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ABSTRACT

Objective(s): Celastrol is an herbal compound with neuroprotective properties. Our research aimed
to assess the neuroprotective properties of celastrol on sciatic nerve transection in rats.

Materials and Methods: The rats’ left sciatic nerve was cut and sutured directly. The animals were then
given 1 or 2 mg/kg celastrol intraperitoneally for two weeks. The sensory and locomotor behaviors
of the animals were then evaluated for 16 weeks. Immunohistochemistry, ELISA, and real-time
PCR were also utilized to evaluate macrophage polarization, cytokine secretion, and neurotrophin
expression in injured nerves.

Results: Results showed that both doses of celastrol significantly accelerated nerve regeneration
and improved sensorimotor functional recovery when compared with controls. Nevertheless,
administration of 2 mg/kg of celastrol significantly outperforms treatment with a dose of 1 mg/kg.
Celastrol treatment-induced M2 polarization in macrophages decreased proinflammatory cytokines
at the injury site. It also increased the expression of BDNF mRNA.

Conclusion: These findings suggest that a two-week treatment with celastrol had neuroprotective
effects in a rat sciatic nerve transection model, most likely by inducing macrophage M2 polarization

and anti-inflammatory effects.
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Introduction

Peripheral nerve injuries (PNIs) are the leading cause
of morbidity with significant socioeconomic consequences
(1, 2). Functional restoration after severe PNI is always
incomplete because current treatments are insufficient,
even in the ideal setting (3). Following a PNI (axonotmesis
or neurotmesis), a cascade of cellular events transforms
injured neurons and Schwann cells into regenerative cells
(4). The surviving axons in the proximal nerve stump
retract behind the injury site while the distal axons undergo
Wallerian degeneration, allowing for axonal regeneration (1,
5). However, complete Wallerian degeneration and successful
nerve regeneration require involvement of Schwann cells and
immune cells, particularly macrophages (6, 7). Macrophages
are considered a therapeutic target for PNI management
because they play an important role in nerve regeneration
via cellular debris clearance and cytokine secretion (8, 9).
Macrophages in the distal nerve stump have both pro-
inflammatory (M1) and anti-inflammatory (M2) phenotypes
and the M2 macrophage phenotype has four subtypes (10,
11). The M1 phenotype stimulates Schwann cell proliferation
and transdifferentiation into the regenerative phenotype (12).
This phenotype is then transformed into the pro-healing M2
phenotype and contributes to nerve regeneration. (1, 13).
As a result, promoting the polarization of M1 phenotypes
toward M2 phenotypes is an important phase in peripheral
nerve regeneration (14, 15). Despite the importance of

macrophages in nerve regeneration, the therapeutic potential
of macrophage modulation has received little consideration. It
seems that anti-inflammatory agents promoting macrophages
to the M2 phenotype could be a useful tool for promoting
peripheral nerve regeneration (1).

Celastrol, a pentacyclic triterpenoid isolated from
Tripterygium wilfordii root, has been shown to reduce
macrophage inflammation by polarizing them toward
a pro-healing (M2) phenotype (16-19). Furthermore,
some studies suggest that celastrol has antioxidative and
metabolism-remodeling properties (20). Animal studies
have also confirmed its neuroprotective properties against
cerebral ischemia and retinal ganglion cell injuries (21,
22). However, the effect of celastrol on PNI remains unclear.
As a result, the purpose of this study was to determine the
neuroprotective effects of celastrol on PNI in male Wistar
rats. We also investigate the celastrol effects on macrophage
polarization.

Materials and Methods
Animals and ethics statement

This study included 72 adult male Wistar rats weighing
between 200-250 g. Animals were kept in Plexiglas cages
under a standard lab environment (humidity 60 + 5%,
temperature, 22+2 °C, and 12-hour light cycles), with
free access to food and tap water. All animal experiments
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were carried out according to the guidelines of the Ethics
Committee of the Mohaghegh Ardabili University of
Ardabil (Iran).

Surgical method

This study considered the therapeutic properties of
celastrol on sciatic nerve transection (SNT). The surgeries
were carried out under aseptic conditions by a single
surgeon using a surgical microscope (Zeiss, Germany).
Animals were given anesthesia by intraperitoneal injection
of ketamine (80 mg/kg) and xylazine (15 mg/kg). The
left sciatic nerve was transected 15 mm superior to the
bifurcation into the common fibular and tibial nerves. Then,
the proximal and distal nerve stumps were reconnected
with four epineurial micro sutures immediately (10-0 nylon,
Ethicon). Subsequently, the muscle and skin were closed
using 6-0 prolene (Ethicon) and 4-0 nylon (Ethilon) sutures,
respectively. Finally, the rats were permitted to recover from
anesthesia. As an analgesic, subcutaneous buprenorphine
was administered to the operated animals (0.05 mg/kg).
Furthermore, bitter nail polish was also administered to the
operated limb to prevent autotomy (23, 24).

