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ABSTRACT
Background: Fibromyalgia (FM) is characterized by musculoskeletal pain, fatigue, sleep and
memory disturbance. There is no definitive cure yet for FM-related health problems. Peroxisome
proliferator-activated receptor’s (PPAR’s) activation is associated with insulin sensitisation and
improved glucose metabolism. PPAR-c was reported to alleviate FM allodynia. Limited data are
discussing its effect on motor disorders.
Objective: To investigate the potential effect of PPAR-c agonists (pioglitazone, as one member
of thiazolidinediones (TZD)) on motor dysfunction in reserpine-induced FM in a rat model.
Materials and methods: Thirty-six male Wistar rats were divided into negative control (n¼ 9) and
reserpine-induced FM (n¼ 27) groups. The latter was subdivided into three equal subgroups
(n¼ 9), positive control (untreated FM model), pioglitazone-treated and GW9662-treated. We eval-
uated muscle functions and activity of chloramphenicol acetyltransferase, superoxide dismutase,
malondialdehyde, and serum levels of interleukin-8 and monocyte chemoattractant protein-1.
Results: Pioglitazone significantly relieved fatigue, improved muscle performance, reduced
inflammatory cytokines and enhanced antioxidant’s activity, while GW9662, a known PPAR-c
antagonist, aggravated the FM manifestations in the rat model.
Conclusion: PPAR-c agonists show a promising role against FM-associated motor dysfunctions.
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Introduction

Fibromyalgia (FM) is an example of a chronic-pain
health problem that draws the attention of many
health care practices worldwide [1]. FM is character-
ized by diffuse pain, body tenderness to pressure stim-
uli and morning stiffness, which progressively lead to
increased fatigue, sleep disorders and psychological
instabilities in many patients [2,3]. The underlying
pathophysiologic mechanisms of FM are not clear.
There are some reports of the multisystem failure pro-
cess involving the immune, musculoskeletal and cen-
tral nervous systems (CNS) [4,5]. Some authors believe
that FM is a familial disorder, a hypothesis supported
by a few lines of evidence correlating certain single
nucleotide polymorphisms (SNPs) in genes involved in
neurotransmitter synthesis (e.g. serotonin, dopamine
and catecholamine), endocrinal disturbances of the
hypothalamic-pituitary-adrenal axis, or increased levels

of substance P (mediating the pain control system) to
the development of FM [6].

Despite the multidisciplinary management regimens
used for FM patients, there is no definitive cure for
this chronic health problem [7]. Therefore, it is import-
ant to have a better understanding of the pathophysi-
ology underlying FM to develop a more effective
therapy and/or improve the current treatment modal-
ities, which have shown only limited success com-
pared with their serious side effects [8].

To develop better treatments for fibromyalgia
symptoms, we had to implement an animal model
which mimics the features of fibromyalgia patients.
Repeated administration of reserpine (1mg/kg sub-
cutaneous, once daily, for three consecutive days)
causes a significant decrease in tactile allodynia and
the muscle pressure threshold, both in male and
female rats. This is accompanied by decreased
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amounts of biogenic amines (dopamine, norepineph-
rine and 5-hydroxytryptamine) in the prefrontal cortex,
thalamus and the spinal cord, which are deeply
involved in pain signal processing. It also significantly
increases immobility time in the forced swim test as
indicative of depression, which is a common comorbid
symptom of fibromyalgia. This animal model provides
face validity (manifestation of chronic pain and comor-
bid symptoms), construct validity (dysfunction of bio-
genic amine-mediated CNS pain control is involved)
and predictive validity (similar responses to treatments
used in fibromyalgia patients) [9].

Peroxisome proliferator-activated receptor (PPAR) -c
agonists are insulin sensitizers used for the treatment of
type II diabetes [10]. They have a promising analgesic
synergy with other chronic-pain medications [11] by
reducing allodynia and hyperalgesia in neuropathic pain
when given intrathecal [12] or systemically [13–15].

