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ARTICLE INFO ABSTRACT
Keywords: Solanesol, an aliphatic terpene alcohol predominantly found in solanaceous plants, has gained
Solanesol recognition for its anti-inflammatory, antibacterial, and neuroprotective properties. This study

Chronic inflammatory pain
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Proinflammatory cytokines

investigates the potential efficacy of solanesol in alleviating chronic inflammatory pain induced
by injection of complete Freund’s adjuvant (CFA) into the left hind paw. Behavioral assessments
revealed a significant reduction in mechanical and thermal hypersensitivity following solanesol
administration, accompanied by a partial alleviation of concomitant anxiety-like behaviors.
Mechanistically, Western blot analysis demonstrated a substantial decrease in the levels of TNF-a
and IL-1p after solanesol administration. Immunohistochemical staining further revealed a
notable suppression of microglial and astrocytic activation induced by CFA injection. These
findings collectively suggest that solanesol holds promise as a latent therapeutic agent for the
treatment of chronic inflammatory pain.

1. Introduction

Pain, a complex and subjective experience, manifests as an uncomfortable sensation and emotional response often associated with
substantial or potential tissue damage [1]. Chronic inflammatory pain, a significant subtype encountered in the clinical setting,
presents a distressing problem persisting for months to years [2]. This condition affects approximately 100 million adults in the United
States, resulting in an annual financial cost exceeding $600 billion [3]. Numerous diseases, including COVID-19, diabetes, anxiety,
depression, and tumors, are accompanied by chronic inflammatory pain, significantly impacting patients’ quality of life and leading to
productivity loss [4]. However, current analgesics, such as opioids and non-steroidal anti-inflammatory drugs (NSAIDs), primarily
modulate pain transduction and transmission in neurons, demonstrating limited success in controlling disease progression [5] and
often causing serious adverse reactions and toxicities [6]. Therefore, there is an urgent need to explore novel painkillers for chronic
inflammatory pain.

Recent evidence highlights the crucial role of activated spinal microglia and astrocytes in the developing and maintenance of
chronic pain [7]. Inflammatory stimuli activate these cells, causing changes in morphology and number. Additionally, they synthesize
and release specific cytokines that mediate chronic inflammatory pain, heightening the neuroexcitability of nociceptive pathways and
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participating in peripheral and central sensitization [6]. Among these specific cytokines, TNF-a and IL-1f are upregulated in microglia
and astrocytes during chronic inflammatory pain [8], subsequently enhancing excitatory synaptic transmission and suppressing
inhibitory synaptic transmission in the spinal cord, resulting in thermal and mechanical hypersensitivities [9].

In recent years, the exploration of bioactive compounds, even derived from common crop species, has provided a foundation for
disease treatment. One such example is solanesol, a 45-carbon isoprenoid mainly extracted from solanaceous plants such as tobacco
leaves, eggplant, and pepper [10]. Widely used in the pharmaceutical industry as a synthetic intermediate of coenzyme Q10 and
vitamin K2 [11], solanesol has demonstrated positive effects against bacteria, fungus, viruses, cancer, inflammation, and ulcer [12].
Additionally, various solanesol conjugates play a key role in reversing multidrug resistance and sensitizing tumor cells to traditional
anti-cancer therapy [13]. Despite these diverse applications, no study to date has investigated whether solanesol contributes to the
regulation of chronic inflammatory pain.

2. Materials and methods
2.1. Animals

Adult C57BL/6 mice, aged 6-8 weeks and weighed 15-25g, were obtained from the laboratory animal center of Hangzhou Normal
University. The gender ratio of mice was 1:1 (female to male). They were housed in groups of four or five in a temperature-controlled
(25 £ 1 °C), humidity-relative (60 + 5 %) environment with a 12-h light/dark cycle. Food and water were available ad libitum. All
experimental protocols had been reviewed and approved by the Animal Ethics and Welfare Committee (AEWC) of Hangzhou Normal
University. In adherence to ethical principles, we aimed to maintain consistent effects while minimizing the number of experimental
animals used and mitigating their suffering.

2.2. Chronic inflammatory pain model and solanesol treatments

The chronic inflammatory pain model was established based on previous report [14]. Subcutaneous injections of 10 pL of 50 % CFA
(MACKUN, CAS: NONE6436) were administered into the left hind paw of all mice. Successful modeling was confirmed by local
inflammation and noticeable swollen paw following CFA injection. Solanesol (Fig. 1A), obtained from MCE (Cat. No.: HY-N0576,
United States), was dissolved in sterile DMSO and further diluted with sterile saline (0.9 % sodium chloride solution), following
the provided instructions. The administered volume of solanesol was 50 mg/kg, determined through preliminary tests to achieve
optimal efficacy.