Experimental groups and animal treatment

Fifty-four rats with left SNT were randomized to three
groups (n = 18), including the control group (1% dimethyl
sulfoxide in 0.9% saline solution), 1 mg/kg celastrol treated
group, and 2 mg/kg celastrol treated group. The doses
of celastrol were chosen based on previous research (25,
26). In the sham-operation group, 18 rats underwent the
surgical procedure without nerve injury. The sham-treated
rats served as healthy nerve controls. Celastrol or an equal
volume of the celastrol vehicle was daily administrated
via intraperitoneal injections within 14 days after surgery.
Celastrol was dissolved in 1% dimethyl sulfoxide in a 0.9%
saline solution. Similarly, the control group received an
equal volume of vehicles. At the end of the experiment, all
the animals were euthanized by inhalation of CO,, and their
bodies were burned in a furnace.

Walking track analysis

Walking track analysis, followed by Sciatic Functional
Index (SFI) calculation, was used to evaluate locomotor
activity at 2, 4, 8, 12, and 16 weeks after surgery. Rats with
black ink-painted hind limbs were permitted to walk down
the white sheet-covered corridor (50 cm x 10 cm) to leave
footprints. Thereafter, the distance between the third toe and
the hind limb pads (paw length, PL), the distance between the
first and fifth toes (toe spread, TS), and the distance between
the second and fourth toes (intermediary toe spread, ITS) in
the healthy (N) and wounded (E) hind limbs were measured.
The footprint parameters were then entered into the Bain
et al. (1989) formula: SFI =-38.3 [(EPL-NPL)/NPL] + 109.5
[(ETS-NTS)/NTS] + 13.3 [(EIT-NIT)/NIT] - 8.8 (27). SFI
scores vary from 0 to —100, with 0 implying normal function
and -100 representing severe hindlimb motor impairment.
A score of —-100 was assigned when there was no measurable
footprint. Finally, a blind operator reported three footprints
on average for each animal (28, 29).

Hot plate test

The thermal withdrawal reflex latency (WRL) for the
operated leg (thermal nociception threshold) was measured
using a hot plate test to assess sensory function. Rats were
restrained and placed on a hot plate at 55 = 1 °C (PE34,
IITC Life Sciences, USA) with their hind paw. The time
between the start of the hotplate touch and the WRL was
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recorded. All assays were repeated three times at two-
minute intervals, with the averages given. We set the cut-off
time at 12 sec to avoid foot tissue injury (30).

Electrophysiological evaluation

In the 16th week postoperatively, we measured the
compound muscle action potential (CMAP) and motor
nerve conduction velocity (NCV) under anesthesia. The
nerve was exposed, and a fine bipolar hook electrode was
positioned 5 mm proximal to the anastomosis site. The
recording and ground electrodes were inserted into the
rat’s gastrocnemius muscle belly and tail. Furthermore, a
reference electrode was positioned between the recording and
stimulating electrodes. The CMAP amplitude was calculated
from the baseline to the max negative point, and response
latency was calculated from the stimulus signal to the first
negative deviation. All CMAPs were amplified and displayed
on a digital oscilloscope. To measure MNCV, the sciatic
nerve was stimulated 5 mm proximally or 10 mm distally to
the anastomosis area, and CMAPs were recorded from the
gastrocnemius muscle. The MNCV was then calculated by
dividing the length between the two stimulation points by the
difference in CMAP latency. On the uninjured contralateral
limbs, the normal CMAP and MNCYV were recorded (31). In
addition, we used a heating pad to keep body temperature
around 36 °C to avoid CMAP variations.

Histomorphometry analysis

Histomorphometry was used to quantify regenerating
nerve morphology in the 16™ postoperative week. Under
anesthesia, nerves were harvested carefully 5 to 10 mm
distal to the anastomosis site. The nerves were then fixed
overnight in 4% paraformaldehyde at 4 °C. Following
that, the tissue specimens were post-fixed in 1% osmium
tetroxide for 3 hr before being dehydrated in increasing
concentrations of ethyl alcohol and embedded in paraffin.
Finally, the specimens were cut into 1 um-thick slices and
subjected to 1% toluidine blue staining for light microscopy
(Carl Zeiss, Germany) analysis. Utilizing the Image ]
software (National Institutes of Health, Maryland, USA),
a blinded observer measured axon counts, axon diameter,
myelin thickness, fiber diameter, and fiber G-Ratio. It is
worth mentioning that the G-ratio is the ratio of the axonal
diameter to the myelinated fiber diameter of the myelin
sheath of a myelinated axon which is used as a structural
index of optimal axonal myelination. The sciatic nerve of
the uninjured contralateral limb was considered a healthy
control (32).

