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Abstract

Aims: Fibromyalgia (FM) is a prevalent chronic pain syndrome characterized by generalized hyperalgesia as-
sociated with a wide spectrum of symptoms such as fatigue and joint stiffness. Diagnosis of FM is difficult due to
the lack of reliable diagnostic biomarkers, while treatment is largely inadequate. We have investigated the role of
coenzyme Q10 (CoQ10) deficiency and mitochondrial dysfunction in inflammasome activation in blood cells from
FM patients, and in vitro and in vivo CoQ10 deficiency models. Results: Mitochondrial dysfunction was ac-
companied by increased protein expression of interleukin (IL)-1b, NLRP3 (NOD-like receptor family, pyrin
domain containing 3) and caspase-1 activation, and an increase of serum levels of proinflammatory cytokines
(IL-1b and IL-18). CoQ10 deficiency induced by p-aminobenzoate treatment in blood mononuclear cells and mice
showed NLRP3 inflammasome activation with marked algesia. A placebo-controlled trial of CoQ10 in FM
patients has shown a reduced NLRP3 inflammasome activation and IL-1b and IL-18 serum levels. Innovation:
These results show an important role for the NLRP3 inflammasome in the pathogenesis of FM, and the capacity
of CoQ10 in the control of inflammasome. Conclusion: These findings provide new insights into the patho-
genesis of FM and suggest that NLRP3 inflammasome inhibition represents a new therapeutic intervention for
the disease. Antioxid. Redox Signal. 20, 1169–1180.

Introduction

Fibromyalgia (FM) is a common chronic pain syndrome
accompanied by other symptoms such as fatigue and joint

stiffness, which pathophysiological mechanisms are difficult
to identify. Despite being a common disorder that affects
at least 5 million individuals in the United States (11), routine
laboratory investigations usually yield normal results
(Table 2), and the diagnosis is not easy and may be frequently
overlooked. Therefore, new diagnostic markers in FM are
needed. Several pathological changes have been well docu-
mented in FM patients. For example, recent studies have
implicated oxidative stress in the pathogenesis of FM (1, 2, 7,

Innovation

In recent years, inflammasome has attracted increasing
interest among basic and clinical researchers. Its implica-
tion in the pathophysiology of several diseases generates
new therapeutic strategies. Our study reveals that the in-
flammasome complex is implicated in the pathophysi-
ology of fibromyalgia (FM) mediated by coenzyme Q10

(CoQ10) deficiency. The oral CoQ10 treatment reduced in-
flammasome activation. These findings provide new in-
sights into the pathogenesis of FM and indicate new
potential molecular targets for the therapy of this disease.
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9, 18), indicating that mitochondrial dysfunction may be as-
sociated with this syndrome. Furthermore, there are some
hypotheses suggesting that cytokines may play a role in FM
(4, 22, 24). Indeed, a decrease in mitochondrial mass and co-
enzyme Q10 (CoQ10) levels, as well as increased production of
mitochondrial reactive oxygen species (ROS), have been de-
tected in blood mononuclear cells (BMCs) from FM patients
(7, 9). On the other hand, ROS have also been shown to be an
important activator of inflammasome-mediated inflamma-
tion (31). The NLRP3 (NOD-like receptor family, pyrin do-
main containing 3) inflammasome is a molecular platform
activated upon signs of cellular danger to trigger innate im-
mune defenses through the maturation of proinflammatory
cytokines such as interleukin (IL)-1b and IL-18 (30). To in-
vestigate a possible implication of mitochondria dysfunction
in inflammasome activation in FM, we studied both patho-
logical mechanisms in BMCs from FM patients and in two
models, in vitro and in vivo, of CoQ10 deficiency (20, 21).

Results

Mitochondrial characteristic in BMCs from FM patients

BMCs from FM patients showed a significant down-
regulation of several genes related to mitochondrial biogen-
esis (PGC-1a, TFAM, NRF1) (Fig. 1A). In parallel, BMCs
showed a reduction of mitochondrial complex protein ex-
pression levels (complex I, complex III, and cytochrome c)
(Fig. 1B, C) accompanied by reduced activities of the mito-
chondrial chain complex between 50%–60% patients com-
pared with control (Fig. 2). CoQ10 is a key component of the
mitochondrial respiratory chain transferring reducing equiv-
alents from complexes I and II to complex III, and deficiencies
of this electron and proton carrier are associated with mito-
chondrial dysfunction in a variety of human disorders (3).
According to this, CoQ10 levels were reduced to 46% of
the average control value in BMCs from FM patients (Fig.
1D). Moreover, to determine the effect of mitochondrial
dysfunction on cellular bioenergetics, we measured intracel-
lular ATP levels in BMCs from control and FM patients.
ATP levels were reduced to 76% respect to controls ( p < 0.001)
(Fig. 1E).

