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Abstract: Experimental and clinical studies have suggested that several neurological disorders are
associated with the occurrence of central nervous system neuroinflammation. Metaxalone is an FDA-
approved muscle relaxant that has been reported to inhibit monoamine oxidase A (MAO-A). The aim
of this study was to investigate whether metaxalone might exert antioxidant and anti-inflammatory
effects in HMC3 microglial cells. An inflammatory phenotype was induced in HMC3 microglial
cells through stimulation with interleukin-1f (IL-13). Control cells and IL-1B-stimulated cells were
subsequently treated with metaxalone (10, 20, and 40 uM) for six hours. IL-1§3 stimulated the release
of the pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-«) and interleukin-6 (IL-6),
but reduced the anti-inflammatory cytokine interleukin-13 (IL-13). The upstream signal consisted
of an increased priming of nuclear factor-kB (NF-kB), blunted peroxisome proliferator-activated
receptor gamma (PPARY), and peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1x) expression. IL-1p also augmented MAO-A expression/activity and malondialdehyde
levels and decreased Nrf2 mRNA expression and protein levels. Metaxalone decreased MAO-A
activity and expression, reduced NF-kB, TNF-«, and IL-6, enhanced IL-13, and also increased PPARYy,
PGC-1«, and Nrf2 expression. The present experimental study suggests that metaxalone has potential
for the treatment of several neurological disorders associated with neuroinflammation.

Keywords: neuroinflammation; microglia; metaxalone; MAO-A inhibition; antioxidant activity

1. Introduction

Several neurological diseases are associated with neuroinflammation that represents
a rational target of therapy and, recently, a marked microglia inflammation has been as-
sociated with fibromyalgia. Fibromyalgia (FM) is a poorly understood musculoskeletal
disorder characterized by chronic widespread pain accompanied by fatigue, sleep/mood
disturbances, and cognitive dysfunction [1]. After osteoarthritis, fibromyalgia is considered
the second most common rheumatic disorder with a higher prevalence in women than in
men [2]. Both its etiology and pathophysiology are still not fully known but central mecha-
nisms are strongly involved, with an impairment of the central nervous system (CNS) in
addition to the peripheral one [3,4]. The pain associated with fibromyalgia is related to
the modulation and activation of different neural networks, including neurotransmitters,
hormones, neuropeptides, cytokines, and chemokines that, working together, amplify pain

Int. ]. Mol. Sci. 2021, 22, 8425. https:/ /doi.org/10.3390/1jms22168425

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-4187-2265
https://orcid.org/0000-0001-7530-1316
https://orcid.org/0000-0002-7286-5674
https://orcid.org/0000-0002-1134-7080
https://orcid.org/0000-0002-8868-0762
https://doi.org/10.3390/ijms22168425
https://doi.org/10.3390/ijms22168425
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22168425
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22168425?type=check_update&version=2

Int. . Mol. Sci. 2021, 22, 8425

20f11

perception [5]. This complex interactive mechanism is integrated in a tangle that involves
the brain, spinal cord, and the peripheral tissues, which contributes to neurogenic inflam-
mation. Patients affected by FM showed increased levels of neuropeptides and cytokines in
their cerebrospinal fluid (CSF), such as substance P (SP) and interleukin-8 (IL-8) [6,7]; the
release of neuropeptides and pro-inflammatory cytokines orchestrates neuroinflammation.
The levels of IL-1, IL-6, IL-8, and TNF-« were found to also be increased in the blood of
patients with fibromyalgia [8-10]: an association between IL-8, IL-6 and the severity of
the disease has been demonstrated, thus showing that the release of pro-inflammatory cy-
tokines negatively links to fibromyalgia and its prognosis [11]. Pregabalin, duloxetine, and
milnacipran are approved in the US for the treatment of fibromyalgia and neuropathic pain,
but their efficacy, safety, and compliance are not satisfactory [12,13]. One of the priorities of
the treatment of FM is pain management. In this context, muscle relaxants are drugs whose
mechanism of action is based on the reduction of muscle spasm, and although their use
is not convincing, muscle relaxants are approved and well accepted in clinical practice as
therapeutic adjuvants for the treatment of chronic musculoskeletal pain [14]. Metaxalone is
a muscle relaxant, approved by the Food and Drug Administration as adjuvant therapy
for the management of acute and painful musculoskeletal conditions, but it has no direct
muscle relaxant effects [15]. The exact mechanism of action is not yet fully described,
but it has been proposed as an inhibitor of monoamine oxidase (MAO) A [16]. Currently,
the MAO-inflammation connection is not fully elucidated; nevertheless, in a previous
study Deshwa et al. showed that co-exposure of cardiomyocytes to the pro-inflammatory
cytokine IL-1p elicited MAO-related oxidative stress with subsequent mitochondrial dys-
function and endoplasmic reticulum stress [17]. Moreover, it has already been reported
that lipopolysaccharide (LPS) stimulation resulted in the upregulation of both MAO iso-
forms via a signal transduction pathway that appears to involve NF-«B [18]. Furthermore,
MAOQO upregulation triggered by LPS was observed in a rat periodontal disease model and
treatment with a MAO inhibitor, phenelzine, was able to significantly reduce oxidative
stress [19]. Another recent study showed that moclobemide, a reversible MAO-A inhibitor,
was able to attenuate the inflammatory process in a rat model of ischemia-reperfusion
injury [20]. Additionally, it has been reported that MAO-A is involved in ROS generation in
alternatively activated monocytes/macrophages [21,22]. All these previous works demon-
strated that MAO-A inhibition was able to decrease ROS generation and the ROS-activated
inflammatory process in particular through NF-«kB pathway inhibition. Several studies
showed that inflammatory cytokines in fibromyalgia patients could drive disturbances in
neural networks during the interaction of the nervous system with immune cells, which
eventually could lead to an increase in central and peripheral sensitization as well as
neuroinflammation [23]. For all these reasons, the aim of this study was to investigate the
therapeutic potential of metaxalone in an in vitro experimental paradigm of microglial cell
inflammation (obtained through IL-13 stimulation) [24] that mimics the phenomenon of
neuroinflammation involved in several neurological disorders, including fibromyalgia.