Gastrocnemius muscle mass ratio

The mass ratio of the gastrocnemius muscle, the large
muscle innervated by the sciatic nerve, was measured
to determine nerve re-innervation and muscle atrophy.
Following the electrophysiological evaluation, both limb
gastrocnemius muscles were harvested and the moist muscle
weight was immediately measured. The muscle mass ratio
was then calculated by dividing the muscle weight on the
operated side (left) by the muscle weight on the uninjured
contralateral side (right). A ratio value closer to one indicates
less muscle atrophy and better reinnervation (33, 34).

Masson trichrome staining

Muscle atrophy in the operated limb was assessed using
Masson’s trichrome staining. The harvested gastrocnemius
muscles were fixed in paraformaldehyde and dehydrated
in rising ethyl alcohol concentrations. After being cleared
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with xylene, the nerve samples were embedded in paraffin
and then sliced into 5 pm longitudinal sections. The
specimens were then subjected to Masson’s trichrome for
light microscopy (Carl Zeiss, Germany). Image-Pro Plus 6.0
software was used to capture digital images and calculate
muscle fiber areas. The uninjured contralateral muscle
served as healthy control (35, 36).

Immunohistochemical staining

Immunohistochemical staining was performed three
weeks after surgery to identify the total number of
macrophages, pro-inflammatory macrophages (M1), and
pro-healing macrophages (M2) in regenerating nerves.
Four animals from each group were perfused using
cold phosphate-buffered saline (PBS, pH = 7.4) (Merck,
Germany), and the sciatic nerves were harvested 5 to 10
mm distal to the anastomosis site. The samples were fixed
in 4% paraformaldehyde (Merck, Germany) and kept in a
30% sucrose (Merck, Germany) solution for 24 hr. Nerve
specimens were then embedded in the Tissue-Tek OCT
compound (Sakura, Japan) and cryosectioned. The 10 pm-
thick transverse slices were treated for 1 hr in a blocking
solution of goat serum (Gibco) in PBS at room temperature.
Then, the slices were treated overnight at 4 °C with the
following primary antibody solutions: CD68 (1:100, mouse
IgG1, AbD Serotec (ED1)) to determine the total activated
macrophages, CCR7 (1:200, rabbit, IgG, Cell Application)
to identify the M1 macrophages and CD206 (1:100, rabbit,
IgG, Santa Cruz Biotechnology) to identify the M2a and
M2c macrophages. The nerve specimens were incubated for
another 1 hour in a secondary antibody solution containing
0.5% Triton X-100 (Merck, Germany) in PBS. Eventually, the
specimens were washed in PBS, coverslipped, and observed
with a fluorescence microscope (Axioskop 2, Zeiss) (37).

Real-time polymerase chain reaction (real time-PCR)

The mRNA expression levels of neurotrophic factors
(NGF, BDNF) were quantified by real-time PCR. Total RNA
was extracted from nerve tissues with Trizol (Invitrogen)
and then purified with the RNeasy Mini Kit (Qiagen).
The quantity and purity of RNA samples were estimated
using a Nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific) to measure absorbance at 260 nm (A260)
and A260/A280 ratios. Total RNA (20 ng) was reverse
transcribed into cDNAs by the Moloney murine leukemia
virus (M-MLV) reverse transcriptase enzyme (Sigma-
Aldrich). The Corbett thermal cycler (Corbett Research,
Australia) was then used to amplify cDNA (20 ng) in the
presence of forward and reverse primers (10 pM) and
2X Power SYBR Green Master Mix (5 pl; Invitrogen) in
10 pl-reaction volume. The thermocycler program was as
follows: pre-denaturation at 95 °C for 5 min, 35 cycles of
denaturation at 94 °C for 30 sec, annealing at 57 °C for 20
sec, elongation at 72 °C for 30 sec, and final elongation at
72 °C for 5 min. All assays were run in triplicate, and the
target gene expression was normalized using the internal
control  glyceraldehyde 3-phosphate  dehydrogenase
(GAPDH). The relative changes in gene expression were
determined by the 272® method. Primer sequences
used for NGF were F: CAGAGTTTTGGCCTGTGGTC
and R: GGACATTACGCTATGCACCTC; for BDNF
were F.  AGCGCGAATGTGTTAGTGGT and R
GCAATTGTTTGCCTCTTTTTCT; and for GAPDH
were F:  TGGGAAGCTGGTCATCAAC and R
GCATCACCCCATTTGATGTT, as previously described
by Maeda and colleagues (38).
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Enzyme-linked immunosorbent assay (ELISA)