Oxidative stress in BMCs from FM patients

It is well established that mitochondrial dysfunction is as-
sociated with induction of ROS production in mitochondria.
Furthermore, oxidative stress has been proposed as a relevant
event in the pathogenesis of FM showing a significant positive
correlation with clinical symptoms (5). To assess oxidative
stress in FM, we determined mitochondrial ROS production
in BMCs from control and FM patients by using MitoSOX, a
mitochondrial superoxide indicator. Mitochondrial superox-
ide production was significantly increased in BMCs from FM
patients respect to controls ( p < 0.001) (Fig. 1F). Additionally,
as an oxidative stress marker, we determined the expression
levels of 8-oxoguanine glycosylase (OGG1), a DNA glycosy-
lase enzyme responsible for the excision of 7,8-dihydro-8-ox-
oguanine (8-oxoG), a mutagenic base byproduct that occurs as
a result of exposure of DNA to ROS, and 8-oxoG levels in
BMCs from patients. On average, FM patients significantly
showed higher levels of OGG1 and 8-oxoG in BMCs from FM
patients (Fig. 1B, G).

Inflammasome activation by oxidative
stress involved in pain of FM

The postinflammatory induction of mitochondrial bio-
genesis supports metabolic function and cell viability while
helping to control inflammation (19). Because mitochon-
drial biogenesis genes were downregulated in BMCs from
FM patients, we analyzed the activation of inflammasome-
related proteins. We found increased NLRP3 and caspase-1
gene expression, increased NLRP3 protein expression lev-
els, and caspase-1 cleavage suggesting inflammosome ac-
tivation (Fig. 3A, B). We have not found activation of
caspase 3, so caspase-1 activation was not secondary to
activation of cell death pathways in their cell populations.
BMCs treated with lipopolysaccharide (LPS) from Escher-
ichia coli were used as a positive control of caspase-1
cleavage. Interestingly, it has been described that oxidized
mitochondrial DNA (mtDNA) is a potent activator of the
NLRP3 inflammasome (25). Furthermore, other proteins
involved in inflammasome and inflammation activation, as
IL-1b and IL-18, were increased in serum from FM patients
(Fig. 3D, E). BMCs isolated and cultured from FM patients
shown increased levels of the IL-1b protein showing that
these cells are actively producing the cytokines, and inter-
estingly, BMCs cultured with CoQ10 30 lM showed after
24 h an important reduction of IL-1b and caspase 1 protein
levels (Fig. 3F). IL-1b serum levels in FM patients showed a
significant negative correlation ( p < 0.05) with CoQ10 levels
and a significant positive correlation ( p < 0.001) with mito-
chondrial ROS levels (Fig. 4A, B). The incubation of BMCs
isolated from patients with CoQ10 induced a reduction of
the IL-1b protein. Furthermore, IL-1b serum levels showed
a high positive correlation with pain scale scores of FM
patients (Fig. 5A). These data suggest that high IL1-b and
IL-18 levels may have a role in the pathophysiology of FM.
Interestingly, IL1-b and IL-18 have been described to be
involved in the increased sensibility of the sensory recep-
tors, which means they directly cause or at least modulate
pain (12, 28).

CoQ10 deficiency induce inflammasome
activation in FM

To verify the role of CoQ10 in the inflammatory process in
FM, we induced CoQ10 deficiency in BMCs from five healthy
controls by inhibiting endogenous CoQ10 biosynthesis with
1 mM p-aminobenzoate (PABA) for 24 h. CoQ10 deficiency
was also induced in mice by the subchronic treatment with
PABA (twice daily doses of 20 mg/kg/day). The inhibition of
CoQ10 (Fig. 6A) in BMCs had a remarkable effect on cellular
bioenergetics, inducing a decrease of 57% of intracellular ATP
levels, which were restored after 10 lM CoQ10 treatment (Fig.
6B). CoQ10 deficiency in BMCs also induced increased DNA
oxidation (OGG1) and inflammasome activation demon-
strated by increased expression levels of NLRP3 and caspase-
1 cleavage (Fig. 6C, D), associated with a significant increase
of IL-1b and IL-18 levels in the culture medium (Fig. 6E, F).
Interestingly, 10 lM of CoQ10 supplementation induced a
significant reduction in DNA oxidation, inflammosome acti-
vation, and IL-1b and IL-18 levels in the culture medium of
CoQ10-deficient BMCs (Fig. 3C–F).