2.3. Experimental procedure

All animals were randomly assigned to one of four groups: (i) Con + Veh; (ii) Con + Sol; (iii) CFA + Veh; (iv) CFA + Sol. The chronic
inflammatory pain model was induced in the CFA group as previously described, with control animals receiving a subcutaneous in-
jection of 10 pL sterile saline into the left hind paw at the same time. Following successfully modeling, mice in the Con + Sol group and
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Fig. 1. Solanesol reverses the mechanical allodynia and thermal hypersensitivity caused by CFA (A) solanesol chemical structure. (B) The
detailed experimental plan. (C) Mechanical allodynia and (D) Thermal hyperalgesia of mice in the four groups. Results are expressed as the mean +
SEM. (Two-way RM ANOVA followed by Sidak’s test, n = 9 per group, ****P < 0.0001) BS: baseline; BF: before solanesol administration.
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CFA + Sol groups were intraperitoneally injected with solanesol daily for a week, while mice in other groups received an isodose saline
injection under identical conditions. All mice underwent a 10-min adaptation in the experimental settings before each testing session,
with all behavioral tests conducted at the same time on the trial days. Paw withdrawal threshold assessments for mechanical and heat
stimuli were conducted before CFA injection, before solanesol injection, and 6 days after solanesol injection. Anti-anxiety tests were
performed after 6 days after solanesol injection. Following the completion of behavioral tests, animals were promptly sacrificed and
the fifth lumbar (L5) spinal cord was collected for Western blot and immunofluorescence staining. A schematic representation of the
experimental protocols is shown in Fig. 1B.

2.4. Mechanical allodynia

Mechanical allodynia was accessed using the von Frey filament as described by Chaplan [15]. Animals were individually placed in a
separate box on a raised mesh grid, exposing their hind paws. The von Frey filament was vertically applied to the central planter of the
left hind paw, kept bent for at least 5 s or until a positive sign of paw withdrawal, accompanied by licking and quivering, was observed.
In the case of a negative reaction, progressively stronger filaments were selected. The positive response was the opposite. The
paw-withdrawal threshold (PWT) was calculated using Dixon’s up-down method [16], with intervals between two consecutive tests no
less than 5 min.

2.5. Thermal hyperalgesia (Hargreaves test)

Paw withdrawal latency (PWL) was measured to assess thermal hypersensitivity as previous studies described [17]. The planter hot
sting instrument (Ugo Basile, Italy) was used for thermal hypersensitivities, with the intensity adjusted to ensure an average paw
withdrawal latency of approximately 8-15 s in normal mice before the test. Mice were separately placed in clear plastic boxes on a
raised glass plate. A hot sting instrument under the plate positioned radiant heat stimulus directly to the center of the left hind paw. The
heat stimulus was automatically shut off when the animal withdrew its hind paw or the radiant heat lasted for 20 s which we set as
maximum for protection. Left paws were measured at least 10-min intervals for a total of three tests. PWL was defined as the time
between the initiation of radiant heat and the hind paw withdrawal.

2.6. Elevated plus maze test

The elevated plus maze (EPM) test was carried out according to previous report [18]. The apparatus, elevated 50 cm above the
ground, consisted of two open arms (5 cm x 30 cm) and two closed arms (5 cm x 30 cm and 15 cm high walls) on each side. Before each
test, the apparatus underwent thorough cleaning with 75 % ethanol and animals were subjected to gentle handling to alleviate any
nervousness. Then mice were separately placed in the center area, facing an open arm, and allowed to explore the maze freely for a
duration of 5 min. An overhead camera recorded their entries and duration in each arm, and the ANY-maze software was employed for
the analysis of animal movements.

2.7. Open field test

The open field test (OFT) was carried out based on a previous study [19]. The apparatus underwent thorough cleaning with 75 %
ethanol before each testing session. Then animals were individually placed in a white opaque plastic box featuring a square arena (45 x
45 x 45 cm®). They were allowed to explore freely for a duration of 15 min, during which a camera positioned overhead traced their
motor and exploration behaviors. Behavioral data were analyzed using the ANY-maze software (Stoelting, Wood Dale, IL 60191, USA).
The motor activity of mice was accessed through their total distance traveled.

