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Abstract:

Background: Duloxetine is widely prescribed for the management of neuropathic pain; however, the contribution of
spinal serotonergic signaling to its neuroprotective effects following peripheral nerve injury remains incompletely
understood. This study investigated the role of spinal serotonin in duloxetine-mediated functional and biochemical
recovery using a chronic constriction injury (CCI) model in rats.

Methods: Forty adult male Wistar rats were randomly assigned to five groups (n = 8 each): sham-operated, CCI, CCI +
duloxetine (10 mg/kg, i.p.), CCI + p-chlorophenylalanine (PCPA, 100 mg/kg, i.p.), and CCI + duloxetine + PCPA.
Electrophysiological function (MNCV and SNCV), spinal serotonin (5-HT), brain-derived neurotrophic factor (BDNF),
neurofilament light chain (NfL), and sciatic nerve histopathology were evaluated.

Results: CCI significantly impaired motor and sensory nerve conduction, reduced spinal serotonin levels, and increased
spinal BDNF and NfL concentrations, accompanied by marked perineural inflammatory cell infiltration. Duloxetine
significantly restored MNCV and SNCYV, increased spinal serotonin levels, reduced BDNF and NfL concentrations, and
attenuated histopathological inflammation. Pharmacological depletion of serotonin with PCPA substantially diminished
the beneficial effects of duloxetine on electrophysiological, biochemical, and histopathological outcomes, although partial
protection was retained.

Conclusion: These findings demonstrate that spinal serotonergic signaling plays a pivotal role in the neuroprotective
effects of duloxetine following peripheral nerve injury. The concurrent modulation of BDNF and NfL further suggests
their potential utility as complementary biomarkers of neuronal plasticity and axonal injury during neuropathic pain
progression and recovery. Targeting spinal serotonergic pathways may represent a promising therapeutic strategy for
enhancing functional recovery after peripheral nerve injury.

Mechanistic and Translational Relevance: Our findings identify spinal serotonergic signaling as a principal mechanism
underlying duloxetine-mediated neuroprotection after peripheral nerve injury and suggest that BDNF and neurofilament
light chain may serve as complementary biomarkers for evaluating treatment response and disease progression in
neuropathic pain.

Keywords: Duloxetine; Neuropathic pain; Chronic constriction injury; Serotonin; Brain-derived neurotrophic factor and
Neurofilament light chain.
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Mechanistic Summary: Duloxetine enhances spinal serotonergic signaling, which suppresses neuroi
sensitization and axonal injury, and promotes neuronal survival, thereby improving nerve function after peripheral nerve injury.
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Introduction

Neuropathic pain is a chronic and debilitating
condition that arises from injury or dysfunction of
the somatosensory nervous system (1, 2). It is
characterized by spontaneous pain, hyperalgesia,
allodynia, and persistent sensory abnormalities that
markedly impair quality of life (2, 3). Despite
advances in pain management, currently available
therapies provide only partial symptom relief in
many patients, highlighting the need for a better
understanding of the mechanisms underlying
neuropathic pain and for the development of more
effective therapeutic strategies (2, 4). Peripheral
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Graphical Abstract: Mechanistic and Translational Overview of Duloxetine-Mediated Neuroprotection Through Spinal Serotonergic
Signaling Following Chronic Constriction Injury. Peripheral nerve injury induced by CCI impairs motor and sensory nerve conduction, decreases
spinal serotonin (5-HT), increases spinal brain-derived neurotrophic factor (BDNF) and neurofilament light chain (NfL) levels, and promotes
perineural inflammation. Duloxetine enhances spinal serotonergic neurotransmission, leading to attenuation of neuroinflammation, reduction of
maladaptive BDNF-associated central sensitization and axonal injury, preservation of neuronal integrity, and improvement of electrophysiological
function. Pharmacological depletion of serotonin with p-chlorophenylalanine (PCPA) diminishes, but does not completely abolish, the neuroprotective
effects of duloxetine, indicating that spinal serotonergic signaling is a principal mediator of functional recovery following peripheral nerve injury,
while additional mechanisms may also contribute.