In mice, when compared with vehicle-treated controls,
PABA treatment reduced CoQ9 and CoQ10 levels in BMCs by
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30% and 49%, respectively, p < 0.001 (Fig. 7A). This effect was
accompanied by increased expression levels of NLRP3, in-
duction of caspase-1 cleavage in BMCs (Fig. 7B), and in-
creased IL-1b and IL-18 levels in serum (Fig. 7C, D). Single
injections of PABA in mice did not evoke any differential ef-
fect between vehicle- and drug-injected mice regarding ther-
mal pain (data not shown). However, PABA administration
during five consecutive days produced a marked algesia in

the hot plate test when thermal stimuli were up of 45�C (hot
plate test: for 50�C, latencies were 12.06 – 1.64 and 6.67 – 0.61 s
for vehicle- and PABA-injected mice, respectively [p = 0.013];
for 52.5�C, latencies were 5.2 – 0.88 and 3.03 – 0.23 s for vehi-
cle- and PABA-injected mice, respectively [p = 0.041]), and for
tail flick (latencies were 5.95 – 0.13 and 3.64 – 0.26 s for vehicle-
and PABA-injected mice, respectively [p < 0.001]) (Fig. 7E).
Interestingly, IL-1b serum levels showed high positive

FIG. 1. Mitochondrial dysfunction and oxidative stress in fibromyalgia blood mononuclear cells (BMCs). n = 20 and 30
for control and fibromyalgia groups, respectively. (A) Relative expression of mitocondrial biogenesis genes (mean – SE)
determined by quantitative PCR in BMCs from fibromyalgia (FM) patients. (B) Protein expression levels of mitochondrial
complex I (39 kDa Subunit), complex III (Core I Subunit), cytochrome c, and 8-oxoguanine glycosylase (OGG-1, a DNA
glycosylase enzyme responsible for the excision of 7,8-dihydro-8-oxoguanine (8-oxoG). (C) Protein levels were determined by
densitometric analysis (IOD, integrated optical intensity) of three different western blots and normalized to the GADPH
signal, using BMCs from four representative FM patients, compared with a pool of five healthy age- and sex-matched control
subjects. (D) Coenzyme Q10 (CoQ10) levels in control and FM cells were determined by hexane extraction and high-per-
formance liquid chromatography (HPLC) separation as described in Material and Methods section. (E) ATP levels in control
and FM BMCs were analyzed by bioluminescence as described in Material and Methods section. (F, G) Mitochondrial
reactive oxygen species (ROS) production and 8-oxoG were analyzed in BMCs from control and FM patients by flow
cytometry and EIA kit as described in Material and Methods section. Data represent the mean – SD of three separate
experiments. *p < 0.001, **p < 0.01 between control and FM patients.
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correlations with pain scale scores in mice (Fig. 5B), similar to
those observed in FM patients. Routine serum biochemical
parameters were not affected by the subchronic administra-
tion of PABA in mice (data not shown).

Oral CoQ10 supplementation in FM patients reduces
inflammasome activation

A key obstacle to the successful treatment of FM is the
limited effectiveness of the currently available pharmacolog-
ical therapies. About half of all treated patients experienced
only a mild reduction in their symptoms, indicating that
many FM patients are in need of alternative therapies (26). In
several cases, CoQ10 has shown to be effective in the treatment
of FM (6). Identification of pathophysiological mechanisms
targeted by CoQ10 treatment in FM is a key research goal. In
this respect, we conducted a placebo-controlled, double-
blinded trial with 20 patients, to evaluate the effect of CoQ10 in
inflammasome gene expression and inflammasome serum
markers of FM patients. After CoQ10 supplementation,
NLRP3 and IL-1b gene were downregulated. CoQ10 levels
from BMCs were restored after CoQ10 treatment (data not
shown). According to this, IL-1b and IL-18 serum levels were
significantly reduced respect to placebo. (Fig. 8A–E).

Discussion

Inhibition of complex I or III of the mitochondrial respira-
tory chain has been shown to induce ROS production and
NLRP3 inflammasome activation (31). In BMCs from FM
patients, we detected mitochondrial respiratory chain dys-
function, CoQ10 deficiency, and increased mitochondrial ROS
production and OGG-1 expression levels (a marker of oxi-
dized DNA), both activators of inflammasome and inflam-
mation (14, 31). Inflammasome has emerged recently as an
unexpected sensor for metabolic danger and stress. Indeed, it
has been implicated in the development of major diseases
such as gout, type 2 diabetes, and obesity-induced insulin
resistance. Moreover, the NLRP3 inflammasome is increas-
ingly suspected of playing a major role in other human pa-
thologies such as cancer, asbestosis, and Alzheimer’s disease
(15). FM patients have shown increased activation of in-
flammasome in BMCs and increased serum levels of proin-
flammatory cytokines, such as IL-1b and IL-18. Interestingly,