2. Materials and Methods
2.1. Cell Treatment

Human microglial HMC3 cell line (CRL-3304) was obtained from ATCC (American
Type Culture Collection; Manassas, VA, USA). Cells were cultured in Eagle’s minimum
essential medium (EMEM) with a supplement of 10% fetal bovine serum (FBS) and 1%
antibiotic mixture, and were incubated at 37 °C with 5% of CO,. Both medium and
supplements were provided by ATCC (Manassas, VA, USA). Cells were seeded in 6-well
plates at a density of 4 x 10° cells/well. A stock solution of metaxalone (Sigma Aldrich,
Milan, Italy) was prepared by dissolving metaxalone in DMSQO. Sixteen hours after plating
(time 0), metaxalone was added at the doses of 10, 20, and 40 pg/mL 1h following IL-13
stimulation (5 ng/mL; Sigma Aldrich, Milan, Italy). After 6 h cells were harvested for
mRNA evaluation. In a separate set of plates, cells were incubated for 24 h before MTT
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assay to evaluate cell viability. The dose-response curve for IL-1§3 stimulation can be found
at Supplemental Figure S1.

2.2. MTT Assay

MTT assay was used to evaluate cell viability. HMC3 cells were grown and incubated with
IL-1B (5 ng/mL). Cells were treated with different concentrations of metaxalone (10, 20, and
40 pg/mL) in a 96-well plate at a density of 4 x 10* cells/well for 24, 48, and 72 h to evaluate
the cytotoxic effect of the drug; an additional group of cells was treated with staurosporine
(100 nM; Sigma Aldrich, Milan, Italy) as a positive control. A mixture, constituted of 20 puL of
the tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma
Aldrich, Milan, Italy), dissolved in sterile and filtered PBS, was added into each well 5 h before
the end of the 24 h of incubation. Medium was then removed and the insoluble formazan
crystals were dissolved through dimethyl sulfoxide (DMSQO; 200 uL/well) addition, after 5 h.
The difference in the values obtained at 540 and 620 nm of absorbance was used to evaluate the
possible cytotoxic effect of metaxalone. The average of replicates was used for each group and
the results were expressed as % of cell viability compared to untreated cells and reported as
means and standard deviations [25-27].

2.3. Real-Time Quantitative PCR Amplification (RTqPCR)

Total RNA was extracted from human microglial HMC3 for RT-qPCR using Trizol LS
reagent (Invitrogen, Carlsbad, CA, USA). Two ug of total RNA was reverse transcribed in a
final volume of 20 pL using a Superscript VILO kit (Invitrogen, Carlsbad, CA, USA). The
obtained cDNA (1 pL) was added to the EvaGreen qPCR Master Mix (Biotium Inc., Fremont,
CA, USA), achieving a final volume of 20 uL per well. The final primer concentration used
to carry out the analysis was 10 uM. Samples from each group were run in duplicate and f3-
actin was used as an endogenous control. Results were calculated using the 2~22CT method
and expressed as n-fold increase in gene expression using control group as calibrator [28,29].
Primers used for targets and reference genes are listed in Table 1:

Table 1. Primer list.

Gene Sequence

B-actin Fw:5’ AGAGCTACGAGCTGCCTGAC3'
Rw:5' AGCACTGTGTTGGCGTACAGS'

IL-6 Fw:5'TTCGGTCCAGTTGCCTTCTC3'
Rw:5'CAGCTCTGGCTTGTTCCTCA3'

IL-13 Fw:5'CATGGCGCTTTTGTTGACCA 3
Rw:5' AGCTGTCAGGTTGATGCTCC3'

NF-kB Fw:5' CCTGGATGACTCTTGGGAAA3'
Rw:5TCAGCCAGCTGTTTCATGTC3'

PPAR-y Fw:5 TCGACCAGCTGAATCCAGAGS'

Rw:5' GGGGGTGATGTGTTTGAACTTG3'

PGC-1a Fw:5'CATGTGCAACCAGGACTCTGA3'
Rw:5 GCGCATCAAATGAGGGCAAT3'

TNF-« Fw:5'CAGAGGGCCTGTACCTCATC3'
Rw:5'GGAAGACCCCTCCCAGATAGS

MAO-A Fw:5' ATGACACCAAGCCAGATGGGS'
Rw:5TCAGCAGGCCAGAAACAGAGS

Nrf2 Fw:5'CTCCACAGAAGACCCCAACCS

Rw:5' TCTGCAATTCTGAGCAGCCA3'
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2.4. Measurements of Cytokines by Enzyme-Linked Immunosorbent Assay (ELISA)

Tumor necrosis factor-alpha (TNF-«), interleukin-6 (IL-6) and interleukin-13 (IL-13)
were measured in the cell culture supernatants. The products under investigation were
measured using enzyme-linked immunosorbent assay (ELISA) kits (Abcam, Cambridge,
UK), in agreement with the instructions reported by the manufacturer. All the samples
were evaluated in duplicate and the obtained results were interpolated with the pertinent
standard curves. To evaluate the sample, the means of the duplicated sample were used
and expressed in pg/mL [30,31].

2.5. MAO-A Activity Assay

MAO-A activity was evaluated by a two-step bioluminescent assay methodology, as
previously described [32], using a MAO-GLO™ assay kit from Promega (Madison, WI,
USA). The produced amount of signal (light intensity) was measured using a microplate
luminometer (Multilabel Counter Victor3™, PerkinElmer Life Sciences). Human recombi-
nant MAO-A enzyme was used as a positive control. The results are given as relative light
units after the background was subtracted.

2.6. Malondialdehyde Assay

Metaxalone antioxidant effects were examined in HMC3 cells by measuring malon-
dialdehyde (MDA) levels as a marker of lipid peroxidation, as previously described in
detail [33].