Thus, we hypothesize that PPAR-c agonists, through
counteracting hyperalgesia and allodynia, would
improve skeletal muscle function and mitigate fatigue
in an FM-rat model. Our study will investigate the
effect of PPAR-c agonists on skeletal muscle functions
in reserpine-induced fibromyalgia in the male Wistar
rat model. We will also study PPAR-c agonist’s effects
on cellular oxidative stress and inflammatory cyto-
kines production.

Materials and methods

Animal care and housing

Thirty-six adult male Wistar rats, weighing 215 (±15 g),
were quarantined at the animal house of Kasr Al Aini
Faculty of Medicine, Cairo University, for 15 days
before the start of experimentation for adaptation and
to exclude for any signs of infection. Rats were housed
in plastic cages (three rats/cage) with well-aerated
covers under standard temperature conditions
(25 ± 5 �C) and 12-hours alternating light and dark
cycles. Rats were given free water access and supplied
daily with a laboratory rat diet offered ad-lib. The
described protocols in this study were approved by
the Institutional Animal Care and Use Committee (CU-
IACUC), Cairo University, with approval number: CU/III/
F/68/18.

Animal grouping

Rats were randomly divided into two main groups:

1. The negative control (group I): A total of nine rats
received subcutaneous (SC) injections of distilled

water (1mg/kg) for three consecutive days and
then were injected with 1% dimethyl sulfoxide
(DMSO) solution intraperitoneal (IP) for a total
period of 21 days.

2. Fibromyalgia group (group II): A total of 27 rats
were SC injected with reserpine (1mg/kg diluted
in 0.5% glacial acetic acid (acetic acid in distilled
water) once daily. Injections were made into vari-
able sites of the rat’s flanks for three consecutive
days to create a model that mimics FM [16]. Rats
with FM signs were then divided randomly into
three equal subgroups (n¼ 9 each):

a. The positive control (subgroup IIa): Rats
received an IP injection of 1% DMSO solution
for 21 days.

b. The pioglitazone (subgroup IIb): Rats received
IP injection of 1% DMSO and pioglitazone
(>99% purity) 15mg/kg by gavage, daily for
21 days [17].

c. The GW9662 (subgroup IIc): Rats received
GW9662 (1.5mg/kg dissolved in 0.1% DMSO
by IP injection once daily for 21 days [18].

Chemicals

1. Pioglitazone was purchased from Amoun pharma-
ceuticals, Egypt.

2. Reserpine was purchased from Novartis pharma-
ceuticals, Egypt.

3. DMSO solution, acetic acid, GW9662 and pheno-
barbital was purchased from Sigma Aldrich (St.
Louis, MO) and Millipore (Billerica, MA).

Animal sacrifice and sample collection

At the end of the experimental period, animals were
sacrificed by the carbon-di-oxide (CO2) euthanasia
method [19]. Blood samples were collected from jugu-
lar veins. Blood was centrifuged at 3000 rpm for
15min. Using a clean pipette technique, clear non-
haemolysed sera were aliquoted into three 1.5ml
Eppendorf tubes for each rat and stored at
�20

�
C [20].

Skeletal muscle functions (using a computer
system and power lab 26 T)

The proximal tendon of the extensor digitorum longus
(EDL) muscle was dissected from the femoral compart-
ment of the hind limb. The anterior crural compart-
ment was exposed by dissecting the biceps femoris.
The distal tendons of EDL were dissected out intact
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from the foot through distal fasciotomy, with the
removal of connective tissue and ligaments. The entire
EDL muscle was mounted on a 25ml organ bath sys-
tem (Harvard Apparatus, Holliston, MA), containing
Krebs-Ringer bicarbonate buffer that was continuously
bubbled with a mixture of 95% oxygen (O2) and 5%
CO2, and kept at 30 �C. The four distal EDL tendons
were tied together by non-absorbable surgical silk
suture and fixed to a support. The proximal tendon
was tied to the force transducer [21], the latter of
which was connected to iWorx advanced animal/
human physiology data acquisition unit AHK/214
(Harvard Apparatus).

Muscles were stimulated to supramaximal levels by
platinum electrodes placed directly on muscles parallel
to their longitudinal axes. The length of muscles was
adjusted via a micromanipulator to reach maximum
isometric-twitch tension using 1Hz electrical stimula-
tions with a 1min rest period in between. Time-to-
peak twitch tension and time taken by muscles to
relax to 50% of their peak twitch tensions
were recorded.