compensatory activation of mitochondrial biogenesis genes
was impaired in BMCs from FM patients. In response to mi-
tochondrial dysfunction and inflammation, cells remove
damaged mitochondria by autophagy and, as a compensatory
mechanism, induce mitochondrial biogenesis and upregulate
antioxidant and counter-inflammatory defense genes (19).
Mitophagy in FM patients has been reported (9). However, it
has been described that compensatory mechanisms are im-
paired in BMCs from FM patients that leads to reduced mi-
tochondrial mass, reduced antioxidants levels (1, 2, 18), and
an inflammatory damage predisposition. Inflammation has
been shown to be associated with FM symptoms by high
positive correlations between IL-1b and IL-18 serum levels
and pain scores suggesting an inflammatory component in
the induction of pain. Despite this, there are discrepancies
regarding the pathological role of IL-1b serum levels in FM (4,
22, 24, 29). Feng and coworkers have shown the implication of
MEFV, which encodes pyrin, a major regulator of the in-
flammasome platform controlling caspase-1 activation and
IL- 1b (10); so, this preliminary data from Feng et al., are
according to our results. Respect to inflammatory cytokine
involvement in FM pathogenesis, we have recently demon-
strated a mitochondrial dysfunction-dependent increase of
tumor necrosis factor (TNF)-alpha serum levels in FM pa-
tients, which was reduced by CoQ10 treatment (8).

According to our results, the negative correlation between
IL-1b and IL-18 levels and CoQ10 levels and positive correla-
tion with mitochondrial ROS levels and pain scale scores
supports the hypothesis that inflammation in FM is depen-
dent on mitochondrial dysfunction. To our knowledge, this is
the first report describing inflammasome activation and its
association with increased levels of proinflammatory cyto-
kines in FM patients. Furthermore, this study has nominated
several new parameters that could be used as diagnostic
biomarkers in FM. Their further validation (alone or in com-
bination) could help in creating objective diagnostic testing in
FM. However, despite our results about inflammasome in
FM, we think that inflammasome contributes in the patho-
physiology of this disease accompanied by other inflamma-
some nondependent inflammatory events, such as IL-6, IL-8,
or TNF-alpha (4, 22, 24). These inflammatory parameters have
been associated through NF-kappaB. Immunohistochemical
studies in FM tissues revealed a stronger expression of

FIG. 2. Mitochondrial complexes
enzymatic activities in fibromyalgia
BMCs. n = 20 and 30 for control and
fibromyalgia groups, respectively.
Mitochondrial enzymatic activities
were determined as described in
Material and Methods section. Re-
sults (mean – SD) are expressed in
U/CS (units per citrate synthase).
Data represent the mean – SD of
three separate experiments.
*p < 0.001, **p < 0.01 between control
and FM patients.
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NF-kappaB in muscle, and IL-6, IL-8, and TNF-alpha are
NF-kappaB-dependent proinflammatory cytokines (8).

In summary, we have shown (in vitro and in vivo) the in-
volvement of CoQ10 deficiency in the pathological process of
inflammasome activation and release of proinflammatory

cytokines. Since pathological processes can be reversed by
CoQ10 supplementation, we propose that CoQ10 could be a
suitable therapy for FM patients. Larger controlled clinical tri-
als are needed to provide data on the effectiveness of CoQ10

in FM.

FIG. 3. Inflammasome activation in BMCs and proinflammatory cytokines in serum from FM patients. (A) NLRP3
protein levels, caspase 1 cleavage, and caspase 3 cleavage were analyzed by western blotting. We include a positive control of
caspase 1 and 3 activation using lipopolysaccharides. Protein levels were determined by densitometric analysis (IOD, inte-
grated optical intensity) of three different western blots and normalized to the GADPH signal, using BMCs from four
representative FM patients, compared with a pool of five healthy age- and sex-matched control subjects. (B, C) NLRP3 and
caspase 1 cleavage transcript expression levels were determined by real-time quantitative RT-PCR. n = 20 for control
and n = 30 for FM groups, respectively. Data represent the mean – SD of three separate experiments.*p < 0.05 between control
and FM patients. (D, E) IL-1b and IL-18 levels in serum from control and FM patients were determined by ELISA as described
in Material and Methods section. n = 20 for control and n = 30 for FM groups, respectively. (F) IL-1b protein levels in several
patients and IL-1b and caspase 1 activation in patients before and after CoQ10 treatment in BMCs isolated from FM patients
and cultured. Data represent the mean – SD of three separate experiments. *p < 0.001 between control and FM patients.
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Materials and Methods

Ethical statements

Written informed consent and the approval of the ethics
committee of the University of Seville were obtained, ac-
cording to the principles of the Declaration of Helsinki. The
study was conducted in compliance with the International
Conference on Harmonization Good Clinical Practice (ICH-
GCP) guidelines and registered controlled-trials.com
(ISRCTN 21164124).

