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Abstract: Chlorogenic acid (CGA), a polyphenol found mainly in coffee and tea, exerts antioxi-
dant, anti-inflammatory and anti-apoptotic effects at the gastrointestinal level. However, although
CGA is known to cross the blood–brain barrier (BBB), its effects on the CNS are still unknown.
Oligodendrocytes (OLs), the myelin-forming cells in the CNS, are the main target in demyelinating
neuroinflammatory diseases such as multiple sclerosis (MS). We evaluated the antioxidant, anti-
inflammatory and anti-apoptotic roles of CGA in M03-13, an immortalized human OL cell line. We
found that CGA reduces intracellular superoxide ions, mitochondrial reactive oxygen species (ROS)
and NADPH oxidases (NOXs) /dual oxidase 2 (DUOX2) protein levels. The stimulation of M03-13
cells with TNFα activates the nuclear factor kappa-light-chain-enhancer of activated B cell (NF-kB)
pathway, leading to an increase in superoxide ion, NOXs/DUOX2 and phosphorylated extracellular
regulated protein kinase (pERK) levels. In addition, tumor necrosis factor alpha (TNF-α) stimulation
induces caspase 8 activation and the cleavage of poly-ADP-ribose polymerase (PARP). All these
TNFα-induced effects are reversed by CGA. Furthermore, CGA induces a blockade of proliferation,
driving cells to differentiation, resulting in increased mRNA levels of myelin basic protein (MBP) and
proteolipid protein (PLP), which are major markers of mature OLs. Overall, these data suggest that
dietary supplementation with this polyphenol could play an important beneficial role in autoimmune
neuroinflammatory diseases such as MS.

Keywords: phenolic acid; polyphenols; superoxide ion; reactive oxygen species; NOXs; DUOX2;
inflammation; oligodendrocytes; apoptosis; differentiation

1. Introduction

Diets rich in polyphenols, such as curcumin, chlorogenic acid (CGA), resveratrol and
quercetin, are an important source of antioxidants that can be used as an appropriate
therapeutic strategy for degenerative diseases [1,2]. In addition to antioxidant properties,
numerous studies have attributed a wide range of biological functions to polyphenols,
including anti-inflammatory, immunomodulatory and anti-aging activities. Thus, a diet rich
in polyphenols protects against chronic diseases by modulating numerous physiological
processes, such as cellular redox potential, enzyme activity, cell proliferation and signaling
transduction pathways [3–6].

In both Western and Eastern cultures, tea and coffee beverages, with beneficial effects
on health, particularly on the CNS, are widely present in diets.

The neuroprotective effects of coffee could be explained by the action of the different
molecules that make up this beverage, such as caffeine [7–10], theaflavins, catechins,
phenylindanes and CGA.
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CGA is a member of the group of phenolic acids and is produced by the shikimic acid
pathway in plants during aerobic respiration. Specifically, CGA is derived from the con-
densation of trans-cinnamic acid and quinic acid. A wide variety of natural CGA isomers
exist [11], among which the most studied are 3-caffeoylquinic acid and 5-caffeoylquinic
acid [12]. 5-caffeoylquinic acid, mainly found in tea, in green coffee beans (76–84% of total
CGA) and other plant sources, is the most abundant isomer in the human diet (Figure 1).
CGA absorption occurs in the small intestine and colon through the action of the gut
microbiota [13,14].

Figure 1. Chemical structure of 5-caffeoylquinic acid (5CQA).

CGA exerts its scavenging activity via a direct hydrogen atom transfer (HAT) reaction
from chlorogenic acid to a free radical, or via the formation of a radical intermediate [15–17].
In vitro and in vivo studies have demonstrated that the antioxidant, anti-inflammatory
and anti-apoptotic [18] effects of CGA in the gastrointestinal tract and liver [19] could be
secondary to the reduction in oxidative distress.

Neurodegenerative diseases are characterized by the presence of chronic oxidative
stress and dysregulation of the inflammatory response [20]. In addition, during an oxidative
state, the secretion of proinflammatory molecules is enhanced, as is apoptosis, and damage-
associated molecular pathways are activated. All these factors act together to promote a
proinflammatory response [21].

Reactive oxygen species (ROS) play important physiological roles in cells [22–25], but
the excessive production of ROS leads to cell damage as they can impair both DNA and
protein function and cause the oxidation of cell membrane lipids, leading to cell death.