To obtain maximum fused-tetanic tension, muscles
were evoked at different frequencies (10, 30, 50, 70,
90 and 110Hz) for 1 s, followed by 3min rest after
each stimulation and responses were recorded. The
optimal frequency at which maximum fused tension
was reached was recorded and used for subsequent
experimentation.

Next, we assessed time-to-fatigue and muscle
recovery from fatigue. Muscles were stimulated at the
optimal frequency, reached in the previous step, for
1 second, followed by 5 s rest for a total of 5min. The
muscle response was recorded every minute after ini-
tial maximum fused tension and expressed as a
decline in force from maximum fused tension. Time to
weakest-possible response was considered time-to-
fatigue. To estimate recovery from fatigue, muscles
were allowed to rest for 5min, and tetanic tension
was recorded thereafter. Normalized muscle tensions
were recorded and expressed as Newton per gram (N/
g) wet muscle mass [22].

Measurement of serum levels of monocyte
chemoattractant protein (MCP)-1 and interleukin
(IL)-8

Serum levels of MCP and IL-8 were done by ELISA
assays MyBioSource company, Catalog # MBS2709256
and # MBS9141543, respectively, as previously
described [23].

Measurement of skeletal muscle homogenate
oxidants-antioxidants markers

Chloramphenicol acetyltransferase (CAT) activity was
measured using Aebi’s methods [24] (CAT assay kit,
Catalog # MBS9718961; MyBioSource, San Diego, CA).
Superoxide dismutase activity was measured using a
spectrophotometric methodology as described by
Oyanagui [25] (SOD assay kit, Catalog # MBS168803;
MyBioSource). Malondialdehyde (MDA) concentration
was measured by Rat MDA ELISA Kit, Catalog #
MBS9712310, MyBioSource and calculated from the
standard curve, prepared from 1,1,3,3-tetra ethoxy pro-
pane [26].

Statistical analysis

Data were coded and entered using Windows statis-
tical software package SPSS 15.0 (SPSS Inc., Chicago,
IL). Data were summarized using mean and standard
deviation for quantitative variables. Analysis of vari-
ance with multiple comparisons post hoc test was
done for statistically significant differences among the
mean value of different groups [27]. p Values less
than.05 was considered statistically significant.

Results

Skeletal muscle functions

Maximum isometric-twitch tension, time-to-peak
twitch tension and time-to-relax to 50%
As shown in Table 1, we found no statistically signifi-
cant differences (p> .05) in any of the fibromyalgia
groups compared to the negative control group
regarding maximum isometric-twitch and time-to-peak
twitch tensions, neither in time-to-relax from max-
imum twitch tension to their 50% values (Chart 1). No
statistically significant (p> .05) differences in the afore-
mentioned parameters were noted when comparing
pioglitazone- or GW9662-treated groups to the posi-
tive control group, or when comparing pioglitazone to
GW9662 treatment (Chart 2).

Maximum fused-tetanic tension without fatigue,
after fatigue and with 5minrest following fatigue
When we compared maximum fused-tetanic tensions
across the study groups; before and after rat muscles
underwent fatigue and following a 5min-rest to
recover from fatigue, positive control (untreated FM
group) and GW9662-treated groups showed a statistic-
ally significant (p< .01) reduction in maximum fused-
tetanic tensions compared to the negative control

1034 F. E. HASSAN ET AL.



group. Noticeably, pioglitazone treatment resulted in
improved muscle performance across the previously
mentioned functions, which were comparable to those
in the negative control group, i.e. no statistically sig-
nificant differences were noticed (p> .05). It was clear
from our data that the GW9662 treatment failed to
show any improvement of muscle functions in FM rats
and had similar results compared to the positive con-
trol group (p> .05), as shown in Table 1 and Chart 1.