nerve injury initiates a cascade of pathological
events that extends beyond the site of damage (5).
Along  with degeneration  and
neuroinflammation, sustained activation of spinal

axonal

nociceptive pathways contributes to central
sensitization and the maintenance of chronic pain
(5, 6). These changes are accompanied by
alterations in the expression of several molecular
mediators involved in neuronal plasticity and nerve
integrity (7, 8). Among these,
neurotrophic factor (BDNF) has been implicated in

brain-derived

the development of central sensitization (9, 10),
whereas neurofilament light chain (NfL) has
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emerged as a sensitive biomarker of axonal injury
(11, 12). Therefore, functional, biochemical, and
histopathological assessments together provide a
comprehensive evaluation of peripheral nerve
recovery following injury. Descending inhibitory
pathways originating from supraspinal regions play
a fundamental role in regulating nociceptive
transmission within the spinal cord (13, 14).
Serotonin (5-hydroxytryptamine, 5-HT) is a major
neurotransmitter in this system and modulates
spinal pain processing through multiple receptor
subtypes (15, 16). Experimental evidence has
shown that peripheral nerve injury disrupts spinal
serotonergic neurotransmission, thereby weakening
endogenous pain inhibition and facilitating the
development of neuropathic pain (17, 18). However,
the contribution of spinal serotonin to neural
recovery after peripheral nerve injury remains
incompletely understood (19, 20). Duloxetine, a
serotonin-norepinephrine reuptake inhibitor
(SNRI), is widely wused as a first-line
pharmacological treatment for neuropathic pain (21,
22). In addition to its analgesic efficacy,
accumulating evidence suggests that duloxetine
may exert anti-inflammatory and neuroprotective
effects that extend beyond symptom control (23,
24). Previous studies have reported that duloxetine
can  attenuate neuroinflammation, improve
peripheral nerve function, and modulate the
expression of molecules associated with neuronal
survival and plasticity (25, 26). Nevertheless, it
remains unclear whether these beneficial effects are
primarily mediated through enhancement of spinal
serotonergic signaling (15, 25). Pharmacological
depletion of serotonin using p-chlorophenylalanine
(PCPA), an irreversible inhibitor of tryptophan
hydroxylase, provides a wuseful experimental
approach for examining the involvement of
endogenous serotonin in the actions of duloxetine
(25, 27). By selectively reducing serotonin
synthesis, PCPA allows direct evaluation of the
contribution of serotonergic signaling to functional
and biochemical recovery following peripheral
nerve injury (25, 27).

Therefore, the present study was designed to
investigate the role of spinal serotonergic signaling
in the neuroprotective effects of duloxetine in a rat
model of chronic constriction injury (CCI).
Electrophysiological recovery was assessed by
measuring motor and sensory nerve conduction
velocities, while spinal serotonin, BDNF, and NfL
levels were quantified as biochemical indicators of
serotonergic activity, neuronal plasticity, and axonal
injury. Histopathological examination of the sciatic
nerve was also performed to evaluate perineural
inflammatory changes. We hypothesized that
depletion of endogenous serotonin would attenuate
the beneficial effects of duloxetine, thereby
demonstrating a critical role for spinal serotonergic
signaling in functional recovery following
peripheral nerve injury.

Methods

Animals

Forty adult male Wistar rats (8 weeks old, 200-220
g) were used in the present study. Animals were
housed in standard polypropylene cages under
controlled laboratory conditions, including a 12 h
light/dark cycle, ambient temperature of 22 + 2 °C,
and relative humidity of 50-60%. Standard pellet
diet and tap water were provided ad libitum
throughout the experimental period. Animals were
allowed to acclimatize to the housing environment
for at least one week before the start of the
experiments. Health status was monitored daily, and
all efforts were made to minimize animal suffering
and reduce the number of animals used. All
experimental procedures were performed in
accordance with the ethical principles for laboratory
animal research and were approved by the Ethics
Committee of the Ministry of Health and Medical
Education of Iran (IR.LUMS.REC.1405.132).