Oxidative stress also has important functions in the pathogenesis of inflammatory
cardiovascular and respiratory, as well as metabolic [26], diseases. In addition, ROS and
inflammation are hallmarks of neurodegeneration, contributing to the development of
neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS) [27–30].

In MS, an autoimmune inflammatory disease characterized by myelin loss in several
areas of the CNS, the main cellular target of the autoimmune attack are the oligodendro-
cytes involved in the production of the myelin sheath that ensure the proper transmission
of action potentials in CNS neurons. During CNS development, the oligodendrocytes (OLs)
originate from oligodendrocyte progenitor cells (OPCs) that are, in turn, derived from neu-
ral progenitor cells (NPCs) [31]. In the adult CNS, large numbers of OPCs retain the ability
to migrate, proliferate and differentiate into myelinating OLs. This process is modulated
by various factors, including ROS, cytokines, hormones and neurotransmitters [23,32,33].
An important function of OPCs is remyelination, which occurs at the level of white matter
lesions in demyelinating diseases [31]. The redox state is crucial for maintaining the balance
between the self-renewal and differentiation of OPCs [34]. A redox imbalance in OLs or
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OPCs can impair their function and myelin sheath formation. Furthermore, it is known
that inflammation is associated with oxidative stress with increased ROS levels [35]. The
activation of processes leading to neuroinflammation results in the massive and premature
arrival of T-cells in the central nervous system, which increases the progression and severity
of demyelinating diseases [36].

In recent years, many studies have been conducted to find approaches to reduce
oxidative stress and inflammation using supplements to complement the current pharma-
cological treatments used for MS. It is known that some polyphenols and neuropeptides [37]
exert neuroprotective and immunomodulatory actions, thus becoming possible biological
tools with great potential for the treatment of immune-mediated disorders of the CNS.
CGA is able to cross the BBB [17,38,39]. Moreover, recent pharmacokinetic studies clearly
show that chlorogenic acid, and in particular, 5CQA, crosses the BBB and is localized in
different nuclei of the CNS [40]. The effects exerted by this polyphenol at CNS levels have
not been documented. CGA probably acts directly and/or indirectly on the central nervous
system [41].

This in vitro study aims to evaluate whether the antioxidant, anti-inflammatory and
anti-apoptotic effects of CGA are extended to the CNS, and in particular, to oligoden-
drocytes, paving the way for its use as a new dietary supplement capable of reducing
immuno-mediated inflammation and favoring OL differentiation.

2. Results
2.1. CGA Reduces Superoxide Ions, Mitochondrial ROS and NADPHox Protein Levels

In this study, we used the M03-13 cells (CELLution Biosystem Inc., Toronto, ON,
Canada) an immortal human–human hybrid cell line with the phenotypic characteristics
of primary oligodendrocytes (OLs). To evaluate CGA’s effects on M03-13 cells, we first
performed cell viability assays using growing doses of CGA (10, 25, 100, 250, 500 and
1000 µM). As can be seen in Figure 2, concentrations of CGA up to 250 µM do not impair
cell viability.

Figure 2. Cell viability according to trypan blue assay in M03-13 cells. The cells were starved for
18 h in 0.2% FBS medium in the absence (CTR) and in the presence of CGA (10, 25, 100, 250, 500 and
1000 µM); the data are reported as percentage variation compared to control. The graph shows the
mean ± SEM of the values from three independent experiments. * p < 0.05 vs. CTR.

To evaluate the effects of CGA on superoxide ion levels in oligodendrocytes, the
M03-13 cells were incubated with increasing doses of CGA, and then, with a fluorescent
probe, dihydroethidium (DHE), that is able to detect cytoplasmic superoxide [42].
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The fluorescence microscopy images of DHE (Figure 3A) show a reduction in intracel-
lular superoxide ion levels at 25 and 100 µM CGA.

In addition, the effects of CGA on mitochondrial ROS levels were evaluated using
the specific mitochondrial fluorescent probe MitoSOX. The fluorescence microscopy im-
ages show a significant reduction in mitochondrial ROS levels in the presence of CGA
(Figure 3B).

NADPH oxidases are the main membrane ROS-producing enzymes. Specifically, in
M03-13 cells, NOX3, NOX5 and DUOX2 isoforms are highly expressed [23,43]. Through
Western blot analysis, we evaluated the protein expression levels of NADPH oxidases
following CGA treatments (Figure 4A–C). The histograms show a significant reduction in
the protein levels of NOX3, NOX5 and DUOX2 as CGA concentrations increase.