Biochemical parameters

Serum levels of IL-8 and MCP-1
As demonstrated in Table 1 and Chart 3, serum levels
of both IL-8 and MCP-1 showed a statistically signifi-
cant rise compared in FM rat models that were either
untreated (positive control group) or treated with
GW9662 (subgroup IIc) when compared to the nega-
tive control group (p< .01). There was no statistically
significant difference in IL-8 levels between the nega-
tive control group and pioglitazone-treated rats (sub-
group IIb). However, there was a noticeable,

statistically significant reduction in MCP-1 levels in the
latter subgroup (IIb) (p< .01) compared to the nega-
tive control group and rats in the other 2 FM-models
(positive control and GW9662-treated groups).

Muscle homogenate levels of CAT, SOD and MDA
Our data showed a statistically significant (p< .01) reduc-
tion in CAT levels both in FM-untreated and GW9662-
treated groups compared to the negative control group.
However, Pioglitazone-treatment showed a protective
effect against the loss of CAT activity with levels

Table 1 . Representation of different parameters among the study groups.a

Group I

II

a b c

Twitch Max. tension (N/gm) 0.31 ± 0.03 0.29 ± 0.04 0.3 ± 0.04 0.291 ± 0.04
Tetanic 3.61 ± 0.11 3.09 ± 0.16� 3.63 ± 0.04� 2.91 ± 0.45�$
Tetanic after fatigue 1.98 ± 0.04 1.42 ± 0.14� 1.89 ± 0.09� 1.53 ± 0.19�$
Tetanic 5min after fatigue 3.44 ± 0.06 3.18 ± 0.14� 3.54 ± 0.05� 3.21 ± 0.11�$
Peak twitch tension Time (msec) 21.93 ± 2.88 22.68 ± 4.29 21.17 ± 2.79 23.14 ± 3.37
Relax from maximum to its 50% 23.82 ± 3.09 26.04 ± 2.997 23.14 ± 3.06 25.03 ± 3.5
IL-8 Pg/ml 529.5 ± 20.4 781.88 ± 64.98� 609.8 ± 53.86�� 818.13 ± 31.99�$
MCP-1 792.5 ± 27.86 1199.4 ± 50.43� 503.6 ± 23.77�� 1302.2 ± 48.77��$
CAT (IU/mg) 63.85 ± 9.5 29.31 ± 2.18� 59.85 ± 3.09� 36.17 ± 3.84�$
SOD (NU/mg) 92.39 ± 3.99 80.6 ± 2.02� 89.83 ± 3.31� 78.83 ± 2.26�$
MDA (Mmol/g) 3.61 ± 0.28 6.05 ± 0.34� 4.03 ± 0.41� 6.1 ± 0.52�$
aValues are presented as mean ± SD.
Statistically significant (p< .05) as compared to the corresponding value in �group I, �group IIa and $group IIb.

Chart 1. Comparison of maximum twitch tension, maximum
tetanic tension, maximum tetanic tension after fatigue and
maximum tetanic tension 5min following fatigue among the
study groups. Values are presented as mean± SD. Statistically
significant (p< .05) as compared to the corresponding value
in �group I, �group IIa and $group IIb.

Chart 2. Comparison of time for peak twitch tension and time
to relax from maximum tension to 50% of its value among
the study groups. Values are presented as mean± SD.

Chart 3. Comparison of serum IL-8 and MCP-1 levels among
the study groups. Values are presented as mean± SD.
Statistically significant (p< .05) as compared to the corre-
sponding value in �group I, �group IIa and $group IIb.
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comparable to the negative control group (p> .05).
There was a trend towards lower SOD activity in FM-
control and the GW9662-treated groups compared to
negative control or rats treated with Pioglitazone
(p> .05), as shown in Table 1 and Charts 4 and 5.

Last, we found a statistically significant (p< .01)
increase in MDA levels among the positive control and

the GW9662-treated groups compared to pioglitazone-
treated rats, as shown in Table 1 and Chart 6

Discussion

Fibromyalgia is a chronic debilitating disease charac-
terized by widespread musculoskeletal aches, fatigue,
sleep disturbances, among other somatic and cogni-
tive manifestations. The manifestations usually last for
many years and can sometimes cause significant
impairment of quality of life. Despite the presence of
many treatment regimens, effective management
remains challenging [28].