Experimental Design

Animals were randomly assigned to the
experimental groups (n = 8 per group) using a
computer-generated randomization sequence as
follows: (1) Control (sham-operated) group, (2)
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chronic constriction injury (CCI) group, and (3) CCI
treated with duloxetine (10 mg/kg, i.p., in a volume
of 0.2 mlL/rat). For mechanistic evaluation of
serotonergic involvement, two additional groups
were included: (4) CCI + p-chlorophenylalanine
(PCPA, 100 mg/kg, i.p.) and (5) CCI + duloxetine +
PCPA.

Treatment was initiated three days before CCI
surgery and continued throughout the experimental
period until day 14 after nerve injury. In groups
receiving PCPA, the compound was administered
according to the experimental protocol to deplete
endogenous serotonin levels prior to duloxetine
treatment. Animals were observed daily for changes
in body weight, locomotor activity, grooming
behavior, food intake, and signs of postoperative
complications. No procedure-related mortality
occurred during the study period. PCPA (Sigma No:
C65006) is an irreversible inhibitor of tryptophan
hydroxylase, the rate-limiting enzyme in serotonin
biosynthesis, and is widely used experimentally to
deplete central serotonin levels. The dose of
duloxetine was selected based on a previously
published study (28). PCPA (100 mg/kg, i.p.) was
administered once daily for four consecutive days
(days 0-3) and repeated on days 11-14 to maintain
serotonin depletion throughout the experimental
period (29).

Induction of Chronic Constriction Injury

Experimental neuropathy was established using the
chronic constriction injury (CCI) model of the
sciatic nerve (30). Animals were anesthetized with
pentobarbital sodium (60 mgkg, ip.) and
positioned under sterile surgical conditions.
Following skin preparation, an incision was made
over the lateral aspect of the thigh, and the
underlying muscle layers were gently separated to
expose the sciatic nerve. Once identified, the nerve
was carefully isolated from the surrounding
connective tissue. Three loose ligatures were then
placed around the sciatic nerve using 4-0 silk
sutures, leaving approximately 1 mm between
adjacent ligatures. The sutures were tightened
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sufficiently to induce a mild and reproducible
constriction while preserving nerve continuity and
local blood supply. After completion of the
procedure, the muscle and skin layers were sutured
separately, and animals were returned to their home
cages for recovery. Rats in the sham group
underwent identical surgical exposure of the sciatic
nerve without placement of ligatures.

Electrophysiological Assessment
Electrophysiological studies were performed on day
14 following CCI induction to assess functional
integrity of the sciatic nerve. Animals were
anesthetized with pentobarbital sodium (60 mg/kg,
1.p.), and body temperature was maintained within
the physiological range throughout the recording
session. After skin disinfection, a longitudinal
incision was made along the hind limb. The
overlying muscle layers were carefully separated to
expose the sciatic nerve while minimizing
mechanical manipulation. Once the nerve was
identified, stimulating electrodes were positioned at
proximal and distal sites along the nerve pathway.
Electrophysiological recordings were obtained
using a PowerLab data acquisition system.
Compound action potentials were evoked by
electrical ~ stimulation and recorded under
standardized conditions. Motor nerve conduction
velocity (MNCV) and sensory nerve conduction
velocity (SNCV) were determined by calculating
the ratio of the distance between stimulation sites to
the corresponding latency differences. All
electrophysiological measurements were performed
by the same investigator, who was blinded to
treatment allocation, to reduce inter-observer
variability and ensure consistency among
experimental groups (31).