Seven days after surgery, we used an ELISA assay to
measure pro-inflammatory cytokine levels (TNF-a, IL-1,
IL-6) in the transected sciatic nerves. The sciatic nerves (5
mm of proximal and distal nerve stumps) were harvested
and homogenized in a cocktail of Tris buffer, protease
inhibitors (Roche, Germany), and phosphatase inhibitors
(Roche, Germany). Subsequently, the homogenized
tissue was centrifuged at 15,000 RPM for 20 min, and the
supernatants were collected. The supernatants were used for
the measurement of TNF-q, IL-1B, and IL-6 concentrations
using ELISA kits for rats (R & D Systems Inc., MN, USA).
Following the primary and secondary antibodies binding,
the substrate and stop solutions were added to the wells.
The intensity of the color reflected the amount of cytokine
concentration. Cytokine concentrations were quantified as
pg/mg total protein using a standard curve (39, 40).

Statistical analysis

SPSS Statistics 20.0 was used to analyze the data (SPSS
Inc., Chicago, Illinois, USA). The Shapiro-Wilk test was
employed to determine the data’s normality. The statistically
significant differences between groups were determined
using a one-way analysis of variance (ANOVA). A Tukey
post hoc analysis was used to compare the groups. Data were
shown as the mean + standard deviation (SD), with P<0.05
considered statistically significant.

Results

All operated animals survived until the end of the
experiment. However, due to autotomy, one animal from the
control group was euthanized with CO, inhalation. Besides,
there was no apparent neuroma formation or inflammatory
reaction.

SFI

A flaccid operated foot was present in all animals with
SNT. Before surgery, the mean SFI score in all groups
ranged from -3.4 to -5.6, indicating normal function (Figure
1). Nevertheless, four weeks after SN'T, the mean SFI scores
decreased dramatically to the lowest level (< -70) in all
animals, without any significant difference between groups.

Walking Track Analysis
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Figure 1. Average sciatic function index (SFI) values in the 4™, 8%, 12t%,
and 16" week following surgery of sciatic nerve in all groups. Data were
expressed as mean + SD (n = 10). *P<0.05, **P<0.01 and **P<0.001 vs
control group, and ## P<0.01 and ### P<0.001 vs celastrol (2 mg/kg) group
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Figure 2. Effect of celastrol on thermal nociception 4®, 8%, 12, and 16™
week after surgery of sciatic nerve in all groups. Data were expressed as
mean * SD (n=10). *P<0.05, **P<0.01 and ***P<0.001 vs control group

Afterward, SFI scores significantly increased at different
rates in all animals with SN'T, confirming nerve regeneration
and muscle reinnervation (Figure 1). However, the 2 mg/
kg celastrol group revealed a significantly higher mean SFI
value than that of the 1 mg/kg celastrol and control groups in
the 8%, 12, and 16" weeks after surgery (P<0.01). Similarly,
the mean SFI score of the 1 mg/kg celastrol-treated rats was
also superior to the control group in the 8", 12, and 16th
weeks post-operative, as shown in Figure 1 (P<0.05). Sham
surgery did not affect the normal SFI value significantly.

Hot plate

Four weeks post-surgery, the WRL in all animals increased
dramatically to the cut-off value of 12 sec, indicating severe
sensory impairment (Figure 2). However, the thermal
nociceptive threshold improved markedly over time, and
the WRL in the 1 and 2 mg/kg celastrol groups declined
to 4.5 + 0.55 sec and 4.2 + 0.78 sec at the end of the 16th
week, respectively. Statistical analysis revealed no significant
difference between the two celastrol treatment groups, but the
WRL in these groups was significantly lower than in controls
in the 8th, 12th, and 16th weeks after surgery (P<0.01). As
a result, celastrol treatment could improve sensory function
retrieval in rats with sciatic nerve defects.

Electrophysiological evaluation

At the 16th week postoperatively, an electrophysiological
assessment was performed to qualify motor fiber
regeneration and muscle reinnervation. As shown in Figure
3A, CMAPs were detected as a gradual increase pattern
in all SNT rats from the fourth to the sixteenth week after
surgery, indicating steady progress in nerve regeneration
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and functional recovery. The average of CMAPs peak
amplitude and MNCYV in rats given 1 mg/kg celastrol was
18.1 £ 3.1 mV and 28.7 £ 3.3 ms, respectively, and 25.3 £
2.9 mV and 30.4 + 2.4 ms in those given 2 mg/kg celastrol
(Figure 3A and 3B). In accordance with the SFI results,
the mean CMAP amplitude of rats treated with 2 mg/kg
celastrol was significantly higher than that of rats given 1
mg/kg celastrol (Figure 3A; P<0.001). MNCYV, on the other
hand, increased gradually following SNT in rats, although
it remained lower than in sham surgery. The mean MNCV
was also increased in the 2 mg/kg celastrol group compared
with the 1 mg/kg celastrol group, although this increase
was not statistically significant (Figure 3B). Similarly, both
electrophysiological parameters were significantly greater in
celastrol-treated animals than in controls (P<0.05).

