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Background: Post-surgical pain is a common clinical complication following surgical procedures, significantly impacting patient
comfort, functional recovery, and long-term prognosis. Its pathological mechanisms, particularly those involving vascular and
inflammatory pathways, remain incompletely understood, which limits therapy options and necessitates the exploration of novel
therapeutic targets. Angiopoietin-1 (Ang-1), a crucial growth factor, is essential for vascular homeostasis and inflammatory
regulation, processes implicated in pain pathogenesis, while playing an unknown role in post-surgical pain. Herein, we aimed to
elucidate the role of Ang-1 in post-surgical pain and its potential molecular mechanisms for pain relief.

Methods: Post-surgical pain rat models were established using skin/muscle incision and retraction (SMIR), followed by assess-
ment of pain hypersensitivity (paw withdrawal threshold (PWT) and paw withdrawal latency (PWL)). After Ang-1 treatment,
examinations were performed on oxidative stress and inflammation in dorsal root ganglion (DRG) neurons, as well as whether
NADPH oxidase 4 (NOX4)-reactive oxygen species (ROS)-nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
xB) pathway was implicated.

Results: SMIR induced pronounced pain hypersensitivity, reflected by downregulated PWT and PWL, accompanied by reduced
Ang-1 expression in DRG neurons (p < 0.001). Elevation of Ang-1 alleviated post-surgical pain behaviors and attenuated the
upregulation of ROS, NOX4, Tumor Necrosis Factor-alpha (TNF-a), and Interleukin-6 (IL-6) in SMIR-exposed DRG neurons
(p < 0.001). Moreover, NF-<B level was enhanced by SMIR, yet later suppressed by Bay (p < 0.001). Ang-1 also reduced DRG
neuronal apoptosis and inflammation, suggesting the inhibitory role of NF-<B (p < 0.001).

Conclusion: Ang-1 alleviates post-surgical pain by modulating oxidative stress and inflammatory responses via NOX4/ROS/NF-
xB signaling pathway in DRG neurons. These findings identify Ang-1 as a promising candidate for effective post-surgical pain
management and the development of novel analgesic strategies.
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Introduction cade of adverse physiological and psychological effects, ul-
timately hindering post-surgical recovery [3]. For example,
inadequately controlled post-surgical pain frequently de-
lays mobilization, impairs functional outcomes, and com-
promises rehabilitation efficiency [4]. Moreover, persistent
or severe pain can aggravate psychological disturbances, in-
cluding insomnia, anxiety, and depression [5]. Accumulat-
ing evidence indicates that post-surgical pain results from
complex and multifactorial mechanisms, including periph-
eral nerve injury, altered spinal neuronal excitability, and
central sensitization, all of which contribute to the onset
and persistence of pain [6]. Although current treatment
strategies (non-steroidal anti-inflammatory drugs, opioids,

Post-surgical pain is defined as persistent or intermit-
tent pain following surgical procedures, commonly catego-
rized by acute pain (typically lasting less than 3 months) and
persistent (or chronic) post-surgical pain (lasting beyond 3
months) [1]. This pain is primarily associated with sur-
gical trauma, inflammation, and subsequent tissue healing
[2]. While acute pain is an expected and often unavoidable
physiological response, persistent post-surgical pain repre-
sents a significant clinical challenge that requires further
intervention. Beyond causing immediate discomfort, espe-
cially when persistent, post-surgical pain can trigger a cas-
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regional anesthesia, and physical therapy) are widely used,
their effectiveness remains suboptimal and is often accom-
panied by adverse effects [7]. Additionally, neuroimmune
interactions within the dorsal root ganglion (DRG) and
spinal cord play a key role in the pathogenesis of post-
surgical pain. Surgical injury can activate DRG neurons
and trigger spinal glial responses, including microglia and
astrocytes, leading to the release of pro-inflammatory me-
diators and sustained nociceptive signaling [8,9]. This neu-
roinflammatory signaling cascade is a key driver of central
sensitization and chronic pain persistence. Therefore, iden-
tifying novel therapeutic targets is essential for improving
pain management and accelerating post-surgical recovery.