2.7. Western Blot Analysis

HMCS3 cells were homogenized in RIPA buffer (25 mM Tris/HCI, pH 7.4; 1.0 mM
EGTA; and 1.0 mM EDTA) with 1% of NP40, 0.5% of phenyl methylsulfonyl fluoride
(PMSF), aprotinin, and leupeptin and pepstatin (10 ng/mL each) to perform protein ex-
traction. Lysates were centrifuged at 15,000 g for 15 min at 4 °C and the supernatant
was collected for protein determination using a specific kit (Bio-Rad DC; Bio-Rad, Rich-
mond, CA, USA). Samples were denatured in a reducing buffer (62 mM Tris pH 6.8, 10%
glycerol, 2% SDS, 5% [-mercaptoethanol, and 0.003% bromophenol blue) and proteins
were separated by electrophoresis on SDS polyacrylamide gels. Following electrophoresis,
samples were transferred onto a PVDF membrane (Amersham, Little Chalfont, UK) in a
transfer buffer (39 mM glycine, 48 mM Tris pH 8.3, and 20% methanol) at 200 mA for 1 h.
The obtained membranes were incubated with 5% non-fat dry milk in TBS/0.1% Tween
for 1 h at room temperature, washed 3 times in TBS/0.1% Tween, and incubated with
primary antibodies to detect pNF-«B, PPARy, PGC-1«x (Cell Signaling, Danvers, MA, USA),
Nrf2, and MAO-A (Abcam, Cambridge, UK), diluted in TBS/0.1% Tween overnight at
4 °C. The day after, following 3 washes with TBS/0.1% Tween, membranes were incubated
with secondary peroxidise-conjugated goat anti-mouse and anti-rabbit antibodies (KPL,
Gaithersburg, MD, USA) for 1 h at room temperature. After washing, membranes were
analyzed by the enhanced chemiluminescence system (LumiGlo reserve; Seracare, Milford,
MA, USA). The protein signal was detected and quantified by scanning densitometry
using a bio-image analysis system (C-DiGit, Li-cor, Lincoln, NE, USA). The results were
expressed as relative integrated intensity and (3-actin (Cell Signaling, Danvers, MA, USA)
was used to confirm equal protein loading [34].

2.8. Statistical Analysis

Data are shown as mean + SD and the reported values are the result of at least five
experiments. To ensure reproducibility, all assays were replicated three times. The various
groups were compared and evaluated using one-way ANOVA with Tukey post-test for
comparison between the different groups. A p value < 0.05 was considered significant.
Graphs were created and organized using GraphPad Prism (version 8.0 for macOS, San
Diego, CA, USA).
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3. Results
3.1. Metaxalone Reverts the Inflammatory Phenotype Induced by IL-18 in HMC3 Microglial Cells

Inflammatory cytokines released by microglial cells orchestrate an inflammatory
cascade that induces the development and progression of a long-term neuroinflammation,
which plays a key role in the development and perpetuation of several neurological
disorders, including fibromyalgia. For this reason, metaxalone’s effects on reducing an
inflammatory phenotype were evaluated after stimulating HMC3 microglial cells with
IL-1B. IL-1B challenge caused a significant increase in the expression of pro-inflammatory
cytokines TNF-a and IL-6 (p < 0.0001 vs. CTRL) and a decrease in the anti-inflammatory
cytokine IL-13 (p < 0.0001 vs. CTRL) expression, evaluated either as mRNA expression or
protein levels (Figure 1). Metaxalone significantly reverted the inflammatory phenotype
prompted by IL-1§3 in a dose-dependent manner (p < 0.0001 vs. IL-1§3; Figure 1).
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Figure 1. Effects of metaxalone on TNF-« (A), IL-6 (B), and IL-13 (C) mRNA expression. Effects of metaxalone on TNF-&
(D), IL-6 (E), and IL-13 (F) protein levels. Values are expressed as the means + SD. ¥, p < 0.0001 vs. CTRL; #, p < 0.0001 vs.

IL-1B.

3.2. Effects of Metaxalone on Oxidative Stress

A significant decrease in Nrf2 mRNA expression was observed in IL-1(3-challenged
cells compared to the control group, as a consequence of oxidative stress induction follow-
ing IL-1p stimulation (p < 0.0001 vs. CTRL; Figure 2). Metaxalone treatment significantly
upregulated Nrf2 gene expression in HMC3 cells (p < 0.0001 vs. IL-1f3; Figure 2). Moreover,
Nrf2 mature protein levels were significantly reduced in the IL-1 group compared to
the control group (p < 0.0001 vs. CTRL; Figure 2). Furthermore, metaxalone treatment
significantly increased Nrf2 levels in HMC3 cells after exposure to IL-1f3 stimulus in a
dose-dependent manner (p < 0.0001 vs. IL-1§3; Figure 2).
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Figure 2. Effects of metaxalone on MDA generation (A), Nrf2 mRNA expression (B), and Nrf2 protein levels (C). Values are
expressed as the means + SD. *, p < 0.0001 vs. CTRL; #, p < 0.0001 vs. IL-1p3.

MDA levels were measured in the HMCS3 cells to better characterize metaxalone
antioxidant effects. Control cells showed low levels of MDA whereas IL-1§ stimulation
considerably increased MDA levels (p < 0.0001 vs. CTRL; Figure 2). Metaxalone treatment
caused a significant reduction in MDA levels in HMCS3 cells (p < 0.0001 vs. IL-1f3; Figure 2),
thus confirming its antioxidant properties.

3.3. Metaxalone Targets Upstream Signals That Trigger the Inflammatory Phenotype

The transcription factor NF-«B was markedly induced by IL-1§ challenge in HMC3
cells (p < 0.0001 vs. CTRL; Figure 3); metaxalone significantly reduced its mRNA expression
in a dose-dependent manner (p < 0.0001 vs. IL-1(3; Figure 3). In addition, IL-1§3 stimulation
also suppressed PPARy and PGC-1« expression in microglial cells (p < 0.0001 vs. CTRL;
Figure 3), and metaxalone was able to trigger a marked increase in the expression of both
the nuclear receptor and its co-activator when compared to cell cultures challenged with
IL-1f3 (p < 0.0001 vs. IL-13; Figure 3).

