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Abstract

Fibromyalgia (FM) is a chronic disorder that lacks both well-defined underlying causes and effective treatments. Mito-
TEMPO (MIT) is a mitochondrial-specific antioxidant that has demonstrated benefits in many cancerous, renal, cardiovas-
cular, and neurodegenerative disorders. However, the therapeutic effect of MIT on FM remains ambiguous. The objective
of the current work is to illuminate the use of MIT for FM and its prospective mechanisms. Here, we used the FM rat
model induced by three days of subcutaneous reserpine injection (1 mg/kg) and examined the role of MIT on SIRT1 acti-
vation and other implicated molecular pathways. Behavioral tests showed that MIT (0.7 mg/kg) can effectively alleviate
the locomotor, nociceptive, and depressive-like behaviors in reserpinized rats, an effect that simultaneously reconciles the
balance of monoamines in the rat brain. Western blot analysis showed that MIT up-regulates SIRT1 and improves the
expression of mitochondrial dynamics proteins (DRP1 and OPA1) and the endoplasmic reticulum protein (CHOP). Fur-
thermore, MIT treatment significantly enhanced the SOD and CAT activities and decreased the brain contents of NF-kB,
TNF-a, and BAX, but significantly enriching the Bcl-2 content. Lastly, MIT treatment significantly reduced the genetic
expression of miRNA-320 following RES treatment. All the measured parameters showed a significant correlation with
SIRT1 expression. Our results suggest that MIT provides antioxidant, anti-apoptotic, and anti-inflammatory impacts on
the FM rat model, with proposed mechanisms involved activating the SIRT1 pathway to regulate mitochondrial dynam-
ics, endoplasmic reticulum stress, as well as miRNA-320. Thus, MIT has the potential to be an effectual drug candidate
for FM treatment.
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NF-«B Nuclear factor kappa B

OFT Open field test

OPALl Optic atrophy factor 1

P53 Tumor protein P53

P38 MAPK p38 mitogen-activated protein kinases

PERK Protein kinase RNA-like endoplasmic
reticulum kinase

PG Pregabalin

r Correlation coefficient

RES Reserpine

ROS Reactive oxygen species

RT-gPCR Real-time quantitative polymerase chain
reaction

s.C. Subcutaneously

SD Standard deviation

SIRT 1 Silent information regulator 1

SOD Superoxide dismutase

TNF-a Tumor necrosis factor -a

Introduction

Fibromyalgia (FM) is an increasingly prevalent pain syn-
drome. It is usually presented with stiff joints, fatigue,
cognitive dysfunctions, depressive symptoms, and sleep
disturbances. The importance of research in FM is growing
due to its significant influence on patients’ daily life and the
economic strain that is imposed on healthcare systems [1].
The underlying causes of FM are not well understood, but it
is believed that genetic predispositions, environmental fac-
tors, and neuromodulator processes may all play roles in the
emergence and progression of the condition [2].

One well-recognized theory about the origins of FM
involves the alteration of both central and peripheral pro-
cessing of pain; an upsurge in the pro-nociceptive ascending
trajectory signaling, and a diminution in that of the descend-
ing (anti-nociceptive) pathways [3]. This abnormal pain
processing is linked to FM patients’ heightened sensitivity
to thermal and other painful stimuli [3]. At the molecular
levels, multiple interactive mechanisms can underlie altered
pain processing in FM, namely mitochondrial impairment,
endoplasmic reticulum (ER) stress modulation, oxidative
stress modulation, and inflammatory and immune processes
dysregulation [4—6].

A growing body of research suggests a reciprocal linkage
between dysfunctional mitochondria and the upsurge of oxi-
dative stress. Diminished mitochondrial functionality can
reduce the cell’s free radicals neutralization ability, lead-
ing to reactive oxygen species (ROS) accumulation, which
enhances mitochondrial injury and the release of mitochon-
drial ROS, thus intensifying oxidative stress [7]. Mitochon-
dria-elaborated ROS are reported to play a role in muscular
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pain by reducing adenosine triphosphate (ATP) availability
both in muscular and neural cells [8]. In particular, superox-
ide free radicals have been identified as principal players in
exaggerated central and peripheral nociception in rats [9].

In addition, mitochondrial ROS could trigger the unfolded
protein response, and the unfolded protein response could be
an upstream of ROS which means mutual interdependence
between ROS production and the unfolded protein response
or an ER stress is present [10, 11]. The transcription factor
C/EBP homologous protein, or CHOP, is a critical regula-
tor of the cellular response to ER stress that can induce cell
death if the stress is prolonged or intense [12, 13]. Notably,
the reported changes in the ER stress biomarker CHOP in a
reserpine (RES)-induced FM rat model underscore the role
of ER stress in FM’s pathophysiology [14].

Furthermore, the production of proinflammatory cyto-
kines, usually associated with neuronal inflammation and
FM pain syndromes, may be exacerbated by mitochondrial
dysfunction and oxidative stress [15, 16]. As well, the neu-
rogenic inflammation, developed by the C fibers-mediated
release of inflammatory neuropeptides, also plays a signifi-
cant role in FM, contributing to allodynia and other forms of
pain sensitization [17]. Consequently, FM treatments often
employ agents that target mitochondrial biogenesis and
have anti-oxidative and anti-inflammatory attributes [2].

Besides, promising outcomes from animal experiments
suggest the therapeutic potential of microRNAs (miRNAs)
in mitigating pain [18]. MicroRNAs are single-stranded
RNAs that can affect how different neurotransmitters, ion
channels, signaling molecules, and fundamental proteins
are expressed, hence, influencing excitability in nociceptive
neurons [19-21]. Indeed, the expression profiles of different
miRNAs in FM patients are altered from those in healthy
individuals [21, 22].

Silent information regulator 1 (SIRT1) is a highly con-
served NAD-dependent histone deacetylase that is expressed
in various cells and participates in modifying many bio-
logical activities, including mitochondrial biogenesis, neu-
rogenesis, cellular responses to stressful conditions, and
apoptosis [23-27]. Indeed, activated SIRT1-PGCla sig-
naling could potentially improve dynamin-related protein
1 (DRP1)-mediated mitochondrial fission and suppressed
mitochondrial ROS production and cellular apoptosis in dia-
betic mice [28]. Similarly, activation of SIRT1 could inhibit
the PERK-elF20-CHOP axis of the ER stress response in
tert-Butyl hydroperoxide-treated rat chondrocytes [29]. The
anti-inflammatory effects of SIRT1 have been also demon-
strated and suggested to be mediated via inhibiting various
expression factors involved in inflammatory pathways such
as NF-kB, HIF1a, and P38MAPK [30].

Under normal circumstances, SIRT1 exists in the
nucleus and the cytoplasm where it deacetylates multiple
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non-histone targets namely nuclear factor-kappa B (NF-kB),
p53, FOXO03, and others [31]. Emerging studies have dem-
onstrated a negative correlation between SIRT1 and pain
perception in patients suffering from enduring pain [32-34].
At the molecular level, SIRT1 activation revealed positive
outcomes in chronic pain via regulating mitochondrial dys-
function, oxidative stress, and inflammation [35, 36]. There-
fore, SIRT1 activators may serve as potential therapeutics
for FM pain management.

Mito-TEMPO (MIT) is a mitochondrial superoxide and
free radical scavenger that enters and accumulates in the
mitochondrial matrix with the aid of the positive charge
of the triphenylphosphonium moiety [37]. By ameliorat-
ing mitochondrial dysfunction and diminishing oxidative
stress, MIT has demonstrated benefits in many pathologic
conditions namely cancerous, neurodegenerative, renal and
cardiovascular disorders [38—46]. Worth mentioning, MIT
was previously explored as a neuropathic pain reliever in
an experimental model of chronic nerve constrictive injury
[47]. However, its effect on FM pain management has not
yet been explored. In the current study, the beneficial out-
comes of MIT against the RES-induced FM model in rats
were examined at the behavioral and molecular levels. Our
strategy centers on whether the activation of SIRT1 by MIT
could be implemented in ameliorating FM via the regulation
of various molecular pathways, including mitochondrial
dynamics, oxidative stress, ER stress, microRNA regula-
tion, and inflammatory and apoptotic processes.