Biochemical Analysis

Following completion of the electrophysiological
assessments, rats were deeply anesthetized and
euthanized. The lumbar spinal cord (L4-L6
segments) was rapidly exposed by laminectomy,
carefully dissected, rinsed with ice-cold phosphate-
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buffered saline (PBS) to remove residual blood,
snap-frozen in liquid nitrogen, and stored at —80 °C
until analysis. Frozen spinal cord tissues were
weighed and homogenized in ice-cold PBS
supplemented with a protease inhibitor cocktail
(1:9, w/v). The homogenates were centrifuged at
12,000 x g for 15 min at 4 °C, and the resulting
supernatants were collected for biochemical
analyses. Total protein concentration was
determined using a bicinchoninic acid (BCA)
protein assay. Spinal
hydroxytryptamine, 5-HT) levels were measured
using a commercially available competitive ELISA
kit (Cat. No. E02H0106; BlueGene Biotech Co.,
Ltd., Shanghai, China) according to the
instructions. Brain-derived

serotonin (5-

manufacturer's
neurotrophic factor (BDNF) concentrations were
determined using a commercially available Rat
BDNF ELISA kit (Cat. No. E02B0042; BlueGene
Biotech Co., Ltd., Shanghai, China) following the
manufacturer's protocol. Neurofilament light chain
(NfL) concentrations were quantified using a Rat
Neurofilament Light Polypeptide (NEFL) ELISA
kit (Cat. No. MBS913456; MyBioSource, Inc., San
Diego, CA, USA) according to the manufacturer's
instructions. All samples and standards were
assayed in duplicate. Absorbance was measured at
450 nm using a microplate reader. Biomarker
concentrations were calculated from the
corresponding standard curves. The concentrations
of 5-HT, BDNF, and NfL were normalized to the
total protein content of each sample and expressed
as ng/mg protein or pg/mg protein, as appropriate
(32).

Histopathological Evaluation

At the end of the experimental period, the sciatic
nerves were carefully harvested and immediately
fixed in 10% neutral-buffered formalin for
histological examination. Following fixation, tissue
specimens were dehydrated through graded ethanol
solutions, embedded in paraffin, and sectioned into
5-um-thick slices using a rotary microtome. The
prepared sections were stained with hematoxylin

and ecosin (H&E) to assess general tissue
morphology.  Microscopic ~ evaluation  was
performed using a light microscope by an
investigator blinded to the experimental groups.
Histopathological analyses focused on structural
alterations associated with peripheral nerve injury,
including axonal degeneration, myelin sheath
disorganization, inflammatory cell infiltration, and
changes in overall nerve architecture. Perineural
inflammatory cell infiltration was assessed using a
semi-quantitative histopathological scoring system
and graded on a four-point scale as follows: 0 = no
inflammatory cell infiltration; 1 = mild infiltration;
2 = moderate infiltration, and 3 = severe
inflammatory cell infiltration. Scores were assigned
based on the overall extent of inflammatory changes
observed in each tissue section (33).

Statistical Analysis

Statistical analyses were performed using GraphPad
Prism software (version 8.0). Data are presented as
mean * standard error of the mean (SEM). The
normality of data distribution was assessed using
the Shapiro—Wilk test before statistical analysis.
Comparisons among experimental groups were
performed using one-way analysis of variance
(ANOVA), followed by Tukey's post hoc test for
multiple pairwise comparisons when a significant
overall effect was detected. A p value < 0.05 was
considered statistically significant.

Results

Effects of Duloxetine and PCPA on Motor and
Sensory Nerve Conduction Velocity Following
CCI