The mature protein levels of inflammatory markers were measured in HMC3 cells
stimulated with IL-13 to confirm metaxalone’s anti-inflammatory effects. p-NF-«B ex-
pression was markedly increased following IL-13 stimulus in HMCS3 cells (p < 0.0001 vs.
CTRL; Figure 3) and, by contrast, metaxalone treatment blunted the increase in p-NF-
kB protein (p < 0.0001 vs. IL-1p3; Figure 3). IL-1p challenge also significantly decreased
PPARy and PGC-1« protein expression in HMC3 cells compared to controls (p < 0.0001 vs.
CTRL; Figure 3), whereas metaxalone treatment stimulated PPARy and PGC-1¢ activation
when compared to cell cultures challenged with IL-1f3 (p < 0.0001 vs. IL-1f3; Figure 3), as
demonstrated by their protein expression.

3.4. Metaxalone Reduces the Augmented MAO-A Expression and Activity Induced by IL-1B in
Microglia Cells

MAO-A was constitutively expressed in microglia cells (Figure 4). IL-1p challenge
caused a robust increase in MAO-A mRNA expression and protein levels (p < 0.0001 vs.
CTRL; Figure 4A,B); metaxalone markedly reduced MAO-A mRNA expression in a dose-
dependent fashion (p < 0.0001 vs. IL-1§3; Figure 4A,B). MAO-A activity was also studied
by using a chemiluminescence assay: IL-1f3 incubation resulted in an increased activity
of MAO-A (p < 0.0001 vs. CTRL; Figure 4C). Thus, under our experimental condition,
the triggering of an inflammatory phenotype in microglial cells was accompanied by an
increase in MAO-A expression and, more interestingly, activity. As expected, metaxalone
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also suppressed MAO-A activity in a dose-dependent manner (p < 0.0001 vs. IL-1f3;

Figure 4C).
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Figure 3. Effects of metaxalone on NF-kB (A), PPARY (B), and PGC-1« (C) mRNA expression. Effects of metaxalone on
pNEF-kB (D), PPARY (E), and PGC-1« (F) protein levels. Values are expressed as the means + SD. *, p < 0.0001 vs. CTRL;
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Figure 4. Effects of metaxalone on MAO-A mRNA expression (A), MAO-A protein levels (B), MAO-A activity (C). Values

are expressed as the means =+ SD. *, p < 0.0001 vs. CTRL; #, p < 0.0001 vs. IL1j3.

3.5. Effect of Metaxalone on HMC3 Microglial Cells Viability

An MTT test was performed to evaluate the possible occurrence of a toxic effect
following metaxalone treatment in microglial cells. Specifically, cells were incubated for 24,
48, and 72 h with the same concentrations of metaxalone, 10, 20, and 40 ng/mL. As shown
in Figure 5, metaxalone did not produce any toxic effect in the treated cells and related
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viability percentage kept similar to control at all reported concentrations and time points,
whereas the staurosporine-treated group (positive control) showed a significant reduction
in cell viability at 24, 48, and 72 h (Figure 5).
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Figure 5. Effects of metaxalone on cell viability at 24 h (A), 48 h (B), and 72 h (C). Values are expressed as the means + SD. ¥,

p <0.0001 vs. CTRL.

4. Discussion

Several therapeutic approaches for the treatment of neurological diseases characterized
by neuroinflammation, like fibromyalgia, have been proposed [35]. However, the rate
of therapeutic failure with the available drugs is still very high, and this justifies the
exploration of innovative treatments eventually emerging from robust preclinical data on
the underlying physiopathology [36].

Recently, a new scenario has caught researchers’ interest: neuroinflammation in
the CNS may play an important role in amplifying pain perception and the correlated
depression symptoms [37]. An increase in pro-inflammatory chemokine and cytokine levels
would cause a sensitization of central nociceptors, causing negative effects on symptoms
and worsening the prognosis of the affected patients. In fact, patients with fibromyalgia
showed an increase in interleukin and TNF-« levels in serum and plasma, which contribute
not only to the exacerbation of inflammatory response but also to pain.

Microglial cells are resident macrophages responsible for the mechanisms of defense
and repair of nerve tissue [38]. However, these cells, once activated, can contribute to
neuroinflammation and especially to the development of numerous neurodegenerative
diseases. In fact, microglial cells release and activate several molecules involved in inflam-
matory processes such as iNOS, IL-13, TNF-«, COX-1, COX-2, reactive oxygen species
(ROS), and potentially neurotoxic compounds that cause neuronal dysfunctions and cell
death [39]. Therefore, despite the activation of microglia and neuroinflammation they
might have a neuroprotective role; on the other hand, an exaggerated activation, result-
ing in a storm of pro-inflammatory cytokines, can contribute to the onset of neurological
symptoms and neurodegenerative processes [40,41]. This also holds true for fibromyalgia;
therefore, a possible therapeutic approach could aim at inhibiting the pro-inflammatory
mediators produced by microglia.

Metaxalone (5-((3,5-dimethylphenoxy) methyl)-2-oxazolidinone) is a muscle relaxant
indicated for the treatment of acute musculoskeletal pain, and even if its mechanism
of action is still not fully known, a general sedation of the nervous system seems to be
involved [42]. Metaxalone has been approved by the Food and Drug Administration
(FDA) as an adjuvant therapy in the treatment of acute and painful musculoskeletal
conditions, and is commonly prescribed as a muscle relaxant, although it has no direct
muscle relaxant effects. However, it has been proposed that it may inhibit monoamine
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oxidase (MAOQO) A; this enzyme, besides being involved in the metabolism of serotonin,
has been linked to several pathological conditions characterized by exaggerated oxidative
stress and inflammation [43,44]; therefore, its inhibition may represent a strategy to design
anti-inflammatory drugs.