Figure 3. Cont.
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Figure 3. CGA reduces intracellular superoxide ion and mitochondrial ROS levels. Cells were
starved for 18 h with 0.2% FBS medium in the absence (CTR) and in the presence of CGA (10, 25,
100 µM). (A,B) Fluorescence microscopy images of M03-13 cells incubated with 10 µM fluorescent
probe DHE (A) and 1 µM MitoSOX (B) for staining intracellular superoxide ions and mitochondrial
ROS, respectively. The histograms (A,B) show the mean ± SEM total corrected cellular fluorescence
(TCCF) values, obtained via quantitative analysis of 50 cells for each sample from three independent
experiments performed in triplicate. * p ≤ 0.05 vs. CTR. ** p ≤ 0.001 vs. CTR. Scale bar is 50 µm.

2.2. CGA Inhibits TNFα-Induced Pro-Inflammatory/Proapoptotic Pathways

Oligodendrocytes are sensitive to cytokines that exert neuro-immunomodulatory
functions. Many of these, such as TNFα, generate ROS as second messengers, increasing
the activity and the expression levels of NADPH oxidases via TNFR1 signaling. In many
cellular models, NOXs-dependent ROS mediate the activation of many TNFα downstream
pathways such as the inflammatory/apoptotic and MAPKs pathways.

We also found that in M03-13 cells, TNFα induces superoxide ions via NOXs since
in the presence of the NADPHox inhibitor AEBSF, a reduction in TNFα-mediated ROS
induction is observed (Figure 5A).
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Figure 4. CGA reduces NADPH oxidase levels. Western blotting analysis for NOX3 (A), NOX5 (B)
and DUOX2; (C) protein levels in M03-13 cells incubated with 0.2% FBS medium for 18 h in the
absence (CTR) and in the presence of CGA (10, 25, 100 µM). The histograms show the values
(means ± SEM) relative to the control (CTR), obtained via densitometric analysis of protein bands
normalized to α-Tubulin of three independent experiments. * p ≤ 0.05 vs. CTR; ** p ≤ 0.001 vs. CTR.

Moreover, NOXs-dependent ROS play a role in TNFα-mediated pathway activation in
oligodendrocytes.

One of the key steps in TNFα signaling is the activation of the transcription factor NF-
kB (nuclear factor kappa-light-chain-enhancer of activated B cell), which plays an important
role in inflammation and innate immunity [44,45]. To highlight NF-kB activation, the
protein expression levels of IkBα and NF-kB inhibitor protein were measured. Stimulation
with TNFα induces an immediate reduction in cytoplasmic IkBα protein levels followed by
an increase in this protein via a negative feedback mechanism protecting against excessive
activation of the pro-inflammatory NF-κB pathway [46].

In M03-13 cells, after stimulation with TNFα for 10 min, a decrease in IkBα is observed.
Moreover, the incubation of cells with this cytokine induces ERK phosphorylation and
PARP cleavage. These effects are reversed in the presence of the NADPHox inhibitor, indi-
cating that a NOXs-dependent increase in superoxide levels mediates the proinflammatory
and proapoptotic effects of TNFα in OLs (Figure 5B–D).

To show the antioxidant role of CGA inn superoxide ions produced via activation of the
TNFα proinflammatory pathway, we analyzed intracellular superoxide and NOXs/DUOX2
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protein levels in M03-13 cells treated with TNFα at various times in the absence or presence
of CGA. The histogram shows a significant increase in intracellular superoxide levels
in cells stimulated with TNFα and their reduction in the presence of CGA (Figure 6A).
Figure 6A also shows that stimulating M03-13 cells with TNFα in the presence of CGA and
the NOXs inhibitor does not show a significant additive inhibitory effect on superoxide
levels, suggesting that CGA’s protective effects are exerted mainly through its inhibitory
effects on NADPH oxidase activity. In addition, TNFα causes a significant increase in
NOX3, NOX5 and DUOX2 protein levels and their reduction in the presence of CGA
(Figure 6B–D).