Materials and Methods
Chemicals and Reagents

Mito-TEMPO (MIT), RES, pregabalin (PG), and all other
chemical substances were purchased from Sigma-Aldrich,
St. Louis, MO. MIT, RES, and PG were dissolved in the
corresponding vehicle (physiological saline, 0.5% glacial
acetic acid in distilled H,O, and distilled H,O, respectively)
to the required doses and administered to animals by the
appropriate routes.

Animal Grouping and Drug Administration

At the Faculty of Pharmacy for Girls, Al-Azhar University,
twenty-four male Sprague-Dawley rats (Nile Company for
Drugs, Cairo, Egypt) weighing between 150 and 180 g were
accommodated in a 12-hour light/dark cycle, with a stan-
dard diet and unlimited access to water. The rats were cared
for at a temperature of 25+2 C and a humidity of 60—-70%.
The Ethics Committee of Al-Azhar University’s Faculty
of Pharmacy for Girls permitted all of the experiments

(455/2024), which were carried out in compliance with the
NIH Guide for the Principles of Laboratory Animal Care
[85—23/2011].

Following a one-week period of adaptation, rats were
randomly allocated into four groups; Vehicle control (VEH)
group was injected subcutancously (s.c.) with 1 mL/kg of
the vehicle once a day for three days, then injected intra-
peritoneal (i.p.) with saline injection (1 mL/kg) for 14 days;
Fibromyalgia model (RES) group was administered s.c. RES
(1 mg/kg) for a period of three days [48], tailed by intraperi-
toneal (i.p.) saline injection as in group (VEH); Pregabalin-
treated RES group (RES+PG) was treated with RES as in
(RES) group, followed by oral PG (30 mg/kg) single dose
every day for a period of 14 days consecutively [49]; Mito-
TEMPO treated RES group (RES+MIT) was treated with
RES as in (RES) group, followed by MIT (0.7 mg/kg, i.p.,
once a day) for a period of 14 days [47].

Then, behavioral tests were conducted sequentially; on
day 18, the open field test (OFT) was performed, followed
by the hot plate test on day 19, and finally, on day 20, the
forced swimming test (FST) was conducted. Rats were
euthanized on the twenty-first day of the experiment, and
their brains were immediately removed and placed in lig-
uid nitrogen for subsequent biochemical, western blotting,
or real-time quantitative polymerase chain reaction (RT-
qPCR) scrutinization.

Behavioral Assessments
Open Field Test

The OFT is frequently used to appraise rodents’ loco-
motor and exploratory behaviors. The tool used is an
80x80x40 cm box made of wood with a white floor parti-
tioned into 16 similar squares and red inner edges. A period
of three minutes was used to appraise the latency time to
start moving, the grooming behavior and the ambulation
and rearing frequencies [50, 51].

Hot Plate Test

Thermal nociception is commonly assessed in rodents using
the hot plate test. The animal is restrained onto a hot plate
regulated at a temperature of 55+1 C. The latency or how
long it took a rat to jump out or lick its hind paw was mea-
sured. As a precaution, a one-minute maximum delay time
was set to avoid any bodily harm [52].

Forced Swimming Test

The FST is frequently used to assess rodents’ depressive-
like behavior. The animal is forced to swim in a transparent
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plexiglass cylinder (20 cm diameter X 50 cm height) filled
with water to a depth of 30 cm. No physical support with
paws or tails can be attained at that depth. Active (swim-
ming or climbing with the front paws shatter the water sur-
face by rapid movements) and passive (immobility with no
movement) behaviors were recorded in a period of five min-
utes manually. The immobility behavior is seen to be a sign
of acknowledged helplessness, which is typically connected
to severe depression [53, 54].

Colorimetric Assessment of Antioxidant Enzymes

Using the proper kits purchased from Biodiagnostic Co.,
Cairo, Egypt., the antioxidant enzymes catalase (CAT) and
superoxide dismutase (SOD) activities were assessed (cata-
log no.: SD 2521 and CA 2517, respectively).

ELISA Assay for Biogenic Amines and Inflammatory
and Apoptotic Biomarkers

Levels of biogenic amines; 5-hydroxytryptamine (5-HT),
dopamine (DA), and norepinephrine (NE), and inflam-
matory response biomarkers; TNF-a, and NF-xB, were
assessed in brain tissue using the respective rat-specific
Enzyme-linked immunosorbent assay (ELISA) kits (catalog
no.: MBS166089, MBS725908, MBS269993, MBS825075,
and MBS453975, respectively) supplied by MyBiosource,
San Diego, USA. Also, Bcl-2-associated X protein (BAX)
and B cell lymphoma-2 (Bcl-2) ELISA kits were procured
from Cusabio Biotech Co., Wuhan, China (catalog no.:
CSB-EL002573RA, and CSB-E08854r, respectively),
and utilized for assessing relevant proteins. All tests were
carried out according to the instructions provided by the
manufacturer.

Western Blot Assessment

Western blot was used to approximate the relative expres-
sion of dynamin-related protein 1 (DRP1), optic atrophy
factor 1 (OPA1), CHOP, and SIRT1, as previously expressed
by Zaky and coworkers. Following extraction by the lysis
buffer, RIBA (Santa Cruz, CA, USA), total proteins were
estimated utilizing the Bradford Protein Assay Kit (cata-
log no.: 23200). Then, denaturation of equivalent amounts
of proteins was done using 2x Laemmli sample buffer,
resolved using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and blotted on membranes containing poly-
vinylidene fluoride. TBS-Tween 20 was used to block the
membranes and they were probed for a night with the pri-
mary antibodies against DRP1 (1:1000, catalog no.: MAS-
38045), OPA1 (1:1000, catalog no.: PA5-98029), CHOP
(1:1000, catalog no.: PA5-88116), and SIRTI (dilution
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1:1000, catalog no.: MAS5-27217). Probing with B-actin
antibody (dilution 1:1000, catalog no.: MA5-32540) was
done to certify equal loading of proteins. The membranes
were washed and incubated with HRP-conjugated anti-goat
IgG antibody (dilution 1:4000, catalog no.: A-11006) at
room temperature for 1 h. The supplier for all antibodies
used was Thermofischer Scientific, which is located in MA,
USA. In order to detect the signals, an enhanced chemilu-
minescence kit was purchased from Beyotime in Shanghai,
China. The manufacturer’s instructions were precisely fol-
lowed [55].

Gene Expression Assessment Using RT-qPCR

RT-qPCR was used to determine the relative expression of
miRNA-320 in brain tissues. According to Aboutaleb et al.
brief description, the mirVana miRNA Isolation Kit (catalog
no.: AM1560) was purchased from Thermofisher Scientific,
MA, USA, and used for total RNA (including miRNAs)
extraction. Then, total RNA was reverse transcribed using
TagMan miRNA Reverse Transcription Kit (catalog no.:
4366596), as directed by the manufacturer Thermofisher
Scientific, MA, USA. The sequence-specific primer for
miRNA-320; F: 5’-GGGGGAAAGCTGGGTTG-3" and R:
5’-GTGCGTGTCGTGGAGTCG-3" was used to amplify
cDNA samples in real-time PCR. All reactions were tripli-
cated and normalized to the housekeeping gene U6 snRNA;
F: 5'-CTCGCTTCGGCAGCACA-3" and R: 5'-AACGCTT
CACGAATTTGCGT-3' and the relative expressions were
quantified using the 24T method [56].

Data Analysis

Version 5 of GraphPad Prism software (San Diego, USA)
was used for statistical analysis and graph sketching. The
variable values were expressed as means + standard devia-
tion (SD). Means of different groups were compared using
One-way analysis of variance (ANOVA) with Tukey’s post
hoc test. The P values less than 0.05 were considered sig-
nificant. Meanwhile, the correlation between some variables
was assessed using Pearson’s correlation test, considering
those with a moderate (0.4 < r < 0.7) or strong (r > 0.7)
correlation degree and P values below 0.05 are statistically
significant [57].
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Results

Mito-TEMPO Modulates the RES-Induced Brain
Monoamines Imbalance in Rats

Figure 1 depicts that RES administration significantly
decreased the brain content of DA, 5-HT and NE to 32.4,
45.3, and 49.6% of the VEH group. MIT, given to the reser-
pinized rats, markedly boosted the brain content of DA,
5-HT and NE reaching 2.5, 1.5, and 1.9 folds, respectively,
of the non-treated reserpinized rats’ values. Of note, MIT
prioritized PG in rectifying the DA, 5-HT and NE brain con-
tents in the reserpinized rats.