A recent report has unmasked the ability of metaxalone to exert anti-inflammatory
activity; in fact, the drug caused a robust reduction in several inflammatory cytokines in
LPS-stimulated mouse macrophages [45]. However, this preliminary report used a cell line
that has a scarce translational potential and did not address any attempt to dissect out the
underlying mode of action.

In the present study, metaxalone’s anti-inflammatory effect was confirmed in mi-
croglial cells, the true resident macrophages of the CNS. Metaxalone suppressed the
inflammatory phenotype triggered by IL-1$3 in a dose-dependent manner. Interestingly,
we investigated the upstream signals that might be interrupted by metaxalone. The drug
inhibited the augmented expression of NF-kB and increased the reduced expression of
PPARYy in microglia cells. Indeed, activation of this nuclear receptor has been linked to a
strong downregulation of the inflammatory phenotype in microglial cells [46—48]. There-
fore, our hypothesis is that metaxalone finely tunes in an anti-inflammatory modality the
upstream mechanisms that are involved in the inflammatory cascade.

This mechanism is likely due to the ability of metaxalone to inhibit the augmented
expression and activity of MAO-A. Indeed, blockade of this enzyme has been shown to
cause marked antioxidant and anti-inflammatory activity [49,50]. Accordingly, our results
have shown that IL-1 stimulation causes an increase in oxidative stress in HMC3 cells.
Metaxalone treatment significantly reduced oxidative stress markers (MDA) and upregu-
lated the mRNA expression and protein levels of Nrf2, chief regulator of the antioxidant
system, when compared to cell cultures challenged with IL-1(3 alone.

In conclusion, this study demonstrates for the first time that metaxalone has important
antioxidant and anti-inflammatory effects; in addition, metaxalone is currently on the
market and severe side effects have not been reported. Therefore, it could be used for the
management of neuroinflammation and pain, even in patients affected by fibromyalgia.
However, further studies will be needed to confirm these hypotheses and to define the
complex mechanism of action of metaxalone for its possible use in clinical practice.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22168425/s1.

Author Contributions: Conceptualization, G.P. (Giovanni Pallio) and A.D.; formal analysis, EM.; fund-
ing acquisition, F.S.; methodology, A.B. and L.M.; supervision, D.A.; validation, G.P. (Giovanni Pallio)
and V.S,; writing—original draft, G.P. (Giacomo Picciolo), A.D., and L.C.; writing—review and editing,
N.I. and ES. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by departmental funding assigned to Francesco Squadrito.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Clauw, D.J. Fibromyalgia: A clinical review. JAMA 2014, 311, 1547-1555. [CrossRef]

2. Vincent, A.; Lahr, B.D.; Wolfe, F.; Clauw, D.J.; Whipple, M.O.; Oh, T.H.; Barton, D.L.; St Sauver, J. Prevalence of fibromyalgia: A
population-based study in Olmsted County, Minnesota, utilizing the Rochester Epidemiology Project. Arthritis Care Res. 2013, 65,
786-792. [CrossRef]

3. Albrecht, D.S.; MacKie, PJ.; Kareken, D.A.; Hutchins, G.D.; Chumin, E.J.; Christian, B.T.; Yoder, K.K. Differential dopamine
function in fibromyalgia. Brain Imaging Behav. 2016, 10, 829-839. [CrossRef] [PubMed]

4. Oaklander, A.L.; Herzog, Z.D.; Downs, H.M.; Klein, M.M. Objective evidence that small-fiber polyneuropathy underlies some
illnesses currently labeled as fibromyalgia. Pain 2013, 154, 2310-2316. [CrossRef] [PubMed]

5.  Littlejohn, G.; Guymer, E. Neurogenic inflammation in fibromyalgia. Semin. Immunopathol. 2018, 40, 291-300. [CrossRef] [PubMed]

6.  Vaeroy, H.; Helle, R,; Forre, O.; Kass, E.; Terenius, L. Elevated CSF levels of substance P and high incidence of Raynaud
phenomenon in patients with fibromyalgia: New features for diagnosis. Pain 1988, 32, 21-26. [CrossRef]

7. Russell, I].; Orr, M.D.; Littman, B.; Vipraio, G.A.; Alboukrek, D.; Michalek, J.E.; Lopez, Y.; MacKillip, F. Elevated cerebrospinal
fluid levels of substance P in patients with the fibromyalgia syndrome. Arthritis Rheum. 1994, 37, 1593-1601. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms22168425/s1
https://www.mdpi.com/article/10.3390/ijms22168425/s1
http://doi.org/10.1001/jama.2014.3266
http://doi.org/10.1002/acr.21896
http://doi.org/10.1007/s11682-015-9459-4
http://www.ncbi.nlm.nih.gov/pubmed/26497890
http://doi.org/10.1016/j.pain.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23748113
http://doi.org/10.1007/s00281-018-0672-2
http://www.ncbi.nlm.nih.gov/pubmed/29556959
http://doi.org/10.1016/0304-3959(88)90019-X
http://doi.org/10.1002/art.1780371106
http://www.ncbi.nlm.nih.gov/pubmed/7526868

Int. . Mol. Sci. 2021, 22, 8425 10 of 11

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Rodriguez-Pinto, I.; Agmon-Levin, N.; Howard, A.; Shoenfeld, Y. Fibromyalgia and cytokines. Immunol. Lett. 2014, 161, 200-203.
[CrossRef] [PubMed]

Generaal, E.; Vogelzangs, N.; Macfarlane, G.J.; Geenen, R.; Smit, J.H.; Dekker, J.; Penninx, B.W. Basal inflammation and innate
immune response in chronic multisite musculoskeletal pain. Pain 2014, 155, 1605-1612. [CrossRef]

Uceyler, N.; Hauser, W.; Sommer, C. Systematic review with meta-analysis: Cytokines in fibromyalgia syndrome. BMC
Musculoskelet Disord. 2011, 12, 245. [CrossRef]