The MNCYV results demonstrated that induction of
chronic constriction injury (CCI) in the second
group significantly reduced motor nerve conduction
velocity in the sciatic nerve compared with the
control group (p < 0.001). Treatment with
duloxetine in the third group significantly improved
MNCV compared with the CCI group (p < 0.01).
However, co-administration of PCPA with
duloxetine attenuated the beneficial effects of
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duloxetine on MNCV (Figure 1). Similarly, the
SNCV  results showed that CCl-induced
neuropathic pain significantly decreased sensory
nerve conduction velocity compared with the
control group (p < 0.001). Duloxetine treatment
significantly improved SNCV relative to the CCI
group (p <0.01). However, co-treatment with PCPA
attenuated the beneficial effect of duloxetine on
SNCV (p < 0.05, Figure 2).
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Figure 1. Effects of Duloxetine and PCPA on MNCYV following
CCI. Data are presented as mean £ SEM (n = 8 per group).
Statistical significance was analyzed using one-way ANOVA
followed by Tukey's post hoc test. *p < 0.05, **p < 0.01, ***p
< 0.001 versus the CCI group.

Effects of Duloxetine and PCPA on Spinal
Serotonin Levels

As shown in Figure 3, spinal serotonin (5-HT)
levels were significantly reduced in the CCI
vehicle-treated group compared with the control
group. Treatment with duloxetine significantly
increased spinal serotonin levels relative to the CCI
vehicle-treated group (p < 0.001). Administration of
PCPA alone did not produce a significant change in
spinal serotonin levels compared with the CCI
vehicle-treated group. However, co-administration
of PCPA with duloxetine resulted in a smaller, yet
still significant, increase in spinal serotonin levels
compared with the CCI vehicle-treated group (p <

6

0.05), indicating that PCPA attenuated the
serotonin-enhancing effect of duloxetine (Figure 3).
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Figure 2. Effects of Duloxetine and PCPA on SNCV following
CCI. Data are presented as mean + SEM (n = 8 per group).
Statistical significance was analyzed using one-way ANOVA
followed by Tukey's post hoc test. *p < 0.05, **p < 0.01, ***p
< 0.001 versus the CCI group.
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Figure 3. Effects of Duloxetine and PCPA on spinal serotonin
(5-HT) levels following CCI. Data are presented as mean +
SEM (n = 8 per group). Statistical significance was analyzed
using one-way ANOVA followed by Tukey's post hoc test. *p
< 0.05, **p < 0.01, ***p < 0.001 versus the CCI group.

Effects of Duloxetine and PCPA on Spinal BDNF
Levels

Analysis of spinal BDNF levels revealed a
significant increase in the CCI group compared with



Spinal Serotonergic Signaling Mediates the Neuroprotective Effects of Duloxetine Following Chronic Constriction Injury in Rats

the control group (p < 0.001). Treatment with
duloxetine significantly reduced spinal BDNF
levels compared with the CCI group (p < 0.001). In
contrast, administration of PCPA alone significantly
increased spinal BDNF levels relative to the CCI
group (p < 0.01). Co-administration of PCPA with
duloxetine significantly decreased spinal BDNF
levels compared with the CCI group (p < 0.01,
Figure 4).
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Figure 4. Effects of Duloxetine and PCPA on Spinal BDNF
Levels. Data are presented as mean £ SEM (n = 8 per group).
Statistical significance was analyzed using one-way ANOVA
followed by Tukey's post hoc test. *p < 0.05, **p < 0.01, ***p
< 0.001 versus the CCI group.

Effects of Duloxetine and PCPA on Spinal
Neurofilament Light Chain (NfL) Levels
Analysis of spinal neurofilament light chain (NfL)
levels revealed a significant increase in the CCI
vehicle-treated group compared with the control
group (p < 0.001). Duloxetine treatment
significantly reduced spinal NfL levels relative to
the CCI wvehicle-treated group (p < 0.001).
Conversely, treatment with PCPA  alone
significantly increased spinal NfL levels compared
with the CCI vehicle-treated group (p < 0.001).
Likewise, co-administration of duloxetine and
PCPA resulted in significantly higher spinal NfL
levels than those observed in the CCI vehicle-
treated group (p < 0.05, Figure 5).