Histomorphometry analysis

At the end of the follow-up, histomorphometry was
performed on sciatic nerves 5-8 mm distal to the nerve
coaptation site to quantify axonal regeneration. Toluidine
blue staining of the sciatic nerve in the control group
revealed degraded myelin sheaths and decreased axon
diameter as compared with the sham group (Figure 4).
Similarly, the morphometric analysis showed that all rats
with SNT had significantly higher myelinated axon counts,
denser fiber distribution, smaller axonal diameter, lower
myelin thickness, and improved G-ratio compared with the

5 80, oS '8
O PR R
Q»f '«‘:\'.‘I\-’; gc

Figure 4. Toluidine blue staining of regenerated nerves at the end of the
experiment. (A) Sham group (B) control group (C) celastrol (1 mg/kg), and
(D) celastrol (2 mg/kg) (Scale bar: 200 pum)
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Figure 3. Electrophysiological evaluation of the regenerated nerves in rats with SNT at 16th-week post-surgery. (A) Representative results of CMAP
amplitude after proximal stimulation of operated sciatic nerves. (B) MNCV values. Data were expressed as mean + SD (n = 10). ***P<0.001 vs control group,

and ### P<0.001 vs celastrol (2 mg/kg) group
SNT: Sciatic nerve transection; CMAP: Compound muscle action potential
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Table 1. Histomorphometry analysis of myelinated axons in regenerated sciatic nerve cross-sections at the 16" post-operative week

Axon diameter ~ Myelin thickness ~ Fiber diameter =~ Myelinated fiber count ~ G-Ratio
Sham 4.6510.4 7 ### 1.2320.19 ¥ #  7.11£0.78 *** ### 72909768 * ### 0.65
Control 1.7910.43 ### 0.6410.12 ### 3.070.67 ### 81924927 ### 0.58
Celastrol 1 mg/kg 2.8+0.41** 0.85£0.27*** 4.5£0.95** 9271+1519* # 0.62
Celastrol 2 mg/kg 3.03+0.32 ¢ 0.9£0.16 ¢ 4.8310.64 *** 107491066 *** 0.63

Values are shown as mean + SD (n = 10). *P<0.05, ***P<0.01, and ***P<0.001 for comparison with control group, and # P<0.05 and ### P<0.001 for

comparison with celastrol (2 mg/kg) group

Sham Control

Celastrol 1 mg/kg  Celastrol 2 mg/kg.

Figure 5. Gastrocnemius muscle atrophy measurement of all groups
following surgery (A-D) Light micrograph of gastrocnemius muscle
longitudinal sections stained with Masson trichrome at the 16th post-
operative week. (A) sham operation, (B) control, (C) celastrol (1 mg/kg),
and (D) celastrol (2 mg/kg) groups. (E) average gastrocnemius muscle
mass ratio (operated/non-operated) in experimental groups. The data are
shown as mean + SD (n=10). **P<0.001 vs control group and ### P<0.001
vs celastrol (2 mg/kg) group

normal nerve in the sham surgery group (Table 1). On the
other hand, rats given 2 mg/kg celastrol had a significant
increase in the number of myelinated axons compared with
those treated with 1 mg/kg celastrol, as shown in Table 1
(P<0.001). However, no significant difference was found
between the two celastrol-treated groups in terms of axon
diameter, myelin thickness, and G-ratio. Moreover, all
morphometric parameters in rats treated with celastrol (1
mg/kg) were significantly superior to controls (P<0.001).

Gastrocnemius muscle atrophy

Muscle mass ratio and Masson’s trichrome staining were
employed 16 weeks after surgery to assess gastrocnemius
atrophy. The muscle mass ratio was expressed as a percentage
of the uninjured contralateral side. As illustrated in Figure
5E, all animals with SNT had gastrocnemius muscle atrophy
and fiber degradation compared with the sham surgery
group. However, celastrol treatment at both doses could
significantly reduce muscle atrophy and increase muscle

Iran J Basic Med Sci, Vol. 25, No. 10, Oct 2022
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Figure 6. Effects of celastrol on NGF and BDNF mRNA expression in the
sciatic nerve of rats with SNT. mRNA level in naive rats has been ascribed
a value of 1, and the vertical axis numbers indicate relative changes from
this baseline for each group. The data are shown as mean + SD (n = 4). ***
P<0.001 vs control group and ### P<0.001 vs celastrol (2 mg/kg) group

mass ratio compared with the control group. Furthermore,
rats given 2 mg/kg celastrol (0.56+0.04) had a significantly
higher muscle mass ratio than those given 1 mg/kg celastrol
(0.71+0.02) (see Figure 5E; P<0.001).