Mendieta, D.; De la Cruz-Aguilera, D.L.; Barrera-Villalpando, M.L; Becerril-Villanueva, E.; Arreola, R.; Hernandez-Ferreira,
E.; PerezTapia, S.M.; Perez-Sanchez, G.; Garces-Alvarez, M.E.; Aguirre-Cruz, L.; et al. IL-8 and IL-6 primarily mediate the
inflammatory response in fibromyalgia patients. ]. Neuroimmunol. 2016, 290, 22-25. [CrossRef]

Gota, C.E. What you can do for your fibromyalgia patient. Cleve. Clin. |. Med. 2018, 85, 367-376. [CrossRef]

Whiteside, N.; Sarmanova, A.; Chen, X.; Zou, K.; Abdullah, N.; Doherty, M.; Zhang, W. Proportion of contextual effects in the
treatment of fibromyalgia-a meta-analysis of randomised controlled trials. Clin. Rheumatol. 2018, 37, 1375-1382. [CrossRef]
[PubMed]

Richards, B.L.; Whittle, S.L.; Buchbinder, R. Muscle relaxants for pain management in rheumatoid arthritis. Cochrane Database
Syst. Rev. 2012, 1, CD008922. [CrossRef]

Bosak, A.R.; Skolnik, A.B. Serotonin syndrome associated with metaxalone overdose. J. Med. Toxicol. 2014, 10, 402-405. [CrossRef]
[PubMed]

Cherrington, B.; Englich, U.; Niruntari, S.; Grant, W.; Hodgman, M. Monoamine oxidase A inhibition by toxic concentrations of
metaxalone. Clin. Toxicol. 2020, 58, 383-387. [CrossRef] [PubMed]

Deshwal, S.; Forkink, M.; Hu, C.H.; Buonincontri, G.; Antonucci, S.; Di Sante, M.; Murphy, M.P,; Paolocci, N.; Mochly-Rosen, D.;
Krieg, T.; et al. Monoamine oxidase-dependent endoplasmic reticulum-mitochondria dysfunction and mast cell degranulation
lead to adverse cardiac remodeling in diabetes. Cell Death Differ. 2018, 25, 1671-1685. [CrossRef]

Ratiu, C,; Utu, D.; Petrus, A.; Norbert, P.; Olariu, S.; Duicu, O.; Sturza, A.; Muntean, D.M. Monoamine oxidase inhibition improves
vascular function and reduces oxidative stress in rats with lipopolysaccharide-induced inflammation. Gen. Physiol. Biophys. 2018,
37, 687-694. [CrossRef]

Ekuni, D.; Firth, ].D.; Nayer, T.; Tomofuiji, T.; Sanbe, T.; Irie, K.; Yamamoto, T.; Oka, T.; Liu, Z.; Vielkind, J.; et al. Lipopolysaccharide-
induced epithelial monoamine oxidase mediates alveolar bone loss in a rat chronic wound model. Am. ]. Pathol. 2009, 175,
1398-1409. [CrossRef] [PubMed]

Vuohelainen, V.; Himildinen, M.; Paavonen, T.; Karlsson, S.; Moilanen, E.; Mennander, A. Inhibition of monoamine oxidase A
increases recovery after experimental cardiac arrest. Interact Cardiovasc. Thorac Surg. 2015, 21, 441-449. [CrossRef]

Cathcart, M.K.; Bhattacharjee, A. Monoamine oxidase A (MAO-A): A signature marker of alternatively activated mono-
cytes/macrophages. Inflamm. Cell Signal. 2014, 1, e161. [PubMed]

Bhattacharjee, A.; Shukla, M.; Yakubenko, V.P; Mulya, A.; Kundu, S.; Cathcart, M.K. IL-4 and IL-13 employ discrete signaling
pathways for target gene expression in alternatively activated monocytes/macrophages. Free Radic. Biol. Med. 2013, 54, 1-16.
[CrossRef]

O’Mahony, L.F,; Srivastava, A.; Mehta, P.; Ciurtin, C. Is fibromyalgia associated with a unique cytokine profile? Rheumatology
2021, 12, 146.

Hankittichai, P.; Lou, H.J.; Wikan, N.; Smith, D.R.; Potikanond, S.; Nimlamool, W. Oxyresveratrol Inhibits IL-1p-Induced
Inflammation via Suppressing AKT and ERK1/2 Activation in Human Microglia, HMC3. Int. |. Mol. Sci. 2020, 21, 6054.
[CrossRef]

D’Ascola, A,; Irrera, N.; Ettari, R.; Bitto, A.; Pallio, G.; Mannino, F,; Atteritano, M.; Campo, G.M.; Minutoli, L.; Arcoraci, V.;
et al. Exploiting Curcumin Synergy with Natural Products Using Quantitative Analysis of Dose-Effect Relationships in an
Experimental In Vitro Model of Osteoarthritis. Front. Pharmacol. 2019, 10, 1347. [CrossRef]

Pallio, G.; Micali, A.; Benvenga, S.; Antonelli, A.; Marini, H.R.; Puzzolo, D.; Macaione, V.; Trichilo, V,; Santoro, G.; Irrera, N.; et al.
Myo-inositol in the protection from cadmium-induced toxicity in mice kidney: An emerging nutraceutical challenge. Food Chem.
Toxicol. 2019, 132, 110675. [CrossRef]

Pizzino, G.; Bitto, A.; Pallio, G.; Irrera, N.; Galfo, F,; Interdonato, M.; Mecchio, A.; De Luca, F; Minutoli, L.; Squadrito, F.; et al.
Blockade of the JNK signalling as a rational therapeutic approach to modulate the early and late steps of the inflammatory
cascade in polymicrobial sepsis. Mediat. Inflamm. 2015, 2015, 591572. [CrossRef]