Pain studies in mice were performed in accordance with the
European Union guidelines (86/609/EU) and Spanish regu-
lations for the use of laboratory animals in chronic experi-
ments (BOE 67/8509-12, 1988). All experiments were
approved by the local institutional animal care committee.

Patients

Briefly, 30 patients from the register of the Andalusian
Federation of Fibromyalgia (ALBA ANDALUCÍA) and 20
healthy matched controls were enrolled on the study, having
previously obtained informed consent and the approval of the
local ethics committee. The inclusion criterion was FM, based
on current American College of Rheumatology (ACR) diag-
nostic criteria (29), and diagnosed 2 to 3 years ago. The clinical
characteristics of each group are shown in Table 1. Exclusion
criteria were acute infectious disease within the previous 3
weeks; past or present neurological, psychiatric, metabolic,
autoimmune, allergy-related, dermal, or chronic inflamma-
tory disease; undesired habits (e.g., smoking, alcohol); medi-

cal conditions that required glucocorticoid treatment,
analgesics, or antidepressant drugs; past or current substance
abuse or dependence; pregnancy or current breastfeeding.
Twenty healthy volunteers (5 males, 15 females) were in-
cluded in the study and matched with the recruited female
FM patients for age range, gender, ethnicity, and demo-
graphic features (completion of at least 9 years of education
and member of the middle socioeconomic class). Healthy
controls had no signs or symptoms of FM and had not taken
any medication for at least 3 weeks before commencing the
study. None of the patients or controls had taken any drug or
vitamin/nutritional supplements during the 3 weeks before
blood sample collection. All patients and controls followed a
standard balanced diet (carbohydrate 50%–60%, protein 10%–
20%, and fat 20%–30%) for 3 weeks before blood collection, as
established by a diet program. Clinical data were obtained by
physical examination and the subjects were evaluated using
the fibromyalgia impact questionnaire (FIQ) and the visual
analogues scale (VAS). Tender points were identified by
digital pressure at the 18 locations recommended by ACR,
which included a minimum of 11 out of 18. Heparinized and
coagulated blood samples were collected from patients and
controls after 12 h of fasting, centrifuged at 3800 g for 5 min,
and the plasma and serum was stored at - 80�C until testing.
Serum biochemical parameters were assayed by routine an-
alytical methods. Routine laboratory tests yielded normal
results for glucose, uric acid, creatine kinase, aspartate ami-
notransferase, alanine aminotransferase, cholesterol, and tri-
glycerides (Table 2)

To evaluate the therapeutic role of CoQ10 in inflamma-
some activation in FM, we conducted a placebo-controlled,

FIG. 4. Correlation of CoQ10 (A), and mitochondrial ROS
levels (B) in BMCs from FM patients and IL-1b levels.
n = 30 for fibromyalgia groups. The correlation was estab-
lished by calculating correlation coefficients.

FIG. 5. Association of IL-1b serum levels and pain scores
in FM patients (A) and the mouse model of CoQ10 defi-
ciency (B). n = 30 for fibromyalgia groups and n = 5 for mice.
The strength of the association was established by calculating
correlation coefficients.
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double-blinded trial with 20 patients, to evaluate the effect of
CoQ10 in inflammasome gene expressions of FM patients
and inflammasome serum markers. The study protocol was
registered (ISRCTN 21164124) and reviewed and approved
by the Ethics Committee of the University of Sevilla. All
study participants provided written informed consent be-
fore initiation of the study. This study was conducted in
compliance with the Declaration of Helsinki, and all Inter-

national Conference on Harmonisation Good Clinical Prac-
tice Guidelines.