Our goal in this study was to explore novel treat-
ment options to control the musculoskeletal manifes-
tations of FM adequately. Reserpine induces
musculoskeletal deficits similar to FM, as shown by
impaired motor activity of rat’s hind-limb muscles and
significant reduction in antioxidant (SOD1 and CAT)
activities. Skeletal muscle atrophy was recorded in the
form of alteration of the muscle weight and diameter
of myotubes. Reserpine also causes significant muscu-
loskeletal ultrastructural alterations; besides the signifi-
cant reduction of expression of endogenous
antioxidants (SOD1 and CAT) and constitutive mole-
cules involved in inflammation, oxidative stress and
myogenesis processes (cyclo-oxygenase-1 (COX-1) and
SIRT3) [29].

The level of cytokines varies in patients with FM. In
a systematic review with meta-analysis, €Uçeyler et al.
[30] found that IL-6 is elevated in FM cases. This is
supported by previous findings which linked FM-
related changes to inflammation and oxidative stress
[31,32]. Reserpine also caused a reduction in loco-
motor activity that had been related not only to long-
lasting muscular mechanical hyperalgesia, tactile allo-
dynia and tenderness [33] but also to depressive
symptoms associating FM [16].

Treating FM rats with pioglitazone had a significant
improvement of skeletal muscle functions, reduced
fatigability and resulted in rapid recovery from fatigue.
Blocking the PPAR-c pathway, though administration
of GW9662, counteracted pioglitazone protective
effects. One possible mechanism underlying the pro-
tective effects of pioglitazone is the augmentation of
PPAR -c co-activator (PGC), which is highly expressed
in skeletal muscle [34]. PGC-1 is one of the primary
regulators of mitochondrial biogenesis, which acts by
co-activating several transcription factors involved in
mitochondrial DNA replication [35] and transcription
[36] of genes encoding for mitochondrial b-oxidation
enzymes [37,38]. PGC-1 also regulates skeletal muscle

Chart 4. Comparison of muscle homogenate CAT level among
the study groups. Values are presented as mean± SD.
Statistically significant (p< .05) as compared to the corre-
sponding value in �group I, �group IIa and $group IIb.

Chart 5. Comparison of muscle homogenate SOD level among
the study groups. Values are presented as mean± SD.
Statistically significant (p< .05) as compared to the corre-
sponding value in �group I, �group IIa and $group IIb.

Chart 6. Comparison of muscle homogenate MDA level
among the study groups. Values are presented as mean± SD.
Statistically significant (p< .05) as compared to the corre-
sponding value in �group I, �group IIa and $group IIb.
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fibre type switching into oxidative slow-twitch fibres
that are more adaptive to contraction-induced dam-
age [39], glucose transport, and lipid utilisation [40]. It
has been shown by others that loss of PGC-1a results
in reduced muscle performance [41].

TZD’s have been tested for their anti-inflammatory
effects on different mice and rat models. In one study,
ciglitazone showed improvement of inflammatory pro-
cess with peritonitis experimental sepsis rat model
[42]. While pioglitazone improved adjuvant-induced
arthritis (AIA) in rat models [43]. Also, pioglitazone
protects against diabetic vascular complications inde-
pendent from the decrease in blood sugar by decreas-
ing atherosclerosis via different mechanisms [44].
Pioglitazone improved retinopathy in mice models
through decreasing inflammation and neovascularisa-
tion in the retina in diabetic mice by decreasing TNF-
alpha through stimulation of adiponectin, a known
natural anti-inflammatory mediator [45].

The intracellular antioxidants SOD and CAT play a
significant role in protecting cells against the damag-
ing effects of ROS [46]. FM rats showed significantly
elevated muscle levels of MDA, with decreased anti-
oxidant activities of SOD and CAT when compared to
normal healthy rats. Pioglitazone administration
resulted in a significant rise in SOD and CAT levels
together with a decrease in MDA levels, which were
similar to levels normal healthy rats. Our findings
come in agreement with a previous study using PPAR-
c agonists for the treatment of oxidative stress-related
diseases [47].