2.8. Western blot analysis

Upon deep anesthesia induced by intraperitoneal injection of pentobarbital, mice were swiftly sacrificed to extract protein from the
dorsal horn of spinal cord L4-5 regions. The tissue harvested was homogenized in RIPA buffer with PMSF (CAS No.: 329-98-6, MCE).
Following grinding, protein extracts were centrifuged at 12,000 rpm for 15 min at 4 °C. Then BCA assays were used to estimate protein
concentrations. Equal sample amounts were loaded onto 12 % separating gels and subsequently transferred onto a poly vinylidene
difluoride (PVDF) membrane at 4 °C. The membrane was blocked with Tris-buffered saline (TBST) containing 5 % skimmed milk for 1h
at room temperature. Subsequently, it was probed with the primary antibodies against Anti-TNF-a Rabbit mAb (1:400, servicebio Cat.
GB11188), Anti-IL-18 Rabbit mAb (1:1500, servicebio Cat.GB11113) and Anti-p-actin Mouse mAb (1:1000, huabio EM21002) over-
night at 4 °C. The following day, it underwent incubation with secondary antibodies [1:10,000, Sigma, A0545 (goat anti-rabbit),
A9044 (goat anti-mouse)] for 1h at room temperature. The membrane was washed in TBST 4 times for 10 min between each pro-
cess. The density of the target proteins was detected using the ECL kit (FD8020, FDbio, Hangzhou, China) and the relative content was
digitized with ImageJ program (NIH, Bethesda, MD, USA). The final band density was calculated after being standardized to f$-actin
which we used as a loading control.
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2.9. Immunofluorescence staining

Following deep anesthesia of the mice, animals were perfused initially with phosphate-buffered saline (PBS) and subsequently with
4 % paraformaldehyde (PFA). The lumbosacral enlargement segments of the tissue were collected and immersed in PFA overnight for
post-fixation. The specimens then underwent dehydration using a gradient of sucrose in PBS (15 % and 30 %, respectively). Subse-
quently, the tissue was freeze-mounted in OCT and sectioned into 16 pm slices at —20 °C using a Thermo NX50 cryostat.

Tissue sections were blocked with 5 % bovine serum albumin in 0.3 % Triton X-100 in PBS for 1h at room temperature. The sections
were then incubated with primary antibodies as following: ionized calcium-binding adapter molecule 1 (Iba-1) (1:500, OBPGP049-01,
Oasis, Hangzhou, China) and S100 calcium binding protein B (S100p) (1:500, OB-PRB050-01, Oasis). Following primary antibody
incubation, the slices were then incubated with the secondary antibodies [Alexa647-conjugated goat anti-rabbit (1:1000, A0468,
Beyotime, Shanghai, China), Alexa488-conjugated goat anti-guinea pig (1:1000, OB-GP488-50, Oasis)] and 4',6-diamidino-2-phe-
nylindole (DAPI) (1:1000) for 1h. We washed the section in PBS 3 times for 5 min between each step. Finally, the sections were
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Fig. 2. Solanesol alleviates anxiety-like syndrome concomitant with chronic inflammatory pain (A) Representative tracks in the EPM among
the four groups. (B) Summarized data showed the entries into open arms in the EPM. (C) Time spent in open arms in the EPM. (D) Total distance
traveled in the EPM. (E) Representative tracks in the OFT among the four groups. (F) Time stayed in the central area in the OFT. (G) Distance moved
in the central area in the OFT. (H) Total distance traveled in the OFT. Results are expressed as the mean + SEM. (unpaired t-test, n = 9 per group, *P
< 0.05, **P < 0.01).
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captured using a fluorescence microscope (Olympus, VS200). For statistical analysis, 3 to 5 consecutive sections per tissue per mouse at
120 pm intervals in at least 3 mice were selected for quantification. The fluorescent density of positive cells was quantified in a defined
area of interest in the spinal cord dorsal horn using ImageJ software. The scorer remained blinded to the drug treatment throughout the
analysis.

2.10. Data analysis

Statistical analyses were performed using Prism 8.0 (GraphPad Software, La Jolla CA, USA). Results were analyzed by t-test one-
way or two-way repeat measure ANOVA (Two-way RM ANOVA). Sidak’s test or Tukey’s test was used for post hoc comparisons. All
data were presented as mean and standard errors of the means (mean + SEM), and statistical significance was considered at P < 0.05.