Angiopoietin-1 (Ang-1) from the angiopoietin family
is predominantly expressed in endothelial cells and can im-
pact vascular maturation and stabilization [10]. Through
binding to its receptor Tie2, Ang-1 maintains vascular
integrity by regulating angiogenesis and endothelial cell
homeostasis [11]. Notably, to date, direct evidence support-
ing the role of Ang-1 in brain endothelial cells or neurologi-
cal diseases remains scarce. Growing evidence has demon-
strated that Ang-1 plays a significant role in the progres-
sion of various diseases. For instance, in diabetic retinopa-
thy, Ang-1 exerts protective effects by stabilizing the reti-
nal vasculature [12]. Additionally, aberrant angiogenesis is
implicated in the development and persistence of pain, sug-
gesting a potential mechanistic link between vascular regu-
lation and nociception [13]. Inflammation, a major driver of
post-surgical pain, is also modulated by Ang-1, which ex-
hibits anti-inflammatory properties and influences nuclear
factor-xB (NF-xB)-mediated signaling pathways [14,15].
These findings imply that post-surgical alterations in Ang-
1 expression may affect vascular repair and inflammation
responses, thereby influencing both the intensity and dura-
tion of pain.

Herein, Ang-1 expression was quantitatively evalu-
ated in rat models of post-surgical pain, followed by as-
sessment of its impact on mechanical hypersensitivity. Pre-
vious studies have shown that Ang-1 confers neuroprotec-
tion by counteracting apoptotic stress [16]. Building on
this, we further investigated the role of Ang-1 in modulat-
ing inflammation and apoptosis in L4/L5 dorsal root gan-
glion (DRG) neurons, with a focus on the NADPH oxidase
4 (NOX4)/reactive oxygen species (ROS)/NF-xB signal-
ing pathway. Collectively, we elucidate the mechanistic in-
volvement of Ang-1 in post-surgical pain and provide a the-
oretical basis for developing innovative therapeutic strate-
gies.

Materials and Methods

Model Construction

Eighteen male Sprague—Dawley rats (10 weeks old,
200-220 g, Hangzhou Medical College, China) were
housed (22-24 °C, 45-65% humidity, 12 h light/dark cy-

cle) with food and water available ad libitum. Experiments
were approved by the Zhejiang Experimental Animal Cen-
tre (No. ZJICLA-IACUC-20040181). Four groups of rats (n
= 3 per group) were established: Control, skin/muscle in-
cision and retraction (SMIR), SMIR alone (serving as con-
trol for SMIR+Ang-1), and SMIR+Ang-1. SMIR model-
ing [17] was performed under anesthesia (1% pentobarbi-
tal sodium; 50 mg/kg, P3761, Sigma-Aldrich, St. Louis,
MO, USA) by making a 1.5-2 cm incision along the me-
dial thigh to expose the muscle, followed by a 7-10 mm in-
cision of the superficial adductor muscle layer. The muscle
was separated to allow placement of a microdissection re-
tractor (Biomedical Research Instruments Inc., USA), with
all four prongs placed beneath the superficial muscle layer.
The skin and superficial muscle were retracted by 2 cm for
1 h. Additional anesthesia was administered as needed us-
ing 4% isoflurane (26675-46-7, Jizhi Biotech, Shanghai,
China). After I h, the incision was closed using 3.0 and 4.0
Vicryl sutures (Hanfei Medical, Shanghai, China). Control
rats underwent skin and muscle incision without retraction.
For Ang-1 treatment, angiopoietin-1 peptide (1075214-55-
9; Cote Biosciences, Shanghai, China) was dissolved in dis-
tilled water to prepare an 800 ug/mL solution. Rats in the
SMIR+Ang-1 group received 0.5 mL Ang-1 solution (400
pg) via tail vein once daily for one week, starting post-
SMIR [18]. After behavioral testing, rats were euthanized
with pentobarbital sodium (50 mg/kg) followed by cervical
dislocation.

Behavioral Testing

Before baseline (BL) testing, rats were acclimated to
the behavioral apparatus for at least three days. Mechani-
cal hypersensitivity was assessed using Von Frey filaments
(NC12775, Yuyan Instruments, Shanghai, China), and paw
withdrawal threshold (PWT) was measured using the up-
and-down method [19]. Thermal hyperalgesia was eval-
uated by paw withdrawal latency (PWL) using a thermal
stimulator (37550, Yuyan Instruments, Shanghai, China)
[20], with radiant heat applied to the plantar surface of each
hind paw through a glass floor. At each time point (BL,
days 1, 4, 7, 14, 21), three measurements per paw were
recorded and averaged, with at least 5 min intervals between
tests. Left and right paws were tested alternately.