PGC-1 is a positive regulator of endogenous antioxi-
dant-enzymes expression [48]. Reduced mRNA and
protein levels of SOD were observed in skeletal
muscles of PGC-1 knockout mice, and those mice
were more vulnerable to oxidative stress [49]. PGC-1
overexpression resulted in the up-regulation of skel-
etal muscle SOD levels [35]. In a PPAR-c-dependent
manner, the antioxidant enzyme CAT was induced,
reducing oxidative stress and diminishing inflamma-
tory response [50,51]. Besides, PPAR-c protects from
oxidative stress-induced apoptosis-inducing Bcl-2 [52].
This pro-survival action of PPAR-c is probably inde-
pendent of the mitogen-activated protein kinases
(MAPKs)/Akt pathways [53]. Furthermore, ligand-acti-
vated PPAR-c promotes the expression of manganese
SOD (MnSOD), which oversees the dismutation of
superoxide radical anion (O2

��) to O2 and H2O2 [54].
PGC-1 reduces mitochondrial ROS production by
changing electron transport chain redox status [55],
promoting mSIRT3 gene expression [56] that binds to,
deacetylates, and activates mitochondrial enzymes,

including SOD2, through a post-translational mechan-
ism [57].

Intracellular lipids, including membrane phospholi-
pids, reacts with O2

�� forming lipid peroxides that are
metabolized to MDA and 4-hydroxynonenal [58].
Ligand-activated PPAR-c induces the expression of
scavenger receptor CD36 that mediates the recogni-
tion and internalisation of oxidized lipids [59].

Serum levels of the pro-inflammatory cytokines IL-8
and MCP-1 were significantly elevated in FM rats. Our
results support what has been shown previously that
increased release of inflammatory cytokines from cir-
culating blood cells plays a role in the pathogenesis of
FM [60–62]. These inflammatory cytokines attribute, to
some degree, to FM key symptoms, such as fatigue,
hyperalgesia and allodynia [63]. MCP-1 is a cytokine
secreted by antigen-presenting cells. It plays a role in
recruiting neutrophils and monocytes to sites of
inflammation. The increased release of MCP-1 in the
FM group explains, at least in part, reduced levels of
regulated upon activation, normal T cell expressed
and presumably secreted (RANTES) by the monocytes
[64]. Although the results of previous studies investi-
gating systemic levels of MCP-1 in MF have been con-
troversial [65,66], there was a belief that the release of
RANTES by monocytes is altered in FM. The results
presented here confirm the hypothesis of a dysregu-
lated inflammatory response in FM that involves
monocytes. Our results showed a significant reduction
in serum levels of IL-8 and MCP-1in pioglitazone-
treated rats to an extent similar to that of normal
healthy counterparts.

Conclusion

Pioglitazone, the PPAR-c agonist, emerges as a promis-
ing cure to restore and promote skeletal muscle func-
tions and alleviate fatigue associated with FM
syndrome. A possible mechanism is through restoring
pro-oxidant/anti-oxidation balance.
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[30] Uçeyler N, H€auser W, Sommer C. Systematic review
with meta-analysis: cytokines in fibromyalgia syn-
drome. BMC Musculoskelet Disord. 2011;12:245.

[31] Harijith A, Ebenezer DL, Natarajan V, et al. Reactive
oxygen species at the crossroads of inflammasome
and inflammation. Front Physiol. 2014;5:352.

[32] Chen C, Chang K, Lin R, et al. Nitric oxide pathway
activity modulation alters the protective effects of
(�)epigallocatechin-3-gallate on reserpine-induced
impairment in rats. Behav Brain Res.
2016;305:198–211.

[33] Bonaterra GA, Then H, Oezel L, et al. Morphological
alterations in gastrocnemius and soleus muscles in
male and female mice in a fibromyalgia model. PLoS
One. 2016;11(3):e0151116.

[34] Matsukawa T, Motojima H, Sato Y, et al. Upregulation
of skeletal muscle PGC-1 a through the elevation of
cyclic AMP levels by Cyanidin- 3-glucoside enhances
exercise performance. Sci Rep. 2017;7:44799.

[35] Kang C, Ji LL. Role of PGC-1 signaling in skeletal
muscle health and disease. Ann NY Acad Sci. 2012;
1271:110–117.