3. Results
3.1. Solanesol reverses the mechanical allodynia and thermal hypersensitivity caused by CFA

To assess the analgesic role of solanesol, we established a mouse model of chronic inflammatory pain through hindpaw injection of
CFA. Successful induction of chronic inflammatory pain was confirmed by evident paw swelling and reduced paw withdrawal
threshold (PWT) and paw withdrawal latency (PWL) in the CFA group (Fig. 1C and D). However, mice in the CFA + Sol group exhibited
restored PWT and PWL compared to those receiving saline injection. No significant differences in sex were observed during the
experiment. These findings indicated that solanesol administration effectively reverses CFA-induced chronic inflammatory pain.

3.2. Solanesol alleviates anxiety-like syndrome concomitant with chronic inflammatory pain

We investigated the potential anti-anxiety effects of solanesol in CFA-induced chronic inflammatory pain using the EPM and OFT.
The motor and exploration behaviors of mice were traced as shown in Fig. 2A and E. Results revealed a decrease in time spent in the
open arms of the EPM (Fig. 2B) and in the center area of the OFT (Fig. 2F) in CFA-injected mice, suggesting anxiety-like behavior.
Although no statistically significant differences were observed in the distance traveled in the open arms (Fig. 2C) and center area
(Fig. 2G), a clear trend was apparent. However, mice treated with solanesol exhibited increased time (Fig. 2B) and distance traveled in
the open arms of the EPM (Fig. 2C) and OFT (Fig. 2F and G), indicating anxiolytic effects. Total distance traveled showed no significant
differences among groups in the EPM and OFT (Fig. 2D and H). These results collectively suggest that solanesol possesses anxiolytic
effects in CFA-injected mice.

A I
TNF-a £S5 0 S 26 kDa

IL1-p | 35 kDa

B-actin  w—— = gy e 43 kDa
S > & D
OXAW &‘%e )24@ &0
B C

% %k

IS
1

* %k %%k

[
1

-
1

Relative expression of IL1-8
N
1
Relative expression of TNF-a
T i

%

>
& o ’Sé,(‘ vz(‘.?o
& & &

A

‘vx
Co

‘q
[
OOXI’

Fig. 3. Spinal TNF-a and IL-1f downregulated after solanesol administration in CFA-induced model mice (A) Typical imaging of proin-
flammatory cytokines TNF-a and IL-1f. (B) Statistical results of IL-1p in the four groups. (C) Statistical results of TNF-a in the four groups. Results are
expressed as the mean + SEM. (unpaired t-test under, n = 3 per group, **P < 0.01).
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3.3. Spinal TNF-a and IL-1$ downregulated after solanesol administration in CFA-induced model mice

Under conditions of injury, proinflammatory cytokines, including TNF-a and IL-1p are released to sensitize nociceptive sensory
neurons, contributing to pain formation [20].To investigate whether solanesol inhibits the inflammatory signaling pathway could be
inhibited by solanesol injection, we assessed the expression levels of TNF-o and IL-1p in the L5 spinal cord using Western blot analysis.
As depicted in Fig. 3, the expression of proinflammatory cytokines TNF-a (Fig. 3A and B) and IL-1p (Fig. 3A and C) in the spinal cord
significantly increased in response to the CFA injection. However, a notable decrease in these cytokines was observed one week after
solanesol injection, supporting our hypothesis. These findings indicate that solanesol administration exerts analgesic effects by
downregulation of spinal TNF-a and IL-1.

3.4. Solanesol administration can suppress the activation of microglia and astrocytes in the spinal cord following CFA injection

Under normal conditions, microglia and astrocytes remain relatively quiescent but become activated and play a role in the etio-
pathogenesis of neurological disease after injury [21]. Activated microglia exhibit hypertrophied soma, thickened processes, and
increased ionized calcium-binding adapter molecule-1 (Ibal) [22], while activated astrocytes are characterized by S100f expression
[23]. In this study, we conducted immunostaining against Ibal and S100p, specific markers of microglia and astrocytes, respectively.

Significant increases in fluorescence intensity of Iba-1 (Fig. 4A and B) and S100p (Fig. 4A and C) were observed in the L5 spinal cord
of CFA-injected mice, indicative of activated microglia and astrocytes. However, mice injected with solanesol exhibited a marked
reduction in fluorescence intensity for both Iba-1 (Fig. 4B) and S100p (Fig. 4C). These results suggest that solanesol administration may
attenuate the activation of glial cells triggered by chronic inflammatory pain, thereby alleviating chronic pain.