Intervention

Subjects who met the enrolment criteria were randomized in
a double-blind fashion, according to a 1:1 ratio, to one of the
two treatment groups (CoQ10 or placebo). All subjects receiving

FIG. 6. CoQ10 deficiency induction activates inflammasome complex in BMCs. (A, B) CoQ10 deficiency and decreased
ATP levels induced by 1 mM p-aminobenzoate (PABA) treatment for 24 h in BMCs from five healthy volunteers. (C) Protein
expression levels of OGG-1 and NLRP3 and induction of caspase 1 cleavage analyzed by western blotting in a homogenate
cell pool of BMCs from five controls. (D) Protein expression levels were determined by densitometric analysis (IOD, inte-
grated optical intensity) of three different western blots and normalized to the GADPH signal. (E, F) IL-1b and IL-18 levels in
the culture media of BMCs incubated with PABA for 24 h and analyzed by ELISA as described in Material and Methods
section. Data represent the mean – SD of three separate experiments. *p < 0.001 between control and PABA, and between
PABA and CoQ10.
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CoQ10 (purchased from Pharma Nord) were given, in soft gel
capsules for 40 days (300 mg/day CoQ10 divided into three
doses), and all subjects receiving placebo were given a match-
ing placebo. The duration of the treatment and dose of CoQ10
were selected accordingly to the preliminary studies (6, 8).

Isolation of BMCs

Peripheral BMCs (lymphocytes and monocytes) from all
patients were purified from heparinized blood by isopycnic
centrifugation using Histopaque-1119 and Histopaque-1077
(Sigma Chemical Co.). BMCs were cultured at 37�C in a 5%
CO2 atmosphere in the RPMI-1640 medium supplemented
with L-glutamine, an antibiotic/antimycotic solution (Sigma
Chemical Co.), and 10% fetal bovine serum. The number and
subgroup distribution of BMCs (monocytes and lymphocytes)
in FM patients were in the normal range (data not shown). We
use in all experiments, BMCs from all patients except in
western blot where we use BMCs from several representative
patients. In several experiments, BMCs from FM patients
were cultured with CoQ10 30 lM during 24 h.

A positive control of activated caspase 1 was induced in
BMC control by LPS 1 lg/ml LPS for 2 h.

Partial CoQ10 deficiency was induced by inhibiting en-
dogenous biosynthesis in control BMCs by treatment with
PABA (Sigma), a competitive inhibitor of polyprenyl-4-
hydroxybenzoate transferase (27). To achieve this, cells were
cultured for 24 h in the presence of 1 mM PABA and
PABA + 10 lM CoQ10.

IL-1b and IL-18 levels

IL-1b (GenWay) and IL-18 (Biosensis) levels in serum or
culture media were assayed in duplicates by commercial
ELISA kits.

Mitochondrial enzyme activities

Activities of NADH:coenzyme Q1 oxidoreductase (com-
plex I), succinate deshydrogenase (complex II), cytochrome c
oxidase (complex IV), ubiquinol:cytochrome c oxidoreductase
(complex III), succinate:cytochrome c reductase (complex
II + complex III), and citrate synthase (CS) were determined in

FIG. 7. Inflammasome activation induced by CoQ10 deficiency induction in mice. (A). CoQ levels were measured in
BMCs isolated from mice treated with vehicle or PABA for 15 days (n = 5 per group). *p < 0.05; between vehicle and PABA-
treated mice. (B) NLRP3 protein expression levels and caspase 1 cleavage were analyzed by western blotting. Protein levels
were determined by densitometric analysis (IOD, integrated optical intensity) of three different western blots and nor-
malized to GADPH signal, using BMCs isolated from mice treated with the vehicle or PABA. (C, D) IL-1b and IL-18 in
serum levels from mice treated with the vehicle or PABA-treated were determined by ELISA as described in Material and
Methods section. *p < 0.001 between vehicle and PABA-treated mice. (E) Pain sensitivity in vehicle- and PABA-treated mice
was evaluated in the hot plate test (1) at 45�C–52.5�C – 0.5�C and with the tail flick test (2) at 45�C – 0.5�C. *p < 0.05;
ap < 0.001.
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homogenate extracts using previously described spectro-
photometric methods (23). Results are expressed as Units/CS
(mean – SD). Proteins of homogenates were analyzed by the
Lowry procedure (13).

ATP levels

ATP levels were determined by a bioluminescence assay
using an ATP determination kit from Invitrogen-Molecular
Probes according to the instructions of the manufacturer.

Oxidative stress

Mitochondrial ROS generation in BMCs was assessed by
MitoSOX� red, a red mitochondrial superoxide indicator. Mi-
toSOX Red is a novel fluorogenic dye recently developed and
validated for highly selective detection of superoxide in the
mitochondria of live cells (17). The MitoSOX Red reagent is live-
cell permeant and is rapidly and selectively targeted to the mi-
tochondria. Once in the mitochondria, the MitoSOX Red reagent
is oxidized by superoxide and exhibits red fluorescence.

DNA repair enzyme 8-oxoguanine DNA glycolase-1
(OGG-1; Novus Biologicals, Inc.) levels were analyzed by
western blotting.

The 8-oxoG levels in BMCs from patients were determined
using a commercial EIA kit from Cayman Chemical.