Culture of DRG Neurons

Two groups (Con and SMIR; n = 3 per group) of rats
received treatment (14 days), anesthesia with pentobarbi-
tal sodium (50 mg/kg), and euthanasia by cervical dislo-
cation. DRG (L4-L5) extraction was performed accord-
ing to established protocols [21]. Ganglia were dissected
in ice-cold oxygenated buffer and incubated in a solution
containing collagenase D (1 mg/mL, COLLD-RO, Sigma-
Aldrich, St. Louis, MO, USA) and trypsin (40101ES25,
YEASEN, Shanghai, China) for 1 h. Dissociated DRG
cells were cultured in Neurobasal-A medium (10888022,
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Fig. 1. Changes in Pain Sensitivity, Angiopoietin-1 Expression, Reactive Oxygen Species (ROS), and nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-xB) Activation in Dorsal Root Ganglion (DRG) neurons after post-skin/muscle incision
and retraction (SMIR) surgery. (A,B) Paw Withdrawal Threshold (PWT) and Paw Withdrawal Latency (PWL) at baseline (BL)
and on days 1, 4, 7, 14, and 21 post-SMIR surgery. (C) Immunofluorescence staining was used to detect the purity of DRG neurons.

Magnification 200, scale bar 50 pm. (D) Quantitative analysis of DRG neuron purity based on immunofluorescence staining results.
(E) Ang-1 mRNA levels in DRG neurons (Quantitative real-time polymerase chain reaction (QRT-PCR), S-actin as an internal control).
(F,G) Ang-1 protein levels in DRG neurons (Western blotting (WB), S-actin as an internal control). (H,I) ROS levels in DRG neurons
(Flow cytometry). (J,K) Phosphorylated p65 (p-p65) in the nuclei of DRG neurons (Immunofluorescence). Magnification 200, scale

bar 50 pum. Each experiment was performed independently three times. *

Control group. Ang-1, Angiopoietin-1.

**p < 0.001 compared to BL. Tt*p < 0.001 compared to
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Fig. 2. mRNA and protein expression of NADPH oxidase 4 (NOX4), Tumor Necrosis Factor-alpha (TNF-q), Interleukin-6 (IL-6)
and apoptosis levels in DRG neurons after SMIR. (A-C) NOX4 (A), TNF-« (B), and 7L-6 (C) mRNA levels in DRG neurons (qRT-
PCR, B-actin as an internal control). (D—G) Representative Western blot bands (D) and quantitative analysis of NOX4 (E), TNF-« (F),
and IL-6 (G) protein levels in DRG neurons (Western blotting, 5-actin as an internal control). (H,I) Apoptosis in DRG neurons (Flow

cytometry). Each experiment was performed independently three times. *p < 0.05, **%p < 0.001 compared to Control group.

Thermo Fisher, Waltham, MA, USA) supplemented with
2% B27 (12587010), 2 mM GlutaMAX (35050061), and
penicillin—streptomycin (15140122) at 5% CO: and 80%
humidity. To remove non-neuronal cells, cultures were
treated with uridine (ST1735, Beyotime, Shanghai, China)
and 20 mM 5-fluoro-2’-deoxyuridine (50-91-9, MERCK,
Darmstadt, Germany) for three days. To verify the neuronal
purity of the cultures, cells were fixed and immunostained
with an antibody against the neuron-specific marker S-111I-
tubulin (T2200, 10-20 pg/mL, Sigma-Aldrich, CA, USA).
Nuclei were counterstained with DAPI. Cultures were im-
aged using a fluorescence microscope. Only cultures with
neuronal purity exceeding 90% were used for subsequent
experiments.

Cell Treatment

Angiopoietin-1 overexpression vector (oe-Ang-1;
pRP [Exp]-EGFP-CMV>rAngptl [NM_053546.2]) and
negative control (NC) were purchased from Yunzhou
Biotech (Guangzhou, China). Six groups were established:
Control (Con), Con+Bay, SMIR, SMIR+NC, SMIR+oe-
Ang-1, and SMIR+Bay. DRG neurons from sham-operated
rats served as the Con group, while DRG from SMIR rats
served as the SMIR group.