[36] Kelly DP, Scarpulla RC. Transcriptional regulatory cir-
cuits controlling mitochondrial biogenesis and func-
tion. Genes Dev. 2004;314:357–368.

[37] Eskiocak B, Ali A, White MA. The estrogen-related
receptor a inverse agonist XCT 790 is a nanomolar
mitochondrial uncoupler. Biochemistry.
2014;53(29):4839–4846.

[38] Lim SC, Tajika M, Shimura M, et al. Loss of the mito-
chondrial fatty acid b -oxidation protein medium-
chain acyl-coenzyme a dehydrogenase disrupts oxida-
tive phosphorylation protein complex stability and
function. Sci Rep. 2018;8(1):153.

[39] Selsby JT, Morine KJ, Pendrak K, et al. Rescue of dys-
trophic skeletal muscle by PGC-1 a involves a fast to
slow fiber type shift in the MDX mouse. PLoS One.
2012;7(1):e30063.

[40] Mikłosz A. The Implication of PGC-1 a on fatty acid
transport across plasma and mitochondrial mem-
branes in the insulin sensitive tissues. Front Physiol.
2017;8:923.

[41] Southern WM, Nichenko AS, Tehrani KF, et al. PGC-1
a overexpression partially rescues impaired oxidative
and contractile pathophysiology following volumetric
muscle loss injury. Sci Rep. 2019; 9:4079.

[42] Zingarelli B, Sheehan M, Hake PW, et al. Peroxisome
proliferator activator receptor-gamma ligands, 15-
deoxy-Delta(12,14)-prostaglandin J2 and ciglitazone,
reduce systemic inflammation in polymicrobial sepsis
by modulation of signal transduction pathways. J
Immunol. 2003; 171(12):6827–6837.

[43] Koufany M, Moulin D, Bianchi A, et al. Anti-inflamma-
tory effect of antidiabetic thiazolidinediones prevents
bone resorption rather than cartilage changes in
experimental polyarthritis. Arthritis Res Ther. 2008;
10(1):R6.

[44] Ceriello A. Thiazolidinediones as anti-inflammatory
and anti-atherogenic agents. Diabetes Metab Res Rev.
2008; 24(1):14–26.

[45] Higuchi A, Ohashi K, Shibata R, et al.
Thiazolidinediones reduce pathological neovasculari-
zation in ischemic retina via an adiponectin-depend-
ent mechanism. Arterioscler Thromb Vasc Biol. 2010;
30(1):46–53.

[46] Sakr HI, Khowailed AA, Bastawy NA, et al. Hesperidin
and experimentally-induced arthritis in male rats. J
Med Sci Clin Res. 2017; 5(10):29567–29585.

[47] Khan MA, Alam Q, Haque A, et al. Current progress
on peroxisome proliferator-activated receptor gamma
agonist as an emerging therapeutic approach for the
treatment of Alzheimer’ s disease: an update. Curr
Neuropharmacol. 2019;17(3):232–246.

[48] Rius-P�erez S, Torres-Cuevas I, Mill�an I, et al. Review
article PGC-1 a, inflammation, and oxidative stress: an
integrative view in metabolism. Oxid Med Cell
Longev. 2020;2020:1452696.

[49] Kang C, Chung E, Diffee G, et al. Exercise training
attenuates aging-associated mitochondrial dysfunc-
tion in rat skeletal muscle: role of PGC-1 a. Exp
Gerontol. 2013;48:1343–1350.

[50] Korbecki J, Bobi�nski R, Dutka M. Self - regulation of
the inflammatory response by peroxisome proliferator
– activated receptors. Inflamm Res. 2019;68(6):
443–458.

[51] Khoo NKH, Hebbar S, Zhao W, et al. Redox biology
differential activation of catalase expression and activ-
ity by PPAR agonists: implications for astrocyte pro-
tection in anti-glioma therapy $. Redox Biol. 2013;
1(1):70–79.

[52] Ren Y, Sun C, Sun Y, et al. PPAR gamma protects car-
diomyocytes against oxidative stress and apoptosis
via Bcl-2 upregulation. Vascul Pharmacol. 2009;
51(2–3):169–174.