Irrera, N.; Arcoraci, V.; Mannino, F; Vermiglio, G.; Pallio, G.; Minutoli, L.; Bagnato, G.; Anastasi, G.P.; Mazzon, E.; Bramanti, P;
et al. Activation of A2A Receptor by PDRN Reduces Neuronal Damage and Stimulates WNT/3-CATENIN Driven Neurogenesis
in Spinal Cord Injury. Front. Pharmacol. 2018, 9, 506. [CrossRef]

Pizzino, G.; Irrera, N.; Galfo, F; Pallio, G.; Mannino, F; D’amore, A ; Pellegrino, E.; Ieni, A.; Russo, G.T.; Calapai, M.; et al. Effects
of the antagomiRs 15b and 200b on the altered healing pattern of diabetic mice. Br. J. Pharmacol. 2018, 175, 644-655. [CrossRef]
[PubMed]

Irrera, N.; D’Ascola, A ; Pallio, G.; Bitto, A.; Mazzon, E.; Mannino, F; Squadrito, V.; Arcoraci, V.; Minutoli, L.; Campo, G.M.; et al.
[-Caryophyllene Mitigates Collagen Antibody Induced Arthritis (CAIA) in Mice Through a Cross-Talk between CB2 and PPAR-y
Receptors. Biomolecules 2019, 9, 326. [CrossRef]


http://doi.org/10.1016/j.imlet.2014.01.009
http://www.ncbi.nlm.nih.gov/pubmed/24462815
http://doi.org/10.1016/j.pain.2014.05.007
http://doi.org/10.1186/1471-2474-12-245
http://doi.org/10.1016/j.jneuroim.2015.11.011
http://doi.org/10.3949/ccjm.85gr.18002
http://doi.org/10.1007/s10067-017-3948-3
http://www.ncbi.nlm.nih.gov/pubmed/29264793
http://doi.org/10.1002/14651858.CD008922.pub2
http://doi.org/10.1007/s13181-014-0404-5
http://www.ncbi.nlm.nih.gov/pubmed/24805103
http://doi.org/10.1080/15563650.2019.1648815
http://www.ncbi.nlm.nih.gov/pubmed/31373522
http://doi.org/10.1038/s41418-018-0071-1
http://doi.org/10.4149/gpb_2018014
http://doi.org/10.2353/ajpath.2009.090108
http://www.ncbi.nlm.nih.gov/pubmed/19779138
http://doi.org/10.1093/icvts/ivv175
http://www.ncbi.nlm.nih.gov/pubmed/26052543
http://doi.org/10.1016/j.freeradbiomed.2012.10.553
http://doi.org/10.3390/ijms21176054
http://doi.org/10.3389/fphar.2019.01347
http://doi.org/10.1016/j.fct.2019.110675
http://doi.org/10.1155/2015/591572
http://doi.org/10.3389/fphar.2018.00506
http://doi.org/10.1111/bph.14113
http://www.ncbi.nlm.nih.gov/pubmed/29178246
http://doi.org/10.3390/biom9080326

Int. . Mol. Sci. 2021, 22, 8425 11 of 11

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Minutoli, L.; Marini, H.; Rinaldi, M.; Bitto, A.; Irrera, N.; Pizzino, G.; Pallio, G.; Calo, M.; Adamo, E.B.; Trichilo, V; et al. A
dual inhibitor of cyclooxygenase and 5-lipoxygenase protects against kainic acid-induced brain injury. Neuromol. Med. 2015, 17,
192-201. [CrossRef] [PubMed]

Lin, Y.C,; Chang, Y.T.; Campbell, M.; Lin, T.P.; Pan, C.C.; Lee, H.C.; Shih, J.C.; Chang, P.C. MAOA-A novel decision maker
of apoptosis and autophagy in hormone refractory neuroendocrine prostate cancer cells. Sci. Rep. 2017, 7, 46338. [CrossRef]
[PubMed]

Ceravolo, I.; Mannino, F; Irrera, N.; Squadrito, F,; Altavilla, D.; Ceravolo, G.; Pallio, G.; Minutoli, L. Health Potential of Aloe vera
against Oxidative Stress Induced Corneal Damage: An “In Vitro” Study. Antioxidants 2021, 10, 318. [CrossRef] [PubMed]

Irrera, N.; D’Ascola, A.; Pallio, G.; Bitto, A.; Mannino, F.; Arcoraci, V.; Rottura, M.; Ieni, A.; Minutoli, L.; Metro, D.; et al.
-Caryophyllene Inhibits Cell Proliferation through a Direct Modulation of CB2 Receptors in Glioblastoma Cells. Cancers 2020,
12,1038. [CrossRef] [PubMed]

Abeles, M.; Solitar, B.M.; Pillinger, M.H.; Abeles, A.M. Update on fibromyalgia therapy. Am. ]. Med. 2008, 121, 555-561. [CrossRef]
Theoharides, T.C.; Tsilioni, I.; Arbetman, L.; Panagiotidou, S.; Stewart, ].M.; Gleason, R.M.; Russell, L.]. Fibromyalgia, a syndrome
in search of pathogenesis and therapy. . Pharmacol. Exp. Ther. 2015, 355, 255-263. [CrossRef]

Kadetoff, D.; Lampa, J.; Westman, M.; Andersson, M.; Kosek, E. Evidence of central inflammation in fibromyalgia-increased
cerebrospinal fluid interleukin-8 levels. J. Neuroimmunol. 2012, 242, 33-38. [CrossRef]

Harry, G.J.; Kraft, A.D. Microglia in the developing brain: A potential target with lifetime effects. Neurotoxicology 2012, 33, 191-206.
[CrossRef]

Park, S.E.; Sapkota, K.; Kim, S.; Kim, H.; Kim, S.J. Kaempferol acts throughmitogen-activated protein kinases and protein kinase
B/AKT to elicit protection in a model of neuroinflammation in BV2 microglial cells. Br. |. Pharmacol. 2011, 164, 3008-3025.
[CrossRef]

Lyman, M.; Lloyd, D.G,; Ji, X.; Vizcaychipi, M.P,; Ma, D. Neuroinflammation: The role and consequences. Neurosci. Res. 2013, 79,
1-12. [CrossRef] [PubMed]