Mito-TEMPO Diminishes RES-Induced Behavioral
Changes in Rats

In the OFT, RES noticeably diminished both locomotor
and exploratory behaviors presented as an increase in the
latency by 3.8 folds and a diminution in ambulation, rear-
ing and grooming frequencies by 67.3, 79.3 and 77.9%,
respectively, in contrast against the VEH group. In addi-
tion, it brought a marked nociceptive sensitivity appeared
as a reduction in the latency time in the hot plate test by
65.5% relative to the VEH group. No doubt RES also
induced a depressive-like behavior that revealed in the FST
as significantly increased immobility score by 3.5 folds and
decreased both swimming and climbing scores by 71.5%,
with respect to the VEH-treated rats. MIT administration
to reserpinized rats significantly reversed these behavioral
changes as it decreased the latency by 52.6% and induced
a 1.5-, 2.4-, and 2.8-fold upsurge in the ambulation, rear-
ing, and grooming frequencies, respectively, in OFT with
respect to non-treated animals. Additionally, MIT increased
the latency time in the hot plate assessment to 2.1 folds with
respect to reserpinized rats. Finally, MIT decreased the score
of immobility by 55.4% and induced a 1.1- and 1.7- fold
rise in the scores of swimming and climbing, respectively,
in FST with respect to reserpinized rats. Compared to PG,

DA (ng/ mg protein)

Fig. 1 Effect of Mito-TEMPO on fibromyalgia-induced changes in
biogenic amines in rats’ brain. Values explicate the mean=SD (n=6).
Statistics were carried out by ANOVA tailed by Tukey’s as post-hoc
test. a, b, ¢ statistically significant from VEH, RES and RES+PG
groups respectively at p<0.05. ANOVA: analysis of variance; 5-HT:

2
& &

MIT revealed a noticeable enhancement in all behavioral
parameters tested (Fig. 2).

Mito-TEMPO Ameliorates the Brain Oxidative Stress
Induced by RES in Rats’ Brain

Data of Table 1 unveiled that administration of RES
increased the brain oxidative stress presented as a significant
diminishing of both SOD and CAT activities by 61.9% and
71.1%, respectively, compared to VEH group. Inversely,
MIT treatment of reserpinized rats remarkably enhanced the
brain activities of SOD and CAT to 2.1 and 3 folds, respec-
tively, relative to the untreated-reserpinized rats with a more
remarkable effect of MIT than PG.

Mito-TEMPO Mitigates RES-induced Changes in
Mitochondrial Dynamics in Rats’ Brain

Results of the current work show a noticeable upsurge
in DRP1 expression and a marked lessening in OPA1 by
86.9% and 79.2%, respectively in RES-treated animals,
with respect to the VEH group. Dysregulated mitochondrial
dynamic significantly improved by administration of MIT
to reserpinized animals revealed as a significant decrease
in DRP1 expression, while significantly increased OPA1
expression in rats’ brain by 63.8% and 4.4 folds, respec-
tively, with respect to the RES group. Again, MIT effect
surpasses that of PG (Fig. 3a, b).

Mito-TEMPO Modulates RES-induced CHOP
Expression in Rats’ Brain

The results demonstrated in Fig. 4 emphasize the role of
RES to induce endoplasmic reticulum stress, which showed
as a significant increase in CHOP protein expression reach-
ing 1.6 folds of the VEH group. MIT given to the reser-
pinized rats diminished CHOP protein expression to 37.4%
of the non-treated reserpinized rats. MIT results induced a
more significant CHOP modulation than PG.

n)

S-hydroxytryptamine; VEH: Vehicle group; DA: Dopamine; RES:
Fibromyalgia model group; RES+MIT: Mito-TEMPO-treated fibro-
myalgia group; RES+PG: pregabalin-treated fibromyalgia group; NE:
Norepinephrine; SD: Standard deviation
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Fig. 2 Effect of Mito-TEMPO on fibromyalgia-induced behavioral
changes in rats. Values explicate the mean+SD (n=06). Statistics were
carried out by ANOVA tailed by Tukey’s as post-hoc test. a, b, ¢ statis-
tically significant from VEH, RES and RES+PG groups respectively

Table 1 Effect of Mito-TEMPO on fibromyalgia-induced oxidative
stress in rats’ brain

VEH RES RES+PG RES+MIT
Mean+SD Mean+SD Mean+SD  Mean+SD
SOD 87.7+59 33.4+6.4° 593+50%% 71.6+4.7%>¢
(U/mg
protein)
CAT 204.6+6.6 59.2+13.2° 138.4+4.1%° 174.7+6.2%%°
(U/mg
protein)

Mito-TEMPO Alleviates RES-induced SIRT1
Expression Alterations in Rats’ Brain

The present work results demonstrate a significant reduction
in brain SIRT1 protein expression by RES administration,
reaching 62.3% of the VEH group. MIT injected to reserpin-
ized rats significantly increased the SIRT1 protein expres-
sion of the brain to 1.3 fold compared to the reserpinized

@ Springer

at p<0.05. ANOVA: analysis of variance; VEH: Vehicle group; RES:
Fibromyalgia model group; RES+MIT: Mito-TEMPO -treated fibro-
myalgia group; RES+PG: Pregabalin-treated fibromyalgia group; no:
Number; SD: Standard deviation; sec: Seconds

rats. Notably, SIRT1 modulation is more marked with MIT
than PG (Fig. 5).

Mito-TEMPO Ameliorates the Inflammatory
Response Induced by RES in Rats’ Brain

As shown in Fig. 6a and b, RES induced a marked upsurge in
the NF-kB and TNF-a brain content, reaching 3.3 folds and
2.2 folds, respectively, compared to the VEH-treated rats.
MIT treatment of rserpinized animals significantly reduced
NF-kB and TNF-a to 45.2% and 60.5%, respectively, with
respect to non-treated reserpinized rats. The anti-inflamma-
tory effect is more noticeable with MIT than with PG.
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Fig. 3 Effect of Mito-TEMPO on (a) b
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Fig. 4 Effect of Mito-TEMPO on CHOP protein expression changes
in reserpinized rats’ brain. Values explicate the mean+SD (n=06).
Statistics were carried out by ANOVA tailed by Tukey’s as post-hoc
test. a, b, ¢ statistically significant from VEH, RES and RES+PG
groups respectively at p<0.05. ANOVA: analysis of variance; VEH:
Vehicle group; CHOP: C/EBP homologous protein; RES: Fibromy-
algia model group; RES+MIT: Mito-TEMPO-treated fibromyalgia
group; RES+PG: Pregabalin-treated fibromyalgia group; SD: Stan-
dard deviation

Fig. 5 Effect of Mito-TEMPO on SIRT1 protein expression changes
in reserpinized rats’ brain. Values explicate the mean+SD (n=6). Sta-
tistics were carried out by ANOVA tailed by Tukey’s as post-hoc test.
a, b, c statistically significant from VEH, RES and RES+PG groups
respectively at p<0.05. ANOVA: analysis of variance; VEH: Vehicle
group; RES: Fibromyalgia model group; RES+MIT: Mito-TEMPO-
treated fibromyalgia group; RES+PG: Pregabalin-treated fibromyal-
gia group; SD: Standard deviation; SIRT1: Silent information regula-
tor 1

Mito-TEMPO Alleviates Apoptotic Changes Induced
by RES in Rats’ Brain

Figure 7a, b demonstrates a significant 3.1-fold increase
in BAX and a significant decrease in Bcl-2 by 57.6%
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Fig. 6 Effect of Mito-TEMPO on changes in NF-kB and TNF-a con-
tent in reserpinized rats’ brain. Values explicate the mean+SD (n=6).
Statistics were carried out by ANOVA tailed by Tukey’s as post-hoc
test. a, b, c statistically significant from VEH, RES and RES+PG
groups respectively at p<0.05. ANOVA: analysis of variance; VEH:

Vehicle group; RES: Fibromyalgia model group; RES+MIT: Mito-
TEMPO-treated fibromyalgia group; RES+PG: Pregabalin-treated
fibromyalgia group; NF-kB: Nuclear factor-kappa B; SD: Standard
deviation; TNF-a: Tumour necrosis factor alpha
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Fig. 7 Effect of Mito-TEMPO on changes in BAX and Bcl-2 content
in reserpinized rats’ brain. Values explicate the mean+SD (n=6). Sta-
tistics were carried out by ANOVA tailed by Tukey’s as post-hoc test.
a, b, c statistically significant from VEH, RES and RES+PG groups
respectively at p<0.05. ANOVA: analysis of variance; BAX: Bcl-

following RES administration, relative to the VEH-treated
rats. MIT treatment markedly lessened BAX and increased
Bcl-2 by 49% and 118.3%, respectively relative to the RES
group. Subsequently, the intrinsic mitochondrial apoptotic
indicator BAX/ Bcl-2 ratio was significantly elevated in the
reserpinized rats up to 7.3 folds of the VEH group, while
administration of MIT noticeably reduced that ratio to 23%,
relative to the untreated reserpinized animals (Fig. 7c). Cur-
rent results also elucidate that MIT prioritized PG in modu-
lating these brain apoptotic changes.

Mito-TEMPO Modulates Brain miRNA-320
Expressions in RES-Treated Rats

In RES-administered rats, the brain expression of miRNA-
320 exhibited a 10.2-fold increase when compared to the
VEH-treated animals. Reserpinized rats injected with MIT
exhibited a significant diminish in the brain gene expres-
sion of miRNA-320 to 35.9% of reserpinized rats’ results

@ Springer

2-associated X protein; Bcl-2: B-cell lymphoma; VEH: Vehicle group;
RES: Fibromyalgia model group; RES+MIT: Mito-TEMPO-treated
fibromyalgia group; RES +PG: Pregabalin-treated fibromyalgia group;
SD: Standard deviation

(Fig. 8). Yet, MIT surpassed PG in decreasing the gene
expression of miRNA-320 in the reserpinized rats’ brain.

Correlation Study

Table 2 denotes the Pearson’s correlation coefficients
obtained between SIRT1 protein expression and different
investigated parameters. Pearson’s r correlation coefficients
revealed a positive association of SIRT1 with OPA1 protein
expression, CAT, SOD, and Bcl-2. However, SIRT1 was
associated negatively with DRP1 protein expression, CHOP
protein expression, NF-kB, TNF-0, BAX, and miRNA-320
expression.

Discussion
In the current study, we have demonstrated for the first time

that the mitochondrial-specific antioxidant MIT interven-
tion in a RES rat model of FM alleviates pain and reduces
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Fig.8 Effect of Mito-TEMPO on changes in miRNA-320 gene expres-
sion in reserpinized rats’ brain. Values explicate the mean+SD (n=6).
Statistics were carried out by ANOVA tailed by Tukey’s as post-hoc
test. a, b, c statistically significant from VEH, RES and RES+PG
groups respectively at p<0.05. ANOVA: analysis of variance; VEH:
Vehicle group; RES: Fibromyalgia model group; RES+MIT: Mito-
TEMPO-treated fibromyalgia group; RES+PG: Pregabalin-treated
fibromyalgia group; miRNA-320: Micro RNA-320; SD: Standard
deviation

Table 2 Pearson’s coefficients between SIRT1 expression and DRPI,
OPA1, CHOP, CAT, SOD, NF-«kB, TNF-a, BAX, Bcl-2, and miRNA-
320

Parameter r p

DRP1 (protein expression) 0.5160"° 0.0099
OPA1 (protein expression) 0.6830 * 0.0002
CHOP (protein expression) 0.4097° 0.0468
CAT (U/mg protein) 0.9042 * <0.0001
SOD (U/mg protein) 0.9268 * <0.0001
NF-kB (pg/mg protein) 0.9069 ® <0.0001
TNF-a (pg/mg protein) 0.9080 P <0.0001
BAX (pg/mg protein) 0.9168° <0.0001
Bcl-2 (pg/mg protein) 0.8652 % <0.0001
miRNA-320 (gene expression) 0.9061° <0.0001

a: Statistically significant positive correlation at p<0.05

b: Statistically significant negative correlation at p<0.05

the associated depressive symptoms, an effect that remark-
ably surpasses that of PG, a standard treatment approved by
the FDA for FM management [49], and is anticipated to be
exerted by SIRT1 activation and subsequently alteration of
mitochondrial dynamics, microRNA expression, endoplas-
mic reticulum stress, oxidative stress, and inflammation.
Reserpine is widely used in research to induce symptoms
like those seen with FM in human. By depleting biogenic
amines, RES has been observed to cause musculoskeletal
issues, mirroring the characteristics of FM [58]. There is no
doubt that DA, NE, and 5-HT play a vital part in conserv-
ing different homeostatic functions, including cognition,

memory, mood, and sleep and pain regulation [59, 60]. In
particular, NE and 5-HT are the principal biogenic amines
mediating the descending inhibitory pathway, whereas dys-
function in the mesolimbic dopaminergic pathway is linked
to aggravating nociceptive stimuli perception [61, 62].

In this research, administering MIT to FM model rats led
to elevations in brain levels of biogenic amines, which are
directly linked to improving locomotion, pain perception,
and depressive-like behaviors demonstrated in OFT, hot
plate, and FST, respectively. This is consistent with findings
reported that MIT considerably modulates central mono-
aminergic neurotransmission and reduces pain perception
and depressive-like behaviors via improving mitochondrial
functionality [47, 63].

It is well known that proper mitochondrial functional-
ity is critical for neurons to maintain normal excitability,
plasticity, and synaptic transmission [64]. Mitochondria
are highly dynamic structures that continuously alter their
structure through the processes of fission and fusion. Fis-
sion is facilitated by cytosolic dynamin proteins like DRP1,
while fusion involves the coordination of mitofusins on the
outer membrane, and OPA1 on the inner membrane [65].
Extensive research has explored the implication of mito-
chondrial dysfunction and oxidative stress in both periph-
eral and central sensitization, which clarifies the prevalence
of chronic pain in FM patients [5]. Furthermore, the connec-
tion between mitochondria, oxidative stress, and ER stress
is verified, where oxidative stress can trigger ER stress and
vice versa, provoking an increased amount of ROS [10, 11].

By linking the deacetylation of multiple substrates to
the splitting of NAD", a key indicator of cellular metabolic
function, SIRT1 could function as a master metabolic regu-
lator across various tissues [66] with mutual regulation has
been demonstrated between SIRT1 and different signaling
pathways [30, 55, 56]. Alterations in SIRT1 activity and
expression were revealed in numerous metabolic, cardio-
vascular, neurodegenerative, and cancerous diseases [67].
Regarding pain, SIRT1 up-regulation has revealed posi-
tive consequences in chronic pain via regulating oxidative
stress, mitochondrial dysfunction, and inflammation [6, 36].

In this investigation, treatment of RES-treated animals
with MIT was found to increase OPA-1 expression, while
decreasing DRP1 and CHOP expression in brain tissue.
These results highlight the interactive communication
between mitochondria and the ER [68—70], and align with
earlier MIT studies [69, 71-73]. The concurrently enhanced
SIRT1 expression in reserpinized rats’ brain following MIT
administration suggests that MIT-modulated mitochondrial
dynamics and ER stress could be a result of up-regulation
of SIRTI. Indeed, SIRT1 controls the transcription of mito-
chondrial fission and fusion modulators with the reduction
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in SIRT1 leading to decreased expression of genes critical
for mitochondrial biogenesis and dynamics [28, 74—76].

Likewise, SIRT1 is recognized for its governance over
ER stress by influencing the unfolded protein response
through key signaling pathways, including the activat-
ing transcription factor 6 pathway, which impacts CHOP
expression [77, 78]. The SIRT1’s critical role in managing
ER stress-induced apoptosis across various cell types has
been reported [29, 79, 80].