Effects of Duloxetine and PCPA on Perineural
Inflammation Following CCI

Histopathological examination of the sciatic nerve
demonstrated a marked increase in perineural
inflammatory cell infiltration in the CCI group
compared with the control group (p < 0.001).
Treatment with duloxetine significantly reduced
inflammatory cell infiltration compared with the
CCI group (p <0.01). In contrast, co-administration
of PCPA attenuated the anti-inflammatory effect of
duloxetine, resulting in increased perineural
inflammatory cell infiltration. No significant
difference was observed between the CCI + PCPA
group and the CCI group (Figure 6).
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Figure 5. Effects of Duloxetine and PCPA on Spinal NfL
Levels. Data are presented as mean + SEM (n = 8 per group).
Statistical significance was analyzed using one-way ANOVA
followed by Tukey's post hoc test. *p < 0.05, **p < 0.01, ***p
< 0.001 versus the CCI group.

Discussion

The present study demonstrates that duloxetine
markedly improved functional recovery following
chronic constriction injury, as evidenced by the
restoration of motor and sensory nerve conduction
velocities, increased spinal serotonin levels,
reduced spinal BDNF and NfL concentrations, and
attenuation of perineural inflammatory cell
infiltration. Pharmacological depletion of serotonin
with PCPA substantially diminished these beneficial
effects, indicating that intact spinal serotonergic
signaling is required for the full neuroprotective
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action of duloxetine. Collectively, these findings
suggest that enhancement of spinal serotonin not
only contributes to pain modulation but also plays
an important role in preserving peripheral nerve
function and limiting pathological changes
following nerve injury.
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Figure 6. Semi-quantitative histopathological inflammation
scores of the sciatic nerve in the experimental groups. Data
are presented as mean £ SEM (n = 8 per group). Statistical
significance was analyzed using one-way ANOVA followed by
Tukey's post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001
versus the CCI group.

Electrophysiological assessment provides an
objective measure of functional integrity after
peripheral nerve injury. In the present study, CCI
markedly reduced both motor and sensory nerve
conduction velocities, confirming successful
induction of neuropathic injury. These findings are
consistent with previous reports demonstrating
impaired nerve conduction following chronic sciatic
nerve constriction due to axonal dysfunction,
demyelination, and inflammatory  changes
surrounding the injured nerve (34-36). Duloxetine
significantly improved both MNCV and SNCYV,
suggesting preservation of nerve function in
addition to its established analgesic activity. Similar
improvements in electrophysiological parameters
have been reported following duloxetine treatment
in experimental models of peripheral neuropathy
(36, 37). Restoration of nerve conduction may result
from reduced neuroinflammation, preservation of
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axonal integrity, and improved neuronal
excitability, all of which contribute to functional
recovery after nerve injury (38, 39).