Immunoblotting

Western blotting was performed using standard methods.
After protein transfer, the membrane was incubated with

FIG. 8. NLRP3 and IL-1b gene
expression and IL-1b and IL-18
levels in FM patients pre- and
post-treatment with oral CoQ10

versus placebo. (A) Relative gene
expressions of NLRP3 and IL-1b
(mean – SE) determined by quanti-
tative PCR in BMCs from FM pa-
tients. (B) Serum IL-1b and IL-18
levels in FM patients were mea-
sured as described in Material and
Methods section. Data represent the
mean – SD of three separate experi-
ments. *p < 0.01 between FM pa-
tients after and before oral
treatment.

Table 1. Anthropometric and Symptomatic

Parameters in Healthy Volunteers

and Fibromyalgia Patients

Parameter Controls FM Patients

Age (years) 45.5 – 6.1 46.1 – 8
Tender points — 14.5 – 1.8
Disease duration (years) — 8.1 – 3.3
Sex (male/female) 5y15 5y25
BMI (kg/m2) 23.2 – 2.5 22.9 – 1.2
FIQ total score, range 0–80 2.7 – 1.5 56.6 – 8.3a

Pain 0.6 – 0.2 6.9 – 2.1b

Fatigue 1.2 – 0.5 7.1 – 1.2a

Morning tiredness 1 – 0.3 5.5 – 1b

Stiffness 0.4 – 0.1 6.2 – 2.2b

Anxiety 1 – 0.5 5.8 – 1.2b

Depression 0.2 – 0.6 5.6 – 1.2a

VAS pain total score 0–10 0.7 – 0.2 7.5 – 2.1a

n = 20 and 30 for control and fibromyalgia groups, respectively.
ap < 0.001.
bp < 0.01.
BMI, body mass index; FIQ, fibromyalgia impact questionnaire;

VAS, visual analogical scale.

Table 2. Serum Biochemical Parameters

in Fibromyalgia Patients

Biochemical parameter Control FM patients

Glucose (mg/dL) 93.8 – 15.2 98.1 – 12.2
Uric acid (mg/dL) 3.9 – 1.5 3.1 – 1.6
Aspartate aminotransferase

(mU/ml)
21.9 – 8.8 25.2 – 7.3

Alanine aminotransferase
(mU/ml)

23.5 – 5.1 24.6 – 6.1

Creatine kinase (IU/L) 671.1 – 42.3 623.5 – 34.4
Cholesterol (mg/dl) 179.9 – 53.4 176.9 – 59.1
Triglycerides (mg/dl) 157.5 – 60.1 144.9 – 52.3

n = 20 for controls and n = 30 for FM patients, respectively.
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various primary antibodies diluted 1:1000, and then with the
corresponding secondary antibody coupled to horseradish
peroxidase at a 1:10000 dilution. Specific protein complexes
were identified using the Immun Star HRP substrate kit
(Biorad Laboratories, Inc.).

Quantification of CoQ levels

The CoQ content in BMCs was analyzed by high-
performance liquid chromatography (HPLC) (Beckmann
166–126 HPLC) with ultraviolet detection (275 nm), as de-
scribed previously (15).

Reagents

PABA and LPS were purchased from Sigma Chemical Co.
Monoclonal antibodies specific for oxidative phosphoryla-
tion, complex I (39 kDa subunit), and complex III (core 1
subunit) were purchased from Invitrogen/Molecular Probes.
The anti-GAPDH monoclonal antibody from Calbiochem-
Merck Chemicals Ltd. The anti-NLRP3 antibody from
Adipogen. Anti-active caspase-1 was obtained from Cell
Signaling Technology. A cocktail of protease inhibitors
(complete cocktail) was purchased from Boehringer Man-
nheim. The Immun Star HRP substrate kit was from Bio-Rad
Laboratories, Inc.

Animals and drug administration

Eight-week-old male Swiss mice weighing 25–30 g were
maintained on a 12-h light/12-h dark cycle. Behavioral stud-
ies were performed in accordance with the European Union
guidelines (86/609/EU) and Spanish regulations for the use
of laboratory animals in chronic experiments (BOE 67/8509-
12, 1988). All experiments were approved by the local
institutional animal care committee. PABA, a competitive in-
hibitor of polyprenyl-4-hydroxybenzoate transferase (Coq2p),
an essential enzyme in CoQ10 biosynthesis mediating the
conjugation of 4-hydroxybenzoate with the completed poly-
prenyl side chain (26), was dissolved in saline (vehicle) and
intraperitoneally administered at a dose of 20 mg/Kg/day for
15 days. Behavioral tests were performed 5 days after the first
drug administration. After testing, mice were anesthetized
with CO2 and sacrificed by decapitation. Blood samples were
collected for immediate biochemical analysis and BMCs were
isolated. Serum samples were frozen at - 80�C for further
analyses.