Interestingly, the results obtained from correlation stud-
ies support the link between SIRT1 expression and the
expression of mitochondrial dynamics mediators Drpl and
OPA1 and between SIRT1 expression and the expression of
CHOP, the ER stress biomarker.

A major consequence of the culminating mitochondrial
dysfunction and ER stress is the uncontrolled generation
of ROS that overrides the endogenous antioxidant capacity
of the cell leading to oxidative stress [81]. Under oxidative
stress, the inner mitochondrial membrane becomes more
permeable, allowing the release of ions, small molecules,
and mtDNA. As a damage-associated molecular pattern,
mtDNA can activate an inflammatory immune response
[82]. In addition, persistent mitochondrial- and ER-medi-
ated stress activated caspases and suppressed members of
the Bcl family, including Bcl-2, thereby eliciting apoptotic
cell death [13, 83]. Worth mentioning, the nociceptive sys-
tem becomes sensitized as a result of neuronal apoptotic
alterations [84], and a “wind-up” process is triggered by
repeated activation of nociceptors, ultimately aggravating
pain sensitization, allodynia, and hyperalgesia [85].

Results obtained from current research revealed pro-
voking of oxidative stress, an inflammatory response and
apoptosis in brains of RES-treated rats, which were defined
by the significant decrease in SOD and catalase activities
associated with a marked upsurge in the NF-kB, TNF-a
and BAX brain content, while noticeably diminishing the
anti-apoptotic Bcl-2 content. By boosting the antioxidant
enzymes and restraining the NF-xB activity, MIT aids in
re-establishing the redox imbalance and maintaining cell
survival, thus preventing excessive apoptosis and inflam-
mation. This aligns with findings reported by [86—89].

Mounting evidence suggests that SIRT1 impacts mul-
tiple biological processes, thereby considerably influencing
cellular responses [30]. Current results showed that MIT-
induced resistance of RES rats’ brains to oxidative stress,
inflammation and apoptosis correlates significantly with an
increase in SIRT1 expression. Notably, SIRT1 regulation of
ROS has been extensively studied in various tissues with the
observation that cells’ lack of sufficient SIRT1 makes them
more vulnerable to oxidative stress [90-92]. Also, SIRT1 is
capable of regulating the activity of NF-kB, either directly

@ Springer

via deacetylation or indirectly through other molecules, thus
impacting inflammation and apoptosis [35, 93, 94].

A key discovery from the current research is that MIT
significantly decreased the genetic expression of miRNA-
320 in the brains of rats affected by RES, with an inverse
relation was detected between miRNA-320 expression and
the expression of SIRT1. As previously noted, alterations
in patterns of different miRNAs expression were noticed in
FM patients [95]. In particular, up-regulated miRNA-320
was noticed in FM patients who also had headache, depres-
sion and generalized fatigue [22]. In biopsies taken from
patients having chronic bladder pain syndrome, Freire and
coworkers have reported that the upregulated miRNA-320a
induced a statistically significant decrease in neurokinin 1
receptor protein levels, hence implicating the process of
pain transmission [96].

Remarkably, the inverse relation detected between
miRNA-320 and SIRT1 expression has acknowledged the
regulatory control exerted by each on the other and harmo-
nized with that stated by previous studies [35, 97-99].

Conclusion

In summary, the results from this study highlight the exten-
sive influence of MIT on various molecular pathways
related to FM. By activating SIRT1, MIT could adjust mito-
chondrial dynamics, reduce mitochondrial- and ER-medi-
ated oxidative stress and apoptosis and exert epigenetic
regulation on miRNA-320. Together these mechanisms sig-
nificantly rebalanced the brain levels of biogenic amines to
improve pain perception and lessen depressive-like behav-
iors in rats with FM.

Though current findings are critical therapeutic mile-
stones, emphasizing the significance of considering MIT as
a potential intervention in FM, they are preliminary. Addi-
tional studies are required to select the maximum effective
dose, fully clarify the protective mechanism of MIT in FM-
like model, and explore MIT’s potential clinical benefits and
safety for treating FM.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s11064-0
25-04424-9.

Author Contributions HZ: Methodology, Experiments’ execution,
data collection, and analysis, and statistical analysis. NE: Methodol-
ogy, Experiments’ execution, data collection and analysis, and writ-
ing —original draft. AA: Methodology, Experiments’ execution, data
collection and analysis, graphical and statistical analysis, and writing
—review and editing. MM: writing—original draft, data collection,
and analysis. HA: Conceptualization, Methodology, Investigation,
Supervision. SA: Methodology, Experiments’ execution, data analy-
sis, writing —review, and editing. All authors read and approved the
manuscript.



https://doi.org/10.1007/s11064-025-04424-9
https://doi.org/10.1007/s11064-025-04424-9

Neurochemical Research (2025) 50:172

Page 110of 14 172

Funding Open access funding provided by The Science, Technology
& Innovation Funding Authority (STDF) in cooperation with The
Egyptian Knowledge Bank (EKB).

The authors declare that no financial assistance, grants, or other sup-
port was received during the preparation of this manuscript.

Data Availability No datasets were generated or analysed during the
current study.

Declarations

Ethics Approval This study was performed in compliance with the NIH
Guide for the Principles of Laboratory Animal Care (85—23/2011);
The Ethics Committee of Al-Azhar University’s Faculty of Pharmacy
for Girls (455/2024) approved it.

Consent to Participate All authors consented to participate in the
study.

Consent for Publication All authors read the manuscript and have con-
sented for publication.

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. D’Agnelli S, Arendt-Nielsen L, Gerra MC, Zatorri K, Boggiani
L, Baciarello M, Bignami E (2019) Fibromyalgia: genetics and
epigenetics insights may provide the basis for the development of
diagnostic biomarkers. Mol Pain 15:1744806918819944

2. Shen CL, Schuck A, Tompkins C, Dunn DM, Neugebauer V
(2022) Bioactive compounds for Fibromyalgia-like symptoms: a
narrative review and future perspectives. Int J Environ Res Public
Health 19(7):4148

3. Schmidt-Wilcke T, Clauw DJ (2011) Fibromyalgia: from patho-
physiology to therapy. Nat Rev Rheumatol 7(9):518-527

4. Miranda-Diaz AG, Rodriguez-Lara SQ (2018) The role of oxi-
dants/antioxidants, mitochondrial dysfunction, and autophagy in
fibromyalgia. Discuss Unusual Top Fibromyalgia 1:13-33

5. Marino Y, Inferrera F, D’ Amico R, Impellizzeri D, Cordaro M,
Siracusa R, Gugliandolo E, Fusco R, Cuzzocrea S, Di Paola R
(2024) Role of mitochondrial dysfunction and biogenesis in fibro-
myalgia syndrome: molecular mechanism in central nervous sys-
tem. Biochim Biophys Acta Mol Basis Dis 1870(7):167301

6. Song FH, Liu DQ, Zhou YQ, Mei W (2022) SIRT1: A promis-
ing therapeutic target for chronic pain. CNS Neurosci Ther
28(6):818-828

10.

11.

12.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cordero MD, Diaz-Parrado E, Carrion AM, Alfonsi S, Sanchez-
Alcazar JA, Bullon P, Battino M, de Miguelet M (2013) Is
inflammation a mitochondrial dysfunction-dependent event in
fibromyalgia? Antioxid Redox Signal 18:800-807

Meeus M, Nijs J, Hermans L, Goubert D, Calders P (2013) The
role of mitochondrial dysfunctions due to oxidative and nitrosa-
tive stress in the chronic pain or chronic fatigue syndromes and
fibromyalgia patients: peripheral and central mechanisms as ther-
apeutic targets? Expert Opin Ther Targets 17(9):1081-1089
Wang ZQ, Porreca F, Cuzzocrea S, Galen K, Lightfoot R, Masini
E, Muscoli C, Mollace V, Ndengele M, Ischiropoulos H, Salvem-
ini D (2004) A newly identified role for superoxide in inflamma-
tory pain. J Pharmacol Exp Ther 309(3):869-878

Bhandary B, Marahatta A, Kim HR, Chae HJ (2013) An involve-
ment of oxidative stress in endoplasmic reticulum stress and its
associated diseases. Int ] Mol Sci, 14(1), 434-456.