One of the principal findings of this study is the
involvement of spinal serotonergic signaling in the
beneficial effects of duloxetine. CCI significantly
reduced spinal serotonin levels, whereas duloxetine
restored serotonin concentrations toward normal
values. This observation agrees with previous
studies showing that peripheral nerve injury disrupts
descending monoaminergic inhibitory pathways
and weakens endogenous pain inhibition (40, 41).
Duloxetine enhances synaptic serotonin availability
by inhibiting its reuptake, thereby strengthening
descending inhibitory control at the spinal level (42,
43). Importantly, depletion of endogenous serotonin
with PCPA markedly attenuated the functional and
biochemical effects of duloxetine. Although
duloxetine retained partial efficacy after serotonin
depletion, its protective effects were substantially
reduced. These findings indicate that spinal
serotonin is a major, but probably not the sole,
mediator of duloxetine-induced neuroprotection.
The remaining protective effects may be explained
by increased  noradrenergic  transmission,
suppression of neuroinflammatory signaling, or
direct modulation of glial cell activity, all of which
have been reported to contribute to the
pharmacological profile of duloxetine (24, 25).
Brain-derived neurotrophic factor (BDNF) has
emerged as a critical mediator of central
sensitization in neuropathic pain. Although BDNF
is generally recognized for its neurotrophic and
neuroprotective properties, its role within the spinal
cord differs substantially under pathological
conditions. Following peripheral nerve injury,
activated microglia release BDNF in the dorsal
horn, leading to abnormal neuronal excitability and
amplification of nociceptive transmission (9).
Increased spinal BDNF has therefore been
consistently associated with the initiation and
maintenance of neuropathic pain rather than
neuronal protection (44, 45). In agreement with
these observations, CCI markedly increased spinal
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BDNF levels in the present study, whereas
duloxetine significantly reduced BDNF expression.
This reduction was accompanied by improved
electrophysiological function and decreased
inflammatory changes, suggesting attenuation of
central sensitization. Interestingly, serotonin
depletion with PCPA prevented the full suppressive
effect of duloxetine on spinal BDNF. This finding
indicates that serotonergic signaling contributes to
the regulation of spinal BDNF following peripheral
nerve injury. However, because BDNF levels in the
duloxetine plus PCPA group remained below those
observed in untreated CCI animals, it is likely that
mechanisms other than serotonin also participate in
the modulation of BDNF. Previous studies have
suggested that suppression of microglial activation,
inhibition of pro-inflammatory cytokine production,
and enhancement of noradrenergic
neurotransmission may all contribute to the ability
of duloxetine to regulate BDNF expression (9, 46,
47). Neurofilament light chain (NfL) is increasingly
recognized as a sensitive biomarker of neuroaxonal
injury. Damage to peripheral axons results in
disruption of the neuronal cytoskeleton and
subsequent release of NfL into surrounding tissues
and biological fluids (48). Elevated NfL
concentrations have been reported in several
neurological disorders characterized by axonal
degeneration, including peripheral neuropathies,
traumatic nerve injury, and neurodegenerative
diseases (49, 50). Consistent with these
observations, spinal NfL levels were significantly
increased following CCI, indicating ongoing axonal
damage after sciatic nerve constriction. Duloxetine
markedly reduced spinal NfL levels, suggesting
preservation of axonal integrity in addition to
functional improvement. This finding is particularly
noteworthy because most experimental studies
evaluating duloxetine have focused primarily on
behavioral outcomes, whereas relatively few have
examined biomarkers directly reflecting structural
neuronal injury (51-52). Interestingly, depletion of
serotonin markedly attenuated the NfL-lowering
effect of duloxetine, further supporting the

involvement of spinal serotonergic signaling in
maintaining axonal integrity following peripheral
nerve injury. The parallel improvement in nerve
conduction velocity and reduction in NfL observed
in the present study further strengthens the
relationship between structural preservation and
functional recovery.

Histopathological findings further supported the
biochemical and electrophysiological results. CCI
produced marked perineural inflammatory cell
infiltration around the sciatic nerve, which is a
characteristic pathological feature of peripheral
neuropathy.  Local inflammatory responses
contribute to persistent nociceptor activation
through the release of cytokines, chemokines, and
other inflammatory mediators, thereby sustaining
neuropathic pain (6, 53). Duloxetine markedly
reduced inflammatory cell infiltration, suggesting
that its beneficial effects extend beyond modulation
of neurotransmitter reuptake. Previous studies have
similarly demonstrated that duloxetine suppresses
neuroinflammatory responses by reducing glial
activation and limiting the production of
inflammatory mediators (24, 37). In contrast,
serotonin  depletion  diminished this  anti-
inflammatory effect, and inflammatory changes
became comparable to those observed in untreated
CCI animals. These findings suggest that
preservation of spinal serotonergic
neurotransmission contributes, at least in part, to the
anti-inflammatory actions of duloxetine following
peripheral nerve injury.

Limitations

This study has several limitations. First, only male
rats were included; therefore, potential sex-
dependent differences could not be evaluated.
Second, serotonin depletion was achieved
pharmacologically using PCPA rather than through
receptor-specific approaches, which may not
completely distinguish serotonergic from other
monoaminergic mechanisms. Third, only spinal
serotonin concentrations were measured, whereas
receptor subtype activation and downstream
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intracellular ~ signaling pathways were not
investigated. Future studies should incorporate
receptor-specific antagonists, molecular analyses,
and longer follow-up periods to further clarify the
mechanisms underlying duloxetine-induced

neuroprotection.