Shabab, T.; Khanabdali, R.; Moghadamtousi, S.Z.; Kadir, H.A.; Mohan, G. Neuroinflammation pathways: A general review. Int. J.
Neurosci. 2017, 127, 624-633. [CrossRef] [PubMed]

Vuleti¢, L.; Khan, M.Z.1; gpoljarié, D.; Radi¢, M.; Cetina-Cizmek, B.; Filipovié-Gr¢i¢, J. Development of a Clinically Relevant
Dissolution Method for Metaxalone Immediate Release Formulations Based on an IVIVC Model. Pharm. Res. 2018, 35, 163.
[CrossRef]

Schwartz, T.L. A neuroscientific update on monoamine oxidase and its inhibitors. CNS Spectr. 2013, 18, 25-32. [CrossRef]
[PubMed]

Bianchi, P.; Kunduzova, O.; Masini, E.; Cambon, C.; Bani, D.; Raimondi, L.; Seguelas, M.H.; Nistri, S.; Colucci, W.; Leducq,
N.; et al. Oxidative stress by monoamine oxidase mediates receptor-independent cardiomyocyte apoptosis by serotonin and
postischemic myocardial injury. Circulation 2005, 112, 3297-3305. [CrossRef] [PubMed]

Yamaguchi, M.; Levy, R.M. Metaxalone Suppresses Production of Inflammatory Cytokines Associated with Painful Conditions
in Mouse Macrophages RAW264.7 cells in Vitro: Synergistic Effect with $-caryophyllene. Curr. Mol. Med. 2020, 20, 643—652.
[CrossRef] [PubMed]

Zhou, D.; Ji, L.; Chen, Y. TSPO Modulates IL-4-induced Microglia/Macrophage M2 Polarization via PPAR-y Pathway. J. Mol.
Neurosci. 2020, 70, 542-549. [CrossRef] [PubMed]

Sarathlal, K.C.; Kakoty, V.; Marathe, S.; Chitkara, D.; Taliyan, R. Exploring the Neuroprotective Potential of Rosiglitazone
Embedded Nanocarrier System on Streptozotocin Induced Mice Model of Alzheimer’s Disease. Nurotox. Res. 2021, 39, 240-255.
Beheshti, F.; Hosseini, M.; Hashemzehi, M.; Soukhtanloo, M.; Khazaei, M.; Shafei, M.N. The effects of PPAR-y agonist pi-
oglitazone on hippocampal cytokines, brain-derived neurotrophic factor, memory impairment, and oxidative stress status in
lipopolysaccharide-treated rats. Iran. J. Basic. Med. Sci. 2019, 22, 940-948.

Thangaleela, S.; Ragu Varman, D.; Sivasangari, K.; Rajan, K.E. Inhibition of monoamine oxidase attenuates social defeat-induced
memory impairment in goldfish (Corassius auratus): A possible involvement of synaptic proteins and BDNEF. Comp. Biochem.
Physiol. C Toxicol. Pharmacol. 2021, 239, 108873. [CrossRef]

Liu, W.; Rabinovich, A.; Nash, Y.; Frenkel, D.; Wang, Y.; Youdim, M.B.H.; Weinreb, O. Anti-inflammatory and protective effects
of MT-031, a novel multitarget MAO-A and AChE/BuChE inhibitor in scopolamine mouse model and inflammatory cells.
Neuropharmacology 2017, 113, 445-456. [CrossRef]


http://doi.org/10.1007/s12017-015-8351-0
http://www.ncbi.nlm.nih.gov/pubmed/25893744
http://doi.org/10.1038/srep46338
http://www.ncbi.nlm.nih.gov/pubmed/28402333
http://doi.org/10.3390/antiox10020318
http://www.ncbi.nlm.nih.gov/pubmed/33672553
http://doi.org/10.3390/cancers12041038
http://www.ncbi.nlm.nih.gov/pubmed/32340197
http://doi.org/10.1016/j.amjmed.2008.02.036
http://doi.org/10.1124/jpet.115.227298
http://doi.org/10.1016/j.jneuroim.2011.10.013
http://doi.org/10.1016/j.neuro.2012.01.012
http://doi.org/10.1111/j.1476-5381.2011.01389.x
http://doi.org/10.1016/j.neures.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24144733
http://doi.org/10.1080/00207454.2016.1212854
http://www.ncbi.nlm.nih.gov/pubmed/27412492
http://doi.org/10.1007/s11095-018-2434-1
http://doi.org/10.1017/S1092852913000734
http://www.ncbi.nlm.nih.gov/pubmed/24252505
http://doi.org/10.1161/CIRCULATIONAHA.104.528133
http://www.ncbi.nlm.nih.gov/pubmed/16286591
http://doi.org/10.2174/1566524020666200217102508
http://www.ncbi.nlm.nih.gov/pubmed/32065089
http://doi.org/10.1007/s12031-019-01454-1
http://www.ncbi.nlm.nih.gov/pubmed/31879837
http://doi.org/10.1016/j.cbpc.2020.108873
http://doi.org/10.1016/j.neuropharm.2016.10.028

	Introduction 
	Materials and Methods 
	Cell Treatment 
	MTT Assay 
	Real-Time Quantitative PCR Amplification (RTqPCR) 
	Measurements of Cytokines by Enzyme-Linked Immunosorbent Assay (ELISA) 
	MAO-A Activity Assay 
	Malondialdehyde Assay 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Metaxalone Reverts the Inflammatory Phenotype Induced by IL-1 in HMC3 Microglial Cells 
	Effects of Metaxalone on Oxidative Stress 
	Metaxalone Targets Upstream Signals That Trigger the Inflammatory Phenotype 
	Metaxalone Reduces the Augmented MAO-A Expression and Activity Induced by IL-1 in Microglia Cells 
	Effect of Metaxalone on HMC3 Microglial Cells Viability 

	Discussion 
	References