Chong WC, Shastri MD, Eri R (2017) Endoplasmic reticulum
stress and oxidative stress: a vicious nexus implicated in bowel
disease pathophysiology. Int J Mol Sci 18(4):771

Moungjaroen J, Nimmannit U, Callery PS, Wang L, Azad N,
Lipipun V, Chanvorachote P, Rojanasakul Y (2006) Reactive
oxygen species mediate caspase activation and apoptosis induced
by lipoic acid in human lung epithelial cancer cells through Bcl-2
down-regulation. J Pharmacol Exp Ther 319(3):1062—1069

LiY, Guo Y, Tang J, Jiang J, Chen Z (2014) New insights into
the roles of CHOP-induced apoptosis in ER stress. Acta Biochim
Biophys Sin 46(8):629—640

Ghoneim FM, Abo-Elkhair SM, Elsamanoudy AZ, Shabaan DA
(2022) Evaluation of endothelial dysfunction and autophagy in
fibromyalgia-related vascular and cerebral cortical changes and
the ameliorative effect of Fisetin. Cells 11(1):48

Ji G, Neugebauer V (2010) Reactive oxygen species are involved
in group I mGluR-mediated facilitation of nociceptive processing
in amygdala neurons. J Neurophysiol, 104(1), 218-229.

Liu S, Li Q, Zhang MT, Mao-Ying QL, Hu LY, Wu GC, Mi WL,
Wang YQ (2016) Curcumin ameliorates neuropathic pain by
down-regulating spinal IL-1p via suppressing astroglial NALP1
inflammasome and JAK2-STAT3 signalling. Sci Rep, 6(1):25956.
Littlejohn G (2015) Neurogenic neuroinflammation in fibromy-
algia and complex regional pain syndrome. Nat Rev Rheumatol
11(11):639-648

O’Brien J, Hayder H, Zayed Y, Peng C (2018) Overview of
MicroRNA biogenesis, mechanisms of actions, and circulation.
Front Endocrinol 9:402

Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM,
Castle M, Bartel DP, Linsley PS, Johnson JM (2005) Microarray
analysis shows that some microRNAs downregulate large num-
bers of-target mRNAs. Nature, 433(7027):769-773.

Gross C, Tiwari D (2018) Regulation of ion channels by MicroR-
NAs and the implication for epilepsy. Curr Neurol Neurosci Rep
18:1-11

Brennan GP, Henshall DC (2020) MicroRNAs as regulators of
brain function and targets for treatment of epilepsy. Nat Rev Neu-
rol 16(9):506-519

Hussein M, Fathy W, Abdelaleem EA, Nasser M, Yehia A, Elan-
war R (2022) The impact of Micro RNA-320a serum level on
severity of symptoms and cerebral processing of pain in patients
with sibromyalgia. Pain Med 23(12):2061-2072.

Morris BJ (2013) Seven sirtuins for seven deadly diseases of
aging. Free Radic Biol Med 56:133-171

Zhang HH, Ma XJ, Wu LN, Zhao YY, Zhang PY, Zhang YH,
Shao MW, Liu F, Li F, Qin GJ (2015) SIRT1 attenuates high glu-
cose-induced insulin resistance via reducing mitochondrial dys-
function in skeletal muscle cells. Exp Biol Med 240(5):557-565.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

172

Page 12 of 14

Neurochemical Research (2025) 50:172

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Zhang W, Huang Q, Zeng Z, Wu J, Zhang Y, Chen Z (2017) Sirtl
inhibits oxidative stress in vascular endothelial cells. Oxid Med
Cell Longev 2017 1:7543973

Meng T, Qin W, Liu B (2020) SIRT1 antagonizes oxidative stress
in diabetic vascular complication. Front Endocrinol 11:568861
Shahgaldi S, Kahmini FR (2021) A comprehensive review of sir-
tuins: with a major focus on redox homeostasis and metabolism.
Life Sci 282:119803

Ding M, Feng N, Tang D, Feng J, Li Z, Jia M, Liu Z, Gu X,
Wang Y, Fu F, Pei J (2018) Melatonin prevents Drpl-mediated
mitochondrial fission in diabetic hearts through SIRT1-PGCla
pathway. J Pineal Res 65(2):¢12491

Feng K, Ge Y, Chen Z, Li X, Liu Z, Li X, Li H, Tang T, Yang
F, Wang X (2019) Curcumin inhibits the PERK-elF2a-CHOP
pathway through promoting SIRT1 expression in oxidative
stress-induced rat chondrocytes and ameliorates osteoarthritis
progression in a rat model. Oxid Med Cell Longev 20191:8574386
Yang Y, Liu Y, Wang Y, Chao Y, Zhang J, Jia Y Tie J and Hu D.
(2022) Regulation of SIRT1 and its roles in inflammation. Front
Immunol 13:831168

Fujita Y, Yamashita T (2018) Sirtuins in neuroendocrine regula-
tion and neurological diseases. Front Neurosci 12:778

Yu X, Zhang S, Zhao D, Zhang X, Xia C, Wang T, Zhang M, Liu
T, Huang W, Wu B (2019) SIRT1 inhibits apoptosis in in vivo and
in vitro models of spinal cord injury via microRNA-494. Int J
Mol Med 43(4):1758-1768

Zhong X, Wang W, Mao Z, Gao F, Guo R, Wei X, Liu X, Wei
X (2019) Activation of liver x receptors prevents the spinal LTP
induced by skin/muscle retraction in the thigh via SIRT1/NF-Kb
pathway. Neurochem Int 128:106—114.

Zhou C, Wu Y, Ding X, Shi N, Cai Y, Pan ZZ (2020) SIRT1
decreases emotional pain vulnerability with associated CaMKlIla
deacetylation in central amygdala. J Neurosci 40(10):2332-2342
Song Y, Wu Z, Zhao P (2022) The protective effects of activating
Sirt1/NF-xB pathway for neurological disorders. Rev Neurosci
33(4):427-438

Shen J, Ji F, Hao J, Zhong X, Wang D, Ren H, Hu Z (2016) SIRT1
inhibits the catabolic effect of IL-1beta through TLR2/SIRT1/NF-
kappaB pathway in human degenerative nucleus pulposus cells.
Pain Physician 19(1):E215.

Dikalov S (2011) Cross talk between mitochondria and NADPH
oxidases. Free Radic Biol Med 51(7):1289-1301

Patil NK, Parajuli N, Macmillan-Crow LA, Mayeux PR (2014)
Inactivation of renal mitochondrial respiratory complexes and
manganese superoxide dismutase during sepsis: mitochondria-
targeted antioxidant mitigates injury. Am J Physiol - Ren Physiol
306(7): F734-F743.

Ding W, Guo H, Xu C, Wang B, Zhang M, Ding F (2016) Mito-
chondrial reactive oxygen species-mediated NLRP3 inflamma-
some activation contributes to aldosterone-induced renal tubular
cells injury. Oncotarget 7(14):17479

Rocha VCJ, Franga LSDA, De Aratjo CF, Ng AM, De Andrade
CM, Andrade AC, Santos EDS, Borges-Silva MDC, Macambira
SG, Noronha-Dutra AA, Pontes-de-Carvalho LC (2016) Protec-
tive effects of mito-TEMPO against doxorubicin cardiotoxicity in
mice. Cancer Chemother Pharmacol 77(3):659—-662.

OlgarY, Degirmenci S, Durak A, Billur D, Can B, Kayki-Mutlu G,
Turan B (2018) Aging related functional and structural changes in
the heart and aorta: mitoTEMPO improves aged-cardiovascular
performance. Exp Gerontol 110:172—181.

Oliver DMA, Reddy PH (2019) Small molecules as therapeutic
drugs for Alzheimer’s disease. Mol Cell Neurosci 96:47-62
Shetty S, Kumar R, Bharati S (2019) Mito-TEMPO, a mito-
chondria-targeted antioxidant, prevents N-nitrosodiethylamine-
induced hepatocarcinogenesis in mice. Free Radic Biol Med
136:76-86

@ Springer

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Mukem S, Thongbuakaew T, Khornchatri K (2021) Mito-Tempo
suppresses autophagic flux via the PI3K/Akt/mTOR signaling
pathway in neuroblastoma SH-SYSY cells. Heliyon 7(6).