Masson’s trichrome staining, on the other hand, revealed
that the normal gastrocnemius muscle contained few
fibrous connective fibers between muscle bundles (Figure
5A). Denervated muscles in rats with sciatic nerve deficits,
on the other hand, had more fibrous connective tissues and
higher muscle fiber degradation (Figure 5B-C). In the 16
weeks after surgery, the celastrol treatment improved the
gastrocnemius muscle atrophy compared with controls. The
results showed that rats who were given 2 mg/kg celastrol
had less muscle atrophy and fibrous connective tissues than
those given 1 mg/kg celastrol (Figure 5B and D).

The ratio of M1 to M2 macrophages in sciatic nerve

Three weeks following surgery, nerve tissues were
immunostained for CD68, CCR7, and CD206 markers to
assess the effect of celastrol on macrophage polarization.
As shown in Figure 6, both CD206+ (M2a and M2c)
and CCR7+ (M1) macrophages were detectable in all
experimental groups. However, celastrol treatment did
not affect the total number of macrophages, significantly.
In contrast, immunohistochemical staining revealed that
celastrol treatment at both doses could induce macrophage
polarization from pro-inflammatory M1 to pro-healing M2
phenotype (Figure 6) and increased the CD206+/CD68+
ratio compared with controls (Figure 6; P<0.01). In this
regard, rats given 2 mg/kg celastrol performed better than
rats given 1 mg/kg celastrol (P<0.001). The CD206+/CD68+
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Celastrol 2 mg/kg

o - - -
o - - -
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CCR7+/cD8+ ratio

Control Celastrol 1 mg/kg Celastrol 2 mg/kg Control

Celastrol 1 mg/kg

CD206+/CD68+ ratio

Celastrol 2 mg/kg Control Celastrol 1 mg/kg  Celastrol 2 mg/kg

Figure 7. Effect of celastrol treatment on macrophage polarization in rats with SNT sciatic nerve. (A) Representation of double immunofluorescent staining
of sciatic nerve resident macrophages with the M0 marker (CD68/red), M1 marker (CCR7/green), and M2 marker (CD206/green). (B) Quantitative analysis
of the macrophage number. (C) Ratio of the pro-inflammatory phenotype to the CD68+ macrophages. (D) Ratio of the pro-healing phenotype to the CD68+
macrophages. The data are shown as mean + SD (n = 4). **P<0.01 and ***P<0.001 vs control group, and ## P<0.01 and ### P<0.001 vs celastrol (2 mg/kg) group

SNT: Sciatic nerve transection

ratio was also significantly higher in rats given 1 or 2 mg/kg
celastrol than in controls. These findings revealed that M2
macrophages outnumbered M1 macrophages in the injured
sciatic nerve of celastrol-treated rats. These findings suggest
that the phenotype of macrophages has a greater impact on
regenerative outcomes than the total number of macrophages.

Real-time PCR

At two weeks postoperative, sciatic nerves were subjected
to real-time PCR to assess the mRNA expression levels of
BDNF and NGE As shown in Figure 7, NGF and BDNF
levels were significantly higher in both celastrol-treated
groups than in controls (P<0.001). Furthermore, rats given
2 mg/kg celastrol had higher levels of BDNF expression than

Ao TNF-a

"
5 . .
. N

Sham Control Celastrol 1 mg/kg  Celastrol 2 mg/kg

C =

1L-6 (pg/ml)

100 Sham

rats given 1 mg/kg celastrol (P<0.001). Nevertheless, there
was no significant difference in NGF mRNA expression
between the two celastrol-treated groups. It should be noted
that the mRNA level in naive rats was given a value of one.

ELISA assay

According to the result, inflammatory cytokine (TNF-a,
IL-6, and IL-1P) levels were significantly lower in both
celastrol groups when compared with the control group
(Figure 8; P<0.001). Furthermore, rats given 2 mg/kg
celastrol had significantly lower TNF-a (8.43 + 1.3 pg/ml)
than those given 1 mg/kg celastrol (18.61 + 2.1 pg/ml), as
shown in Figure 8A (P<0.001). IL-6 concentrations were
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Figure 8. Neurotrophin levels in the sciatic nerve of rats treated with SNT. (A) TNF-q, (B) IL-1p, and (C) IL-6. The data are shown as mean + SD (n = 4).

***P<0.001 vs control group and ### P<0.001 vs celastrol (2 mg/kg) group
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also significantly lower in the 2 mg/kg celastrol group (114 +
43 pg/ml) compared with the 1 mg/kg celastrol group (463 +
76 pg/ml) (Figure 8C; P<0.001). Finally, celastrol treatment
reduced IL-1p levels from 61.4 + 4.1 pg/ml at dose of 1 mg/
kg to 38.6 + 3.7 pg/ml at 2 mg/kg celastrol treatment (Figure
8B; P<0.001). These findings suggested that celastrol has
anti-inflammatory properties.