Future Directions

Future investigations should identify the specific
serotonergic receptor subtypes and downstream
signaling pathways mediating duloxetine-induced
neuroprotection. Integrating molecular analyses of
neuroinflammation, glial activation, axonal
regeneration, and receptor-specific pharmacological
approaches, together with long-term functional and
translational studies, will provide a more
comprehensive understanding of the mechanisms
underlying serotonergic modulation in peripheral
nerve repair and may facilitate the development of
targeted therapeutic strategies for neuropathic pain.

Conclusion

The present study demonstrates that duloxetine
promotes functional recovery following chronic
constriction injury by improving motor and sensory
nerve conduction, restoring spinal serotonin levels,
reducing spinal BDNF and neurofilament light
chain (NfL) concentrations, and attenuating
perineural inflammation. Importantly,
pharmacological depletion of serotonin with p-
chlorophenylalanine (PCPA) markedly diminished
these beneficial effects, highlighting the essential
contribution of spinal serotonergic signaling to the
neuroprotective actions of duloxetine. The partial
preservation of duloxetine efficacy despite
serotonin depletion further suggests that additional
mechanisms, including noradrenergic signaling and
modulation of neuroinflammatory pathways, may
also contribute to its therapeutic effects.
Collectively, these findings provide mechanistic
evidence that enhancement of spinal serotonergic
neurotransmission is a key component of
duloxetine-induced neuroprotection following
peripheral nerve injury. Moreover, the concurrent
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changes in BDNF and NfL support their potential
utility as complementary biomarkers of neuronal
plasticity and axonal injury during neuropathic pain
progression and recovery. Further studies are
warranted to clarify the downstream molecular
pathways linking serotonergic signaling to
neuroinflammation, axonal preservation, and
functional nerve regeneration.

Mechanistic and Translational Relevance

Duloxetine-mediated neuroprotection following
chronic constriction injury appears to extend
beyond symptomatic analgesia by engaging spinal
serotonergic signaling pathways that influence
neuroinflammation, neuronal plasticity, and axonal
preservation. The marked attenuation of duloxetine
efficacy after pharmacological serotonin depletion
supports a mechanistic role for endogenous spinal
5-hydroxytryptamine (5-HT) in maintaining
descending inhibitory control while indirectly
regulating molecular processes associated with
peripheral nerve repair. Restoration of spinal
serotonin may reduce pathological nociceptive
transmission through activation of inhibitory
serotonergic receptor networks and modulation of
neuron—glia  interactions,  thereby  limiting
inflammatory signaling and secondary neuronal
injury. The concomitant reduction in spinal BDNF
observed after duloxetine treatment is consistent
with attenuation of maladaptive central sensitization
rather than suppression of physiological
neurotrophic  activity, = whereas  decreased
neurofilament light chain (NfL) levels suggest
preservation of axonal cytoskeletal integrity.
Together with improved nerve conduction and
reduced perineural inflammation, these findings
support a biologically coherent framework linking
serotonergic modulation to structural and functional
neural recovery. From a translational perspective,
the data reinforce spinal serotonergic signaling as a
potential therapeutic target for enhancing recovery
after peripheral nerve injury and identify BDNF and
NfL as complementary mechanistic biomarkers that
may facilitate monitoring of neuronal plasticity and
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axonal injury during treatment. Although these
observations derive from a preclinical model, they
provide a rationale for future investigations
integrating receptor subtype-specific pharmacology,
glial and intracellular signaling analyses, and
biomarker-guided clinical studies to determine
whether modulation of serotonergic pathways can
improve patient stratification, optimize therapeutic
response, and accelerate  translation of
neuroprotective strategies for neuropathic pain.
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