[53] Polvani S, Tarocchi M, Galli A. PPAR c and oxidative
stress: con (b) catenating NRF2 and FOXO. PPAR Res.
2012;2012:641087.

[54] Baghcheghi Y, Beheshti F, Salmani H, et al. Protective
Effect of PPAR? Agonists on cerebellar tissues oxida-
tive damage in hypothyroid rats. Neurol Res Int. 2016;
2016:1952561.

[55] Su J, Liu J, Yan X, et al. Cytoprotective effect of the
UCP2-SIRT3 signaling pathway by decreasing mito-
chondrial oxidative stress on cerebral ischemia –
reperfusion injury disease. Int J Mol Sci.
2017;18(7):1599.

[56] Brenmoehl J ,Hoeflich A. Dual control of mitochon-
drial biogenesis by sirtuin 1 and sirtuin 3.
Mitochondrion. 2013;13(6):755–761.

[57] Parodi-Rull�an RM, Chapa-Dubocq XR, Javadov S.
Acetylation of mitochondrial proteins in the heart: the
role of SIRT3. Front Physiol. 2018;9:1094.

[58] Sakr HI, Khalifa MM, Saleh MA, et al. Protective effect
of apple cider vinegar on stress induced gastric ulcer.
JMSCR. 2016; 4(1):8951–8963.

[59] Alqahtani S, Mahmoud AM. Gamma-glutamylcysteine
ethyl ester protects against cyclophosphamide-
induced liver injury and hematologic alterations via

ANNALS OF MEDICINE 1039



upregulation of PPAR? and attenuation of oxidative
stress, inflammation, and apoptosis. Oxid Med Cell
Longev. 2016;2016:4016209.

[60] Bote ME, Garc�ıa JJ, Hinchado MD, et al. Inflammatory/
stress feedback dysregulation in women with fibromyal-
gia. Neuroimmunomodulation. 2012;19(6):343–351.

[61] M, Ernberg, N, Christidis, B, Ghafouri, I, Bileviciute-
Ljungar, et al. Plasma cytokine levels in fibromyalgia
and their response to 15 weeks of progressive resist-
ance exercise or relaxation therapy. Mediators
Inflamm. 2018;2018:3985154.

[62] Ang DC, Moore MN, Hilligoss J, et al. MCP-1 and IL-8
as pain biomarkers in fibromyalgia: a pilot study. Pain
Med. 2011; 12(8):1154–1161.

[63] Staud R. Cytokine and immune system abnormalities
in fibromyalgia and other central sensitivity syn-
dromes. Curr Rheumatol Rev. 2015;11(2):109–115.

[64] Wheelock ÅM, Wheelock CE. Trials and tribulations of
’omics data analysis: assessing quality of SIMCA-based
multivariate models using examples from pulmonary
medicine. Mol Biosyst. 2013; 9(11):2589–2596.

[65] Eriksson L, Byrne T, Johansson E, et al. multi- and meg-
avariate data analysis: basic principles and applications.
3rd ed. Malm€o, Sweden: MKS Umetrics AB; 2013.

[66] Hernandez ME, Becerril E, Perez M, et al. Pro-inflam-
matory cytokine levels in fibromyalgia patients are
independent of body mass index. BMC Res Notes.
2010;3(1):156.

1040 F. E. HASSAN ET AL.


	Abstract
	Introduction
	Materials and methods
	Animal care and housing
	Animal grouping
	Chemicals
	Animal sacrifice and sample collection
	Skeletal muscle functions (using a computer system and power lab 26 T)
	Measurement of serum levels of monocyte chemoattractant protein (MCP)-1 and interleukin (IL)-8
	Measurement of skeletal muscle homogenate oxidants-antioxidants markers
	Statistical analysis

	Results
	Skeletal muscle functions
	Maximum isometric-twitch tension, time-to-peak twitch tension and time-to-relax to 50%
	Maximum fused-tetanic tension without fatigue, after fatigue and with 5minrest following fatigue

	Biochemical parameters
	Serum levels of IL-8 and MCP-1
	Muscle homogenate levels of CAT, SOD and MDA


	Discussion
	Conclusion
	Acknowledgements
	Disclosure statement
	Orcid
	Data availability statement
	References