For transfection, 2 pg of either NC or oe-Ang-1 plas-
mid was introduced into DRG neurons using Lipofectamine
2000 (11668019, Invitrogen, Carlsbad, CA, USA), and cells
were harvested 48 h later. Transfection efficiency was ex-
amined using quantitative real-time polymerase chain reac-
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tion (QRT-PCR). For NF-xB inhibition, DRG neurons were
pretreated for 2 h with Bay 11-7082 (2 uM; S44144, Yuanye
Biotech, Shanghai, China) in the Con+Bay and SMIR+Bay
groups [22].

gRT-PCR

Total RNA was extracted using TRIzol reagent
(R0O016, Beyotime, Shanghai, China), and its purity was
assessed with SmartSpec Plus spectrophotometer (Bio-
Rad Laboratories, Hercules, CA, USA). cDNA was then
synthesized using the Transcriptor First Strand cDNA
Synthesis Kit (11483188001, Roche, Mannheim, Ger-
many). qRT-PCR was conducted on an ABI 7500 system
with SYBR Green PCR Master Mix (4344463, Thermo
Fisher,Waltham, MA, USA). Relative mRNA levels were
quantified using the 272ACT method and normalized to
B-actin [23]. The primer sequences (Sangon, Shanghai,
China) are listed in Table 1.

Western Blotting (WB)

DRG neurons were lysed using RIPA buffer (P0013,
Beyotime, Shanghai, China), and protein concentrations
were determined with BCA kit (P0009, Beyotime). Equal
amounts of protein (60 pg) were separated via SDS-PAGE
(P0690, Beyotime) and transferred onto PVDF membranes
(FFP24, Beyotime). After 5% skim milk blockage, mem-
branes were incubated overnight at 4 °C with primary an-
tibodies (Abcam, Cambridge, UK unless otherwise spec-
ified), Ang-1 (ab8451, rabbit polyclonal, 1:1000), p-p65
(ab76302, rabbit monoclonal, 1:1000), p65 (10745-1-AP,
rabbit polyclonal, 1:2000, Proteintech, Wuhan, China),
NOX4 (14347-1-AP, rabbit polyclonal, 1:2000), IL-6
(ab259341, rabbit monoclonal, 1:1000), TNF-« (ab183218,
rabbit monoclonal, 1:1000), and S-actin (ab8227, rabbit
polyclonal, 1:1000), followed by incubation with HRP-
conjugated secondary antibodies (ab6721, goat anti-rabbit
IgG, 1:5000) for 1 h at room temperature (RT). Signals
were visualized using an enhanced chemiluminescence kit
(KGC4902, Keygene, Jiangsu, China) and imaged with a
gel documentation system (Bio-Rad, Hercules, CA, USA).
Protein band intensities were quantified using ImagelJ 1.54p
(NIH, Bethesda, MD, USA).
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ROS Analysis

Intracellular ROS levels were quantified using flow
cytometry in combination with the fluorescent probe
2,7-dichlorodihydrofluorescein  diacetate (DCFH-DA;
50101ESO1, YEASEN, Shanghai, China). The probe
was diluted 1:1000 in Neuro Basal-A medium and added
to the cultured DRG neurons. Cells were incubated for
30 min at 37 °C in the dark, followed by three washes
with fresh Neuro Basal-A medium to remove excess dye.
ROS fluorescence intensity was measured using a flow
cytometer (Beckman Coulter, Inc., Brea, CA, USA).