Discussion

Celastrol is a natural compound with anti-inflammatory
and macrophage phenotype modulation properties which
has been widely used in traditional Chinese medicine
(41). Celastrol’s therapeutic effects have been studied in a
variety of disorders, including cancer, neuropathic pain,
cerebral ischemia, traumatic brain injury (TBI), and chronic
neurodegenerative disorders (42). However, the protective
effect of celastrol on PNI is unknown. We looked at the
neuroprotective effects of celastrol (1 or 2 mg/kg) in a rat
SNT model. These doses were chosen based on previous
research. Our findings suggest that two weeks of celastrol
treatment immediately following an SNT could improve
sciatic nerve regeneration and sensorimotor restoration
significantly. Walking track analysis and hotplate tests
consistently revealed sensorimotor impairment in the
control group up to 16 weeks after surgery, but celastrol
treatment improved sensorimotor dysfunction. According
to electrophysiological and gastrocnemius muscle weight
analysis, celastrol treatment facilitated motor nerve
regeneration and significantly improved functional recovery
after PNI. Histological analysis revealed that celastrol-treated
rats had more axons extended along with the distal nerve
stump. The initial increase in the number of axons distal to
the site of transection has been shown to last for six months.
Over the next two years, the number of axons gradually
declines to pre-transection levels (43). These significant
effects were observed in both the 1 mg/kg and 2 mg/kg
doses of celastrol, although the 2 mg/kg dose was superior to
the 1 mg/kg dose. However, because we only administered
two doses of celastrol, the greater neuroprotective effects of
the 2 mg/kg celastrol compared with the 1 mg/kg celastrol
cannot be interpreted as dose-dependent. Moreover, since
celastrol has a narrow therapeutic window due to toxicity at
high doses, we did not use higher doses of celastrol in the
current study (44).

According to our findings, celastrol can promote nerve
regeneration by altering macrophage polarization toward
pro-healing phenotypes (M2a and M2c), lowering pro-
inflammatory cytokine release, and potentiating anti-
inflammatory cytokine production. Increased BDNF
secretion following celastrol treatment, on the other hand,
is an important factor in nerve regeneration enhancement.
Other studies have shown that BDNF treatment can improve
survival and neurite sprouting while also stabilizing synapses
and regulating neuroplasticity in PNI. Additionally, BDNF
could reduce proinflammatory cytokine (TNF-q, IL-1, and
IL-6) secretion but not mRNA expression in macrophages
(45). Moreover, there is no significant difference in NGF
mRNA expression between 1 and 2 mg/kg celastrol-treated
rats. NGF affects the survival and maturation of sensory
neurons and induces axonal sprouting. This finding may
explain why there was no statistically significant difference
in sensory function recovery or axon diameter between the
two celastrol treatment groups (46). However, more research
will be required in the future to confirm this. It's worth
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mentioning that we assessed neurotrophin expression two
weeks after surgery because prior studies have shown that
neurotrophin expression in rodent neurons peaks seven
days after injury, remains high until the 14th day, and then
returns to baseline by the 30th day (47, 48). Furthermore,
the phenotype of macrophages was evaluated three weeks
after surgery because studies have shown that macrophage
numbers at the site of nerve injury peak 14-21 days after
a PNI (14, 49). In addition, since studies have shown a
significant increase in the secretion of IL-6, TNF-a, and IL-
1B during the first week following PNI, we evaluated these
cytokines as classical activators of the M1 phenotype of
macrophages in the 1st-week post-surgery (50).

Several studies have found that both macrophage
phenotypes are required for proper neural regeneration,
but prolonged M1 macrophage activation within the
lesion site has been linked to increased inflammatory
cytokine secretion, nerve growth decline, and necrosis.
For example, Mokarram et al. (2012) discovered a linear
relationship between the ratio of pro-healing to pro-
inflammatory macrophages (M2/M1) and the axon count
at the distal nerve stump in a study that investigated the
effect of macrophage phenotype in a rat model of PNI. They
polarize macrophages toward M1 or M2 phenotypes by
delivering IFN-y or IL-4 locally within a polymeric scaffold
that fills a 15 mm sciatic nerve gap. Their findings showed
that initial macrophage polarization toward the M2a and
M2c phenotypes facilitated Schwann cell infiltration and
stimulated axonal regeneration. They concluded that the
CD206+/CCR7+ macrophage ratio is associated with
the ultimate regeneration outcome three weeks after
surgery (14). In spinal cord injury, however, macrophage
polarization toward the M2 phenotype does not occur,
which could prevent appropriate neural regeneration. In
this regard, Kuo et al. (2011) in a rat model of spinal cord
injury found that polarizing macrophages toward the
M2 phenotype with acid fibroblast growth factor (aFGF)
enhanced neurotrophin production and, as a result, axonal
regeneration (51).