4. Discussion

Previous reports have highlighted the efficacy of pro-inflammatory cytokine antagonists in profoundly alleviating hyperalgesia,
indicating the potential of anti-inflammatory drugs to partially attenuate chronic inflammatory pain [24]. In this study, we investi-
gated the potential analgesic and anti-inflammatory properties of solanesol through a series of experiments. Behavioral tests revealed
that intraperitoneally injection of 50 mg/kg solanesol reduced the sensitivity of mice to thermal and mechanical stimuli in chronic pain
model mice, concurrently alleviating anxiety-like behaviors to a certain extent. Western blot analysis demonstrated a decline in the
release of proinflammatory cytokines after solanesol administration, such as IL-1p and TNF-a. Additionally, solanesol administration
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suppressed spinal microglia and astrocyte activation. These results implied that solanesol has the potential to alleviate CFA-induced
chronic inflammatory pain and concomitant anxiety-like behaviors via the inhibition of spinal glial cell-mediated proinflammatory
cytokines.

In clinical settings, sex differences in pain responses are well-documented, with increased pain sensitivity observed among women
[25]. While our experiment did not find any sex differences, and the specific mechanisms were not explored in this paper, it is essential
to acknowledge the existing literature suggesting different immune cells may mediate mechanical pain hypersensitivity in males and
females [26,27].

Previous studies have indicated that CFA injection can induce anxiety-like behaviors [28], a common occurrence in patients with
chronic pain in clinical practice [20]. Microglial activation has been linked to anxiety-like behavior in adult rats [25], and cytokines,
particularly IL-1B, have been considered as potential therapeutic targets for anxiety [29]. Our study aligns with these findings,
demonstrating that solanesol partially alleviates anxiety-like symptoms in the context of chronic inflammatory pain. One potential
mechanism identified is the reduction of IL-1p and TNF-a production by solanesol. However, further research is needed to elucidate the
specific pathways involved.

Accumulating evidence suggests that cytokines are related to inflammatory pain conditions [24], with some produced in spinal
glial to facilitate neuropathic pain, including TNF-a, IL-1f and IL18 [30]. Additionally, glial cells produce anti-inflammatory cytokines,
such as IL-4, IL-10, transforming growth factor-f (TGFp) and interferon-o (IFNa), to counteract pain through various regulatory
pathways [5]. They regulate chronic pain in many ways, such as activating the mitogen-activated protein kinase (MAPK) pathway,
potentiating glutamatergic synaptic transmission, and increasing the frequency and amplitude of spontaneous excitatory postsynaptic
currents (SEPSCs) [1]. Consistent with these reports, our study demonstrated that solanesol (50 mg/kg) suppressed the production of
TNF-a and IL-1f in the spinal cord, suggesting that solanesol alleviated chronic inflammatory pain by downregulating these cytokines
at the spinal cord level.

Chronic pain is characterized by maladaptive changes in the central nervous system activated by noxious or innoxious stimuli,
leading to hyperalgesia and allodynia [31]. Recent findings suggested that glia in the spinal cord may serve as new therapeutic targets
for treating chronic pain [32]. Microglia regulate their structures and functions through interaction with synapses under normal
conditions and release numerous molecules after painful injuries [7]. Astrocytes, one of the most abundant glial cells in the spinal cord,
are highly engaged in modulating pain signal pathways under various health and disease situations [33]. Activated by noxious stimuli
and inflammation, these glial manifested in their morphological changes, the increased expression of their specific markers S100f or
Iba-1, and the activation of glia-specific proinflammatory pathways [25].

In our study, CFA injection induced increased fluorescence intensity of Ibal labeling in spinal microglial cells, associated with
hypertrophic cell bodies and thickened processes. Similarly, immunofluorescence of S100p was increased. However, solanesol
treatment declined the spinal expression of Iba-1 and S100p. These results suggested that solanesol reduces the proliferation activity of
microglia and astrocytes, providing relief from CFA-induced chronic inflammatory pain. While the current investigation is limited to
mice and may not entirely mirror the clinical pain profile in humans, it offers valuable insights into the ability of solanesol to alleviate
chronic inflammatory pain by modulating nociceptive transmission in the spinal cord.

5. Conclusion

In summary, this study provides evidence that solanesol possesses the capacity to alleviate CFA-induced chronic inflammatory pain
via the inhibition of proinflammatory cytokines in spinal glial cells. These findings contribute to our understanding of the possible
mechanism underlying the antinociceptive properties of solanesol. Consequently, solanesol emerges as a promising candidate for the
treatment of chronic inflammatory pain, yet its efficacy and safety warrant further exploration in clinical experiments.
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