Behavioral assays

Behavioral analyses were performed in a testing room with
homogeneous noise and light levels. The testing apparatus
was cleaned with 70% ethanol (Panreac Quı́mica S.A.U) be-
tween trials to eliminate any influence of animal odor on the
exploratory behavior.

Pain assay

For the hot plate test, a glass cylinder (16 cm high, 16 cm in
diameter) was used to constrain the mice to the heated surface
of the plate. The plate surface was maintained at 45�C–
52.5�C – 0.5�C and the latency to commence paw licking was
measured, with a cutoff of 30 s. For the tail flick test, a ther-
mostatic water bath was maintained at a temperature of

48�C – 0.5�C and the latency of the tail reflex measured, with a
cutoff for responses of 15 s.

Serum markers

Biochemical parameters were determined in serum (glu-
cose, triglyceride, cholesterol, uric acid, aspartate amino-
transferase, alanine aminotransferase, and creatine kinase)
using commercial kits from Randox Laboratories.

Lipid peroxidation

Lipid peroxidation in cells was determined by analyzing
the accumulation of lipoperoxides using a commercial kit
from Cayman Chemical. TBARS are expressed in terms of
malondialdehyde (MDA) levels. In these assays, an MDA
standard is used to construct a standard curve against which
unknown samples can be plotted.

Real-time quantitative PCR

The expression of NLRP3 and caspase 1 gene was analyzed
by SYBR Green quantitative PCR using mRNA extracts of
BMCs from patients and controls. The thermal cycling condi-
tions used were denaturation at 95�C for 20 s, alignment at 54�C
for 20 s, and elongation at 72�C for 20 s, for 40 cycles. NLRP3
primers were 5¢- GGAGAGACCTTTATGAGAAAGCAA -3¢
(forward) and 5¢- GCTGTCTTCCTGGCATATCACA -3¢ (re-
verse), caspase 1 were 5¢- CCGAAGGTGATCATCATCCA -3¢
(forward) and 5¢- ATAGCATCATCCTCAAACTCTTCTG -3¢
(reverse), and IL-1b were 5¢- TTACAGTGGCAATGAGGA
TGAC -3¢ (forward) and 5¢- GTCGGAGATTCGTAGCTGGAT-
3¢ (reverse). We used a second pair of beta-actin primers as an
internal control: forward, 5¢- CCA GAT CAT GTT TGA GAC
C-3¢ and reverse, 5¢- ATG TCA CGC ACG ATT TCC C-3¢. All
reactions were performed in duplicate. Reaction mixtures,
without RNA, were used as negative controls in each run.

Statistical analysis

Statistical analyses were performed using the SPSS package
for Windows (SPSS). Unless otherwise indicated, data repre-
sent the mean – SEM. The unpaired Student’s t test was used
to evaluate the significance of differences between groups,
accepting p < 0.05 as the level of significance. Statistical ana-
lyses included Pearson’s correlations between IL-1b and IL-18
respect to VAS, CoQ10, and mitochondrial ROS. Two-way
analysis of variance was used to compare the behavioral re-
sults from animals treated with vehicle alone or with PABA.
Chi-squared tests were used for statistical analysis in cases in
which qualitative variables were compared.
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20. Quinzii CM, López LC, Von-Moltke J, Naini A, Krishna S,
Schuelke M, Salviati L, Navas P, DiMauro S, and Hirano M.
Respiratory chain dysfunction and oxidative stress correlate
with severity of primary CoQ10 deficiency. FASEB J 22:
1874–1885, 2008.

21. Rodriguez-Hernandez A, Cordero MD, Salviati L, Artuch R,
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8-oxoG¼ 7,8-dihydro-8-oxoguanine
ACR¼American College of Rheumatology

BMCs¼ blood mononuclear cells
BMI¼ body mass index

CoQ10¼ coenzyme Q10

CS¼ citrate synthase
FIQ¼fibromyalgia impact questionnaire
FM¼fibromyalgia

HPLC¼high-performance liquid chromatogra-
phy

IL-(1b,18)¼ interleukins
LPS¼ lipopolysaccharide

MDA¼malondialdehyde
mtDNA¼mitochondrial DNA
NLRP3¼NOD-like receptor family, pyrin domain

containing 3
OGG-1¼ 8-oxoguanine glycosylase
PABA¼P-aminobenzoate

ROS¼ reactive oxygen species
TNF¼ tumor necrosis factor
VAS¼visual analogues scale
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