Figure 5. Cont.
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Figure 5. NADPHox-dependent ROS are involved in TNFα-induced pro-inflammatory/proapoptotic
pathways. M03-13 were incubated with 0.2% FBS medium for 18 h with 10 µM TNFα in the absence
and in the presence of 10 µM AEBSF, and then, incubated with 10 µM of the superoxide probe
DHE (A). Intracellular superoxide ion levels were measured via fluorometric analysis. The graph
shows the mean ± SEM values from three independent experiments (A), scale bar is 50 µm. Western
blot analysis for IkBα (B), pERK (C) and the cleaved form of PARP; (D) protein levels in M03-13 cells
treated with 10 µM TNFα in the presence and absence of 10 µM AEBSF. The histograms show the
values (means ± SEM) relative to the control (CTR), obtained via densitometric analysis of protein
bands normalized to α-Tubulin of three independent experiments. * p ≤ 0.05 vs. CTR; ** p ≤ 0.001
vs. CTR; § p ≤ 0.05 vs. TNFα 10′; # p ≤ 0.05 vs. TNFα 1 h; ## p ≤ 0.001 vs. TNFα 1 h; ◦ p ≤ 0.05 vs.
TNFα 4 h; ◦◦ p ≤ 0.001 vs. TNFα 4 h.

To evaluate the anti-inflammatory effects of CGA in oligodendrocytes, M03-13 cells
were incubated with TNFα at various times in the absence or in the presence of CGA
100 µM, and the activation of NF-kB and ERK was measured via Western blot. These data
show that CGA reverses TNFα-induced NF-kB and ERK activation (Figure 7A,B).

Apoptosis occurs through the activation of multiple molecular pathways and effector
enzymes, the caspases. In apoptosis, PARP is cleaved by caspases, so increased protein
levels of its cleaved form are a good indicator of apoptosis. The activation of caspase 8
leads to a reduction in the protein levels of its inactive form, so in the presence of apoptotic
processes, there is an increase in the levels of cleaved PARP and a reduction in the inactive
form of caspase 8.
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Figure 6. Cont.
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Figure 6. TNFα induces increase in intracellular superoxide levels, measured via DHE fluorescence
(A). M03-13 cells were preincubated with CGA 100 µM for 18 h and subsequently stimulated with
TNFα 10 µM at increasing times (10 min, 1 h and 4 h) in the absence and in the presence of 10 µM
AEBSF; then, the cells were incubated with 10 µM DHE and, superoxide levels were measured via
fluorometric analysis (scale bar is 50 µm). The graph shows the mean ± SEM values from three
independent experiments. Western blot analysis for NOX3 (B), NOX5 (C) and DUOX2 (D). M03-13
cells were incubated with 10 µM TNFα at increasing times (10 min, 1 h and 4 h) in the absence
and presence of 100 µM CGA. The histograms show the values (means ± SEM) relative to the
control (CTR), obtained via densitometric analysis of protein bands normalized to α-Tubulin of three
independent experiments. * p ≤ 0.05 vs. CTR; ** p ≤ 0.001 vs. CTR; § p ≤ 0.05 vs. TNFα 10′;
# p ≤ 0.05 vs. TNFα 1 h; ## p ≤ 0.001 vs. TNFα 1 h; ◦ p ≤ 0.05 vs. TNFα 4 h; ◦◦ p ≤ 0.001 vs. TNFα
4 h.

TNFα decreases caspase 8 and increases cleaved PARP protein levels, indicating the
activation of the apoptotic pathway by this cytokine. CGA inhibits the pro-apoptotic
pathway activated by TNFα (Figure 7C,D).

2.3. CGA Exerts Inhibitory Effects on M03-13 Cell Proliferation, Blocking the Cell Cycle in the
G0/G1 Phase

The physiological role of ROS on the differentiation process of many cells of the CNS
is described in the literature [47,48]. In particular, ROS are signal molecules involved in the
differentiative processes of oligodendrocytes [23].



Int. J. Mol. Sci. 2023, 24, 16731 11 of 21

Figure 7. CGA blocks the pro-inflammatory and pro-apoptotic pathways activated by TNFα. Western
blot analysis for IκBα (A), pERK (B), caspase 8 (C) and cleaved PARP (D). M03-13 cells were treated
with TNFα 10 µM for 10 min, 1 h, 4 h and 15 h in the absence and/or presence of 100 µM CGA. The
histograms show the values (means ± SEM) relative to the control (CTR), obtained via densitometric
analysis of protein bands normalized to α-Tubulin of three independent experiments. * p ≤ 0.05 vs.
CTR; ** p ≤ 0.001 vs. CTR; § p ≤ 0.05 vs. TNFα 10′; # p ≤ 0.05 vs. TNFα 1 h; ◦ p ≤ 0.05 vs. TNFα 4 h;
ˆ p ≤ 0.05 vs. TNFα 15 h.