Szyller J, Jagielski D, Bil-Lula I (2022) Antioxidants in arrhyth-
mia Treatment—Still a controversy?? A review of selected clini-
cal and laboratory research. Antioxidants 11(6):1109

Srivastava A, Tomar B, Sharma D, Rath SK (2023) Mitochondrial
dysfunction and oxidative stress: role in chronic kidney disease.
Life Sci 319:121432

Zhan L, Li R, Sun Y, Dou M, Yang W, He S, Zhang Y (2018)
Effect of mito-TEMPO, a mitochondria-targeted antioxidant, in
rats with neuropathic pain. NeuroReport 29(15):1275-1281
Nagakura Y, Oe T, Aoki T, Matsuoka N (2009) Biogenic amine
depletion causes chronic muscular pain and tactile allodynia
accompanied by depression: a putative animal model of fibromy-
algia. Pain 146(1):26-33

de Souza VS, Medeiros LF, Stein DJ, de Oliveira CL, Medeiros
HR, Dussan-Sarria JA, Caumo W, de Souza A, Torres IL (2024)
Transcranial direct current stimulation is more effective than Pre-
gabalin in controlling nociceptive and anxiety-like behaviors in a
rat fibromyalgia-like model. Scand J Pain 24(1):20230038

Perals D, Griffin AS, Bartomeus I, Sol D (2017) Revisiting the
open-field test: what does it really tell Us about animal personal-
ity? Anim Behav 123:69-79

Aboutaleb A, Ahmed H, Kamal M, Ali A (2021) Low protein diet:
its relevance to Manganese-induced neurotoxicity in rats treated
with coenzyme Q10 and/or Epigallocatechin-3-gallate. Azhar Int
J Pharm Med Sci 1(3):32-55

Deuis JR, Dvorakova LS, Vetter I (2017) Methods used to evalu-
ate pain behaviors in rodents. Front Mol Neurosci 10:284

Cryan JF, Slattery DA (2007) Animal models of mood disorders:
recent developments. Curr Opin Psych 20(1):1-7
Yankelevitch-Yahav R, Franko M, Huly A, Doron R (2015) The
forced swim test as a model of depressive-like behavior. J Vis Exp
201597:52587

Zaky HS, Abdel-Sattar SA, Allam A, Ahmed HI (2023) Further
insights into the impact of rebamipide on gentamicin-induced
nephrotoxicity in rats: modulation of SIRT1 and B-catenin/cyclin
D1 pathways. Drug Chem Toxicol 46(5):851-863.

Aboutaleb AS, Allam A, Zaky HS, Harras MF, Farag FSAA,
Abdel-Sattar SA, El-Said NT, Ahmed HI, El-Mordy A FM (2024)
Novel insights into the molecular mechanisms underlying anti-
nociceptive effect of myricitrin against reserpine-induced fibro-
myalgia model in rats: implication of SIRT1 and MiRNAs. J
Ethnopharmacol 335:118623

Siqueira AL, Tiburcio JD (2011) Estatistica na area de saude:
conceitos, metodologia, aplicagdes e pratica computacional / Sta-
tistics on health: concepts, methodology, practical applications
and computational. In: Estatistica na 4rea de satde: conceitos,
metodologia, aplicagdes e pratica computacional 520.

Brum EdaS, Fialho MFP, Fischer SPM, Hartmann DD, Gon-
calves DF, Scussel R, Machado-de-Avila RA, Dalla Corte CL,
Soares FAA, Oliveira SM (2020) Relevance of mitochondrial
dysfunction in the reserpine-induced experimental fibromyalgia
model. Mol Neurobiol 57(10):4202—4217

Staud R, Rodriguez ME (2006) Mechanisms of disease: pain in
fibromyalgia syndrome. Nat Clin Pract Rheumatol 2(2):90-98.
Sluka KA, Clauw DJ (2016) Neurobiology of fibromyalgia and
chronic widespread pain. Neurosci 338:114-129.

Russo SJ, Nestler EJ (2013) The brain reward circuitry in mood
disorders. Nat Rev Neurosci 14(9):609-625

Mitsi V, Zachariou V (2016) Modulation of pain, nociception, and
analgesia by the brain reward center. Neurosci 338:81-92.

Chen WJ, Du JK, Hu X, Yu Q, Li DX, Wang CN, Zhu XY, Liu
YJ (2017) Protective effects of Resveratrol on mitochondrial



Neurochemical Research

(2025) 50:172

Page 13 0of 14 172

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

function in the hippocampus improves inflammation-induced
depressive-like behavior. Physiol Behav 182:54-61.

Kann O, Kovacs R (2007) Mitochondria and neuronal activity.
Am J Physiol-Cell Physiol 292(2):C641-C657.

Xian H, Liou YC (2021) Functions of outer mitochondrial mem-
brane proteins: mediating the crosstalk between mitochondrial
dynamics and mitophagy. Cell Death Differ 28(3):827-842
Chandrasekaran K, Anjaneyulu M, Choi J, Kumar P, Salimian
M, Ho CY, Russell JW (2019) Role of mitochondria in diabetic
peripheral neuropathy: influencing the NAD+-dependent SIRT 1—-
PGC-10-TFAM pathway. Int Rev Neurobiol 145:177-209
Elibol B, Kilic U (2018) High levels of SIRT1 expression as a
protective mechanism against disease-related conditions. Front
Endocrinol 9:614

Safiedeen Z, Rodriguez-Gomez I, Vergori L, Soleti R, Vaithil-
ingam D, Douma I, Agouni A, Leiber D, Dubois S, Simard G,
Zibara K (2017) Temporal cross talk between endoplasmic retic-
ulum and mitochondria regulates oxidative stress and mediates
microparticle-induced endothelial dysfunction. Antioxid Redox
Signal 26(1):15-27.

Liu'Y, Wang Y, Ding W, Wang Y (2018) Mito-TEMPO alleviates
renal fibrosis by reducing inflammation, mitochondrial dysfunc-
tion, and endoplasmic reticulum stress. Oxid Med Cell Longev
2018(1):5828120.

Bjorkman SH, Pereira RO (2021) The interplay between mito-
chondrial reactive oxygen species, Endoplasmic reticulum stress,
and Nrf2 signaling in cardiometabolic health. Antioxid Redox
Signal 35(4):252-269

Du K, Farhood A, Jaeschke H (2017) Mitochondria-targeted anti-
oxidant Mito-Tempo protects against acetaminophen hepatotox-
icity. Arch Toxicol 91(2):761-773.

Zhang Y, Anoopkumar-Dukie S, Arora D, Davey AK (2020)
Review of the anti-inflammatory effect of SIRT1 and SIRT2
modulators on neurodegenerative diseases. Eur J Pharmacol
867:172847

Arulkumaran N, Pollen SJ, Tidswell R, Gaupp C, Peters VBM,
Stanzani G, Snow TA, Duchen MR, Singer M (2021) Selective
mitochondrial antioxidant MitoTEMPO reduces renal dysfunc-
tion and systemic inflammation in experimental sepsis in rats. Br
J Anaesth 127(4):577-586.

Lei MY, Cong L, Liu ZQ, Liu ZF, Ma Z, Liu K, Li J, Deng Y,
Liu W, Xu B (2022) Resveratrol reduces DRP1-mediated mito-
chondrial dysfunction via the SIRT1-PGCla signaling pathway
in manganese-induced nerve damage in mice. Environ Toxicol
37(2):282-298.