Immunofluorescence

DRG neurons were fixed with 4% paraformaldehyde
(P0099, Beyotime, Shanghai, China) for 30 min at RT and
washed with PBS (C0221A, Beyotime, Shanghai, China).
After blocking with blocking buffer (P0096, Beyotime,
Shanghai, China) for 1 h, cells were incubated overnight
at 4 °C with NF-xB p-p65 antibody (SAB5700333, rabbit
polyclonal, 1:50, Sigma-Aldrich, St. Louis, MO, USA) di-
luted in the same blocking buffer. Following washing with
PBS containing 0.1% Tween-20 (ST828, Beyotime, Shang-
hai, China), cells were cultivated with goat anti-rabbit H&L
(Alexa Fluor® 488) (ab150077, 1:1000, Abcam, Cam-
bridge, UK) for 2 h at RT in the dark. Nuclei were counter-
stained with DAPI (C1005, Beyotime, Shanghai, China) for
5—-10 min in the dark. Confocal images were captured us-
ing a confocal microscope (200 x, Olympus, Tokyo, Japan)
equipped with an Andor camera (Manchester, CT, USA).
Green fluorescence intensity representing p-p65 expression
was analyzed using Imaris software 11.0 (Bitplane AG, An-
dor Technology, Belfast, UK).

Cell Apoptosis

DRG neurons were digested and resuspended in bind-
ing buffer to prepare a single-cell suspension. Apoptotic
cells were labeled using the Annexin V-FITC Apoptosis
Detection Reagent (C1062, Beyotime, Shanghai, China),
with staining performed for 30 min at RT in the dark. Apop-
tosis was assessed using flow cytometry.

Table 1. Primer sequences used in quantitative real-time polymerase chain reaction (QRT-PCR).

Gene Forward (5’-3) Reverse (5'-3")

Ang-1 TGCCATTACCAGTCAGAGG CAAGCATCAAACCACCATC
NOX4 ACAGTCCTGGCTTACCTTCG TTCTGGGATCCTCATTCTGG
TNF-a  GACCCTCACACTCAGATCATCTTC TGCTACGACGTGGGCTACG
IL-6 TCCTACCCCAACTTCCAATGCTC TTGGATGGTCTTGGTCCTTAGCC
B-actin AGAGCTACGAGCTGCCTGAC AGCACTGTGTTGGCGTACAG

Ang-1, Angiopoietin-1; NOX4, NADPH oxidase 4; TNF-«, Tumor Necrosis Factor-alpha; IL-6,

Interleukin-6.
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Statistical Analysis

All data are presented as mean =+ standard deviation
(SD) and analyzed using GraphPad Prism 8.0 (GraphPad
Software, San Diego, CA, USA). Comparisons between
the two groups were performed using independent-samples
t-tests. For intergroup comparisons, one-way repeated-
measures ANOVA followed by Dunnett’s post hoc test was
employed, while multiple comparisons were analyzed using
two-way repeated-measures ANOVA with Sidak’s post hoc
test. For other datasets involving more than two groups (n
> 2), one-way ANOVA followed by Tukey’s post hoc test
was conducted. p < 0.05 denoted statistical significance.

Results

SMIR Treatment Suppresses Ang-1 Expression and
Activates the NOX4/ROS/NF-kB Pathway in DRG
Neurons

Behavioral assessments showed PWT and PWL were
significantly decreased in the SMIR group from days 1
to 21, reaching their lowest value on day 14 (p < 0.001,
Fig. 1A,B). DRG neurons collected on day 14 post-SMIR
were used for subsequent experiments. The cells in our
cultures were positively stained for S-IlI-tubulin, confirm-
ing a high purity of neurons (Fig. 1C,D). The qRT-PCR
and WB analyses revealed significantly decreased Ang-1
mRNA and protein levels in DRG neurons following SMIR
(» <0.001, Fig. [E-G) and elevated ROS levels (p < 0.001,
Fig. 1H,I). Immunofluorescence staining demonstrated that
nuclear p-p65 expression was markedly increased in DRG
neurons following SMIR (p < 0.001, Fig. 1J,K). WB and
qRT-PCR results further showed that SMIR upregulated
NOX4, TNF-q, and IL-6 proteins and mRNA in DRG neu-
rons (p < 0.05, Fig. 2A—QG), as well as enhanced DRG neu-
ronal apoptosis (p < 0.001, Fig. 2H,]I).