Several studies, on the other hand, were conducted to
investigate the neuroprotective effects of celastrol therapy
against peripheral nerve injury. Previous work by Yang et al.
(2014) demonstrated that intraperitoneal administration of
0.3 mg/kg celastrol resulted in significant analgesic and anti-
neuropathic pain effects in mice with spared nerve injury
(SNI). Results revealed celastrol reduced mRNA expressions
of inflammatory cytokines, TNF-a, IL-6, and IL-1p in SNI
mic. They concluded that the analgesic effect of celastrol was
mediated through cannabinoid receptor-2 (CB2) signaling
(14, 25). In another study, Kyung et al. (2015) found that
celastrol (1 mg/kg/IP) treatment improved the survival of
retinal ganglion cells (RGCs) in a rat model of optic nerve
crush. They explained that the mechanisms underlying
celastrol's RGC protection are related to TNF-a mediated
cell death inhibition (21).

Several experiments have also shown that celastrol
treatment protects against CNS diseases. For example,
Dai et al. (2019) investigated the anti-inflammatory and
neuroprotective effects of celastrol (1 mg/kg/IP) on the
pyroptosis pathway following acute spinal cord injury
in rats. Pyroptosis is a type of apoptosis that is closely
associated with inflammation. Their findings demonstrated
that celastrol could reduce the inflammatory response after
spinal cord injury by inhibiting microglial activation and the
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pyroptosis pathway. These effects resulted in a decrease in
the spinal cord cavity and neuronal loss (52). Another study,
conducted by Jiang et al. (2018), discovered that celastrol (1
mg/kg/IP) treatment had protective effects against ischemic
stroke, most likely through increasing IL-33/ST2-mediated
polarization of microglia/macrophage M2. IL-33 is an IL-1
family member that induces macrophage polarization
toward the pro-healing M2 phenotype when released by
damaged or necrotic epithelial cells (18). Furthermore,
Zhang et al. (2020) demonstrated in a rat model of transient
global cerebral ischemia-reperfusion that celastrol (1, 2, or
4 mg/kg/IP) could reduce the secretion of proinflammatory
cytokines such as TNF-a, IL-1b, and IL-6 while significantly
increasing the anti-inflammatory marker IL-10 by inhibiting
the HMGB1/NF-kB signaling pathway. The transcription
factor NF-kB is linked to inflammation, oxidative stress,
and apoptosis. Furthermore, celastrol reduced ischemia-
induced oxidative stress while increasing anti-oxidant
markers. Celastrol also reduced apoptotic neuronal death
in the hippocampus and improved ischemia-induced
neurological deficits (53). In another experiment, Liu et al.
(2021) demonstrated that celastrol has neuroprotective and
anti-inflammatory effects in the oxygen-glucose deprivation
(OGD) model in primary rat cortical neuron culture.
Besides, they showed that systemic injection of celastrol at
doses of 1 and 6 mg/kg could protect against neural injuries
caused by middle cerebral artery occlusion (MCAO). They
determined that celastrol provided neuroprotective and
anti-inflammatory effects by selectively binding to high
mobility group protein 1 (HMGB1) and targeting the
HSP70 and NF-kB pathways (54). Similarly, Chen et al.
(2022) investigated the neuroprotective effects of celastrol
against cerebral ischemia/reperfusion damage in a mouse
model of temporary middle cerebral artery closure. They
proposed that celastrol protects against cerebral ischemia/
reperfusion damage by suppressing glycolysis via the HIF-
1a/PDK1 axis (22).

Despite demonstrating the efficacy of celastrol treatment
in peripheral nerve regeneration, there are several limitations
to this study. First, we did not evaluate the celastrol effects
on neural apoptosis, neurogenesis, and neuroplasticity.
Furthermore, the celastrol impact on Schwann cells, which
are significant in nerve regeneration, was not investigated.
Finally, we did not look into the mechanisms of celastrol’s
neuroprotective effects on PNI. Future research should
study the effects of celastrol on Schwann cells in vivo and
in vitro. Moreover, the antioxidant properties of celastrol, as
well as its potential ability to suppress apoptosis in neurons,
should be investigated.

Conclusion

This study suggests that two weeks of intraperitoneal
celastrol administration following an SNT and direct suture
could improve the regeneration process and functional
recovery. Celastrol appears to have neuroprotective
properties due to immunomodulatory activity as well
as regulatory effects on macrophage response to injury.
However, more study is required to confirm these findings.
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