin models, and humanized systems (e.g., 3D
skin cultures) to validate the universality of the regula-
tion of inflammation and fibrosis by butorphanol through
the IL-6/p38/JNK pathway in more complex wounds and
across species. Additionally, this study did not systemati-
cally evaluate the systemic toxicity risks of long-term bu-
torphanol treatment (e.g., its effects on the immune system,
nervous system, and organ function), nor did it explore the
clinical risk-benefit balance, limiting the translational ap-
plicability of the findings. Further investigations will eval-
uate the impact of age, comorbidities (e.g., diabetes) and
genetic background on the efficacy of butorphanol, thereby
enhancing translational potential. Finally, although phar-
macological inhibitors were used to confirm the involve-
ment of IL-6 and p38/JNK pathways, genetic approaches
such as gene knockdown or overexpression are needed to
provide deeper mechanistic insights.

Conclusion

This study demonstrated that butorphanol, a κ-opioid
receptor agonist, effectively enhances wound healing while
suppressing excessive inflammation and fibrotic scarring in
a rat burn model. These effects are achieved through the
downregulation of pro-inflammatory cytokines, upregula-
tion of theM2macrophagemarker CD206, and suppression
of fibrosis-associated markers in a time-dependent man-
ner. Mechanistically, butorphanol exerts these actions by
inhibiting the IL-6/p38/JNK signaling pathway, as further
validated by pathway-specific agonists. Collectively, these
findings highlight butorphanol as a promising therapeutic
candidate for improving wound healing outcomes in burn
injuries and provide novel insights into the IL-6/p38/JNK
axis as a potential molecular target for regulating inflam-
mation and fibrosis.
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