Ang-1 Alleviates Post-Surgical Pain by Inhibiting the
NOX4/ROS/NF-kB Pathway

SMIR-induced Ang-1 downregulation in DRG neu-
rons was significantly reversed by Ang-1 overexpres-
sion (p < 0.001, Fig. 3A). The elevated ROS produc-
tion and nuclear p-p65 levels in the SMIR group were
markedly reduced following Ang-1 overexpression (p <
0.01, Fig. 3B-E). Ang-1 overexpression effectively re-
versed SMIR-induced increases in NOX4, TNF-«, and IL-
6 levels (p < 0.001, Fig. 4A-D). SMIR group exhibited
upregulation of NOX4, p-p65/p65, TNF-«, and IL-6 lev-
els (p < 0.001, Fig. 4E-I). After SMIR, NF-«B inhibition
decreased p-p65/p65, TNF-a, and IL-6 levels (p < 0.01),
whereas NOX4 levels remained unchanged (Fig. 4E-I).
Ang-1 overexpression also reversed the increase of apopto-
sis in SMIR-triggered DRG neurons (p < 0.001, Fig. 5A,C).
Consistently, apoptosis was higher in the SMIR group and
lower in the control+BAY group compared with their re-
spective controls (p < 0.001, Fig. 5B,D). Furthermore,

apoptosis was markedly reduced in the SMIR+BAY group
(p < 0.001, Fig. 5B,D). In vivo, both PWT and PWL were
decreased progressively from day 1 to day 21 in the SMIR
group (p < 0.01, Fig. SE,F), which was offset by Ang-
1 overexpression (p < 0.01, Fig. 5E,F). Notably, in the
SMIR+Ang-1 group, PWT remained below BL on days 1
and 4 but exceeded BL on days 7, 14 and 21 (p < 0.05,
Fig. 5E). Similarly, PWL exceeded BL on days 4, 7, and
21 but remained below BL on days 1 and 14 (p < 0.05,
Fig. 5F).

Discussion

Herein, we demonstrated that SMIR-treated animals
exhibited reduced PWT and PWL, which was reversed by
exogenous Ang-1, revealing the alleviating role of Ang-
1 in post-surgical pain. Notably, SMIR treatment dimin-
ished Ang-1 expression and augmented ROS levels in DRG
neurons. ROS, as critical mediators of oxidative stress,
are closely associated with cellular damage and dysfunc-
tion [24]. Previous studies have emphasized the critical
role of oxidative stress in post-surgical pain, as tissue injury
triggers ROS accumulation, pain-related signaling pathway
activation, and amplification of pain via pro-inflammatory
mediator release [25—27]. Antioxidant interventions relieve
post-surgical pain, underscoring oxidative stress as a con-
tributor to pain [28]. Herein, Ang-1 overexpression ef-
fectively suppressed the SMIR-induced increase in ROS,
highlighting its antioxidative role. Inflammation, a pro-
tective response to tissue injury or infection, releases pro-
inflammatory factors such as TNF-« and IL-6 to coordinate
immunity [29]. TNF-a exerts pro-inflammatory effects by
recruitment and activation of inflammatory cells, while IL-
6 modulates immune responses by driving acute-phase pro-
tein synthesis and regulating immune cell activity [30,31].
Post-surgical local inflammation sensitizes nociceptors and
exacerbates pain, with TNF-a and IL-6 as vital factors [32].
In this study, Ang-1 abrogated SMIR-induced increases in
TNF-« and IL-6 in DRG neurons, signifying that Ang-1
attenuates post-surgical pain through dual suppression of
oxidative stress and inflammation. While TNF-«, NF-xB,
IL-6 and Ang-1 are often linked to non-neuronal cells, this
study focused on their roles within DRG neurons for two
reasons. First, activation of inflammatory pathways in sen-
sory neurons represents a direct mechanism driving noci-
ceptive sensitization [33]. Second, we propose a paracrine
regulatory axis, where mediators like Ang-1 may modulate
neuronal signaling pathways, such as NOX4/ROS/NF-xB
[34], highlighting a direct cross-cellular interaction in pain
pathology.