Xul, Zhang Y, Yu Z, Guan Y, Lv Y, Zhang M, Zhang M, Chen L,
Guan F (2022) Berberine mitigates hepatic insulin resistance by
enhancing mitochondrial architecture via the SIRT1/Opal signal-
ling pathway. Acta Biochim Biophys Sin 54(10):1464

Lei Y, Wang J, Wang D, Li C, Liu B, Fang X, You J, Guo M,
Lu XY (2020) SIRT1 in forebrain excitatory neurons produces
sexually dimorphic effects on depression-related behaviors and
modulates neuronal excitability and synaptic transmission in the
medial prefrontal cortex. Mol Psychiatry 25(5):1094—-1111.
Monceaux K, Gressette M, Karoui A, Pires Da Silva J, Piquereau
J, Ventura-Clapier R, Garnier A, Mericskay M, Lemaire C (2022)
Ferulic acid, pterostilbene, and tyrosol protect the heart from ER-
Stress-Induced injury by activating SIRT1-Dependent deacety-
lation of elF2a. Int J Mol Sci 23(12):6628

Totonchi H, Mokarram P, Karima S, Rezaei R, Dastghaib S,
Koohpeyma F, Noori S, Azarpira N (2022) Resveratrol promotes
liver cell survival in mice liver-induced ischemia-reperfusion
through unfolded protein response: a possible approach in liver
transplantation. BMC Pharmacol Toxicol 23(1):74

Huang D, Yan ML, Chen KK, Sun R, Dong ZF, Wu PL, Li S,
Zhu GS, Ma SX, Pan YS, Pan JW (2018) Cardiac-specific

80.

81.

82.

3.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

overexpression of silent information regulator 1 protects against
heart and kidney deterioration in cardiorenal syndrome via inhi-
bition of endoplasmic reticulum stress. Cell Physiol Biochem
46(1):9-22.

Romeo-Guitart D, Leiva-Rodriguez T, Espinosa-Alcantud M,
Sima N, Vaquero A, Dominguez-Martin H, Ruano D, Casas C
(2018) SIRT1 activation with neuroheal is neuroprotective but
SIRT2 inhibition with AK7 is detrimental for disconnected moto-
neurons. Cell Death Dis 9(5):531

Song SB, Hwang ES (2019) A rise in ATP, ROS, and mitochon-
drial content upon glucose withdrawal correlates with a dysreg-
ulated mitochondria turnover mediated by the activation of the
protein deacetylase SIRT1. Cells 8(1):11

Picca A, Calvani R, Coelho-Junior HJ, Landi F, Bernabei R,
Marzetti E (2020) Mitochondrial dysfunction, oxidative stress,
and neuroinflammation: intertwined roads to neurodegeneration.
Antioxidants 9(8):1-21.

Ge G, Yan Y, Cai H (2017) Ginsenoside rh2 inhibited prolifera-
tion by inducing ros mediated er stress dependent apoptosis in
lung cancer cells. Biol Pharm Bull 40(12):2117-2124.

Joseph EK, Levine JD (2004) Caspase signalling in neu-
ropathic and inflammatory pain in the rat. Eur J Neurosci
20(11):2896-2902.

Gyorfi M, Rupp A, Abd-Elsayed A (2022) Fibromyalgia patho-
physiology. Biomedicines 10(12):3070

Mazumder S, De R, Sarkar S, Siddiqui AA, Saha SJ, Banerjee
C, Igbal MS, Nag S, Debsharma S, Bandyopadhyay U (2016)
Selective scavenging of intra-mitochondrial superoxide corrects
diclofenac-induced mitochondrial dysfunction and gastric injury:
A novel gastroprotective mechanism independent of gastric acid
suppression. Biochem Pharmacol 121:33-51.

Fawzy H, Fikry E, Fawzy H, Mohammed A (2021) Mito-TEMPO
improved L-Arginine- induced acute pancreatitis in rats via TLR-
4/ NF-xkB/ NLRP3 inflammasome downregulation and antioxi-
dant properties. Azhar Int J Pharm Med Sci 1(1):54-65.

Wang PF, Xie K, Cao YX, Zhang A (2022) Hepatoprotective
effect of mitochondria-targeted antioxidant mito-tEMPO against
lipopolysaccharide-induced liver injury in mouse. Mediators
Inflamm 2022(1):6394199.

Tambe PK, Mathew AJ, Bharati S (2023) Cardioprotective poten-
tial of mitochondria-targeted antioxidant, mito-TEMPO, in 5-flu-
orouracil-induced cardiotoxicity. Cancer Chemother Pharmacol
91(5):389-400

Cheng HL, Mostoslavsky R, Saito S, Manis JP, Gu Y, Patel P,
Bronson R, Appella E, Alt FW, Chua KF (2003) Developmental
defects and p53 hyperacetylation in Sir2 homolog (SIRT1)-defi-
cient mice. Proc Natl Acad Sci 100(19):10794—10799.

Ford J, Jiang M, Milner J (2005) Cancer-specific functions of
SIRT1 enable human epithelial cancer cell growth and survival.
Cancer Res 65(22):10457-10463.

Singh V, Ubaid S (2020) Role of silent information regulator 1
(SIRT1) in regulating oxidative stress and inflammation. Inflam-
mation 43:1589-1598

de Gregorio E, Colell A, Morales A, Mari M (2020) Relevance of
SIRT1-NF-kB axis as therapeutic target to ameliorate inflamma-
tion in liver disease. Int J Mol Sci 21(11):3858

Wu BW, Wu MS, Liu Y, Lu M, Guo JD, Meng YH, Meng YH,
Zhou YH (2021) SIRT1-mediated deacetylation of NF-kB inhib-
its the MLCK/MLC2 pathway and the expression of ET-1, thus
alleviating the development of coronary artery spasm. Am J
Physiol - Hear Circ Physiol 320(1):H458

Bjersing JL, Bokarewa MI, Mannerkorpi K (2015) Profile of cir-
culating microRNAs in fibromyalgia and their relation to symp-
tom severity: an exploratory study. Rheumatol Int 35(4):635-642
Freire VS, Burkhard FC, Kessler TM, Kuhn A, Draeger A, Monas-
tyrskaya K (2010) MicroRNAs may mediate the down-regulation

@ Springer



172 Page 14 of 14

Neurochemical Research (2025) 50:172

of neurokinin-1 receptor in chronic bladder pain syndrome. Am J
Pathol 176(1):288-303.

97. Yamakuchi M, Lowenstein CJ (2009) MiR-34, SIRT1 and p53:
the feedback loop. Cell Cycle 8(5):712-715.

98. Li T, Ma J, Han X, Jia Y, Yuan H, Shui S, Guo D (2018)
MicroRNA-320 enhances radiosensitivity of glioma through
down-regulation of sirtuin type 1 by directly targeting forkhead
box protein M1. Transl Oncol 11(2):205-212.

@ Springer

99. Alves-Fernandes DK, Jasiulionis MG (2019) The role of SIRT1
on DNA damage response and epigenetic alterations in cancer. Int
J Mol Sci 20(13):3153

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.



	﻿Mito-TEMPO Mitigates Fibromyalgia Induced by Reserpine in Rats: Orchestration Between SIRT1, Mitochondrial Dynamics, Endoplasmic Reticulum and miRNA-320
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Chemicals and Reagents
	﻿Animal Grouping and Drug Administration
	﻿Behavioral Assessments
	﻿Open Field Test
	﻿Hot Plate Test
	﻿Forced Swimming Test


	﻿Colorimetric Assessment of Antioxidant Enzymes
	﻿ELISA Assay for Biogenic Amines and Inflammatory and Apoptotic Biomarkers
	﻿Western Blot Assessment
	﻿Gene Expression Assessment Using RT-qPCR
	﻿Data Analysis
	﻿Results
	﻿Mito-TEMPO Modulates the RES-Induced Brain Monoamines Imbalance in Rats
	﻿Mito-TEMPO Diminishes RES-Induced Behavioral Changes in Rats
	﻿Mito-TEMPO Ameliorates the Brain Oxidative Stress Induced by RES in Rats’ Brain
	﻿Mito-TEMPO Mitigates RES-induced Changes in Mitochondrial Dynamics in Rats’ Brain
	﻿Mito-TEMPO Modulates RES-induced CHOP Expression in Rats’ Brain
	﻿Mito-TEMPO Alleviates RES-induced SIRT1 Expression Alterations in Rats’ Brain
	﻿Mito-TEMPO Ameliorates the Inflammatory Response Induced by RES in Rats’ Brain
	﻿Mito-TEMPO Alleviates Apoptotic Changes Induced by RES in Rats’ Brain
	﻿Mito-TEMPO Modulates Brain miRNA-320 Expressions in RES-Treated Rats
	﻿Correlation Study

	﻿Discussion
	﻿Conclusion
	﻿References