NOX4 from the NADPH oxidase family resides
in multiple cell types (endothelial and smooth muscle
cells) [35]. It produces ROS through redox reactions
and regulates proliferation, apoptosis, inflammation, and
fibrosis [36,37]. NOX4 drives ROS generation and
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DRG neurons (Flow cytometry). (C,E) p-p65 in the nuclei of DRG neurons (Immunofluorescence). Magnification 200, scale bar 50
um. Each experiment was performed independently three times. ¥ +p < 0.001 compared to Control group. ~p < 0.01, ""p < 0.001
compared to SMIR+NC group.
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Fig. 4. Impact of Ang-1 overexpression and NF-<B inhibition on NOX4, TNF-a, IL-6 protein levels in DRG neurons. (A-D)
Representative Western blot bands (A) and quantitative analysis of NOX4 (B), TNF-« (C), and IL-6 (D) protein levels in DRG neurons
(Western blotting, S-actin as an internal control). (E-I) Representative Western blot bands (E) and quantitative analysis of NOX4 (F),
phosphorylated p65 (p-p65), p65 (G), TNF-« (H), and IL-6 (I) protein levels in DRG neurons (Western blotting, S-actin as an internal
control). Each experiment was performed independently three times. Tp < 0.05, T*Tp < 0.001 compared to Control group. ~'p <
0.001 compared to SMIR+NC group. 22p < 0.01, 222p < 0.001 compared to SMIR group.

pro-inflammatory cytokine production in DRG neurons,
thereby aggravating pain perception [38]. Our findings
demonstrated that SMIR treatment increased NOX4 expres-
sion in DRG neurons, whereas Ang-1 overexpression effec-
tively suppressed this upregulation. These results indicate
that Ang-1 may relieve post-surgical pain by downregulat-
ing NOX4, reducing oxidative stress, and suppressing in-
flammatory responses.

NF-xB, a pivotal transcription factor family compris-
ing p65 (RelA), p50, p52, c-Rel, and RelB, regulates in-
flammation, immune responses, proliferation, and apop-
tosis [39,40]. It is critical in pain-related inflammation
by upregulating the expression of inflammatory mediators,
thereby enhancing nociceptive signaling [41]. In models
of sciatic nerve injury and diabetic neuropathic pain, NF-
kB activation increases the expression of pain-related genes
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Fig. 5. Effects of Ang-1 overexpression and NF-<B inhibition on apoptosis and pain behavior post-SMIR. (A,C) Apoptosis in
DRG neurons (Flow cytometry). (B,D) Apoptosis in DRG neurons (Flow cytometry). (E,F) PWT and PWL in rats from the SMIR and
SMIR+Ang-1 groups at BL and on days 1, 4, 7, 14, and 21. Each experiment was performed independently three times. *p < 0.05, **p
< 0.01, ***p < 0.001 compared to BL group. ™" p < 0.001 compared to Control group. = p < 0.001 compared to SMIR+NC group.

AAAH < 0.001 compared to SMIR group.

and pain sensitivity [42]. Consistent with these findings,
SMIR treatment activated NF-xB in DRG neurons, an ef-
fect suppressed by Ang-1. Moreover, NF-xB inhibition
significantly reduced SMIR-induced pain, supporting the
notion that Ang-1 alleviates post-surgical pain, at least in
part, by downregulating NF-xB signaling and modulating
inflammation [43].

There are several limitations. First, behavioral assess-
ments were performed only for 21 days, which may not
completely capture the long-term effects of Ang-1 treat-
ment on post-surgical pain. Second, although the study
demonstrates that Ang-1 modulates the NOX4/ROS/NF-
kB pathway, the precise molecular mechanisms governing
this regulation remain unclear. Further studies are needed
to elucidate the detailed intracellular signaling networks
through which Ang-1 influences oxidative stress, inflam-
mation, and neuronal apoptosis. Finally, the use of pri-
mary cultured DRG neurons does not reflect the full het-

erogeneity of the intact DRG tissue. In future research, we
will perform immunofluorescence assays on intact DRG tis-
sue samples to verify the spatiotemporal expression of key
molecules (e.g., Ang-1, NOX4, NF-xB), thereby enhancing
the translational value of our findings.

Conclusion

In summary, using rat models of post-surgical pain,
we demonstrate Ang-1 overexpression alleviates pain hy-
persensitivity by reducing ROS production, inflamma-
tory mediator release, and neuronal apoptosis. SMIR-
induced post-surgical pain is pertinent to activation of the
NOX4/ROS/NF-B pathway, which is effectively miti-
gated by Ang-1. These findings highlight the therapeutic
potential of Ang-1 for managing post-surgical pain and pro-
vide a foundation for developing novel analgesic strategies.
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