The OPC microenvironment plays a key role in the regulation of the migration, prolifer-
ation and differentiation of these cells, especially inside MS lesions [32]. Much experimental
evidence show that cytokines and polyphenols can play an important role in the maturation
processes of oligodendrocytes due to their neuro-immunomodulatory abilities.

The antioxidant and anti-inflammatory activity of CGA may modulate the growth and
differentiation of OPCs. M03-13 are immortalized cells that move from the proliferative
stage (OPCs) to the differentiated stage. One of the methods to induce differentiation is to
grow M03-13 cells in the absence of serum. The effects of CGA on cell proliferation were
assessed via flow cytofluorimetry using the fluorescent dye CFSE, a lipophilic molecule
that can cross cell membranes and diffuse freely within cells. The dye establishes a covalent
bond with all the primary amines of intracellular proteins with low toxicity, and the
fluorescence levels decrease with cell division. Indeed, the CFSE fluorescence in M03-13
cells is progressively reduced after 24 and 48 h [32]. The addition of CGA for 24 h (25 µM
and 100 µM) induces an increase in CFSE fluorescence levels, demonstrating that CGA has
an inhibitory effect on oligodendrocyte proliferation (Figure 8A).
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Figure 8. CGA inhibits proliferation and leads to a cell cycle block in M03-13 cells. (A) M03-13 cells
were incubated for 30 min with CFSE dye and grown in complete medium. A total of 1 × 106 cells
per point were analyzed via flow cytofluorimetry after 24 h incubation with the fluorescent dye. Cells
were treated with or without CGA 25 µM and 100 µM in the presence of CFSE. The histograms show
the means ± SEM of three independent experiments. The graphs of the representative experiments
are also shown (B). For the cell cycle analysis, the M03-13 cells were treated with CGA for 24 h, and
then, treated with propidium iodide (PI) for 30 min; 230.000 cells were analyzed via cytofluorimetry.
The histograms show the means ± SEM of three independent experiments, and graphs of the
representative experiments are also shown. * p ≤ 0.05 vs. GROW (G0/G1); ** p ≤ 0.001 vs. GROW
24 h; # p ≤ 0.05 vs. GROW (S); ◦ p ≤ 0.05 vs. GROW (G2/M).

In addition, we studied the effects of CGA on the cell cycle and found that, in its
presence, there is a block in the G0/G1 phases (Figure 8B).

2.4. Effects of CGA on M03-13 Cell Differentiation

Our data showing that CGA exerts inhibitory effects on the proliferation of M03-13
cells suggest that CGA may exert pro-differentiative effects.

The M03-13 cells show some morphological changes during differentiation, the dif-
ferentiating cells stop proliferating, and multiple processes extend from the cell body. As
can be seen in the Figure 9, cells treated for 4 days with a differentiating medium (DMEM
no-FBS + PMA) present a more elongated and star-shaped shape, compared to cells cul-
tured in complete growth medium. In addition, cells incubated in complete medium in the
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presence of 100 µM CGA present a morphology like that of differentiated cells, suggesting
that CGA plays an important role in differentiation processes.

Figure 9. M03-13 cells differentiate in the presence of 100 µM CGA. Crystal Violet staining images of
M03-13, to highlight cellular morphological changes, were obtained using a Leica DMI1 microscope.
The cells were grown in complete medium for 1 day (CTR) and in serum-free medium in the presence
of 100 nM PMA or 100 µM CGA for 4 days (scale bar 100 µm).

To further evaluate the effects of CGA on cell differentiation, the expression levels of
differentiation markers were measured in M03-13 cells grown in complete cell medium
for 4 days (4d) in the presence or absence of CGA 25 and 100 µM (Figure 10A,B). Myelin
basic protein (MBP) and proteolipid protein (PLP) are markers that characterize mature
OLs. RT-PCR experiments show that MBP and PLP mRNA levels increase significantly in
the presence of increasing doses of CGA (25, 100 µM) compared to cells grown in complete
medium (GROW). Cells differentiated with 100 nM Phorbol-12-Myristate-13-Acetate (PMA)
were used as a positive control [23].

Figure 10. CGA induces an increase in MBP and PLP mRNA levels in M03-13 cells. The M03-13 cells
were grown in complete medium for 4 days in the absence (GROW) and in the presence of 25 and
100 µM CGA. PMA 4d indicates differentiated cells grown in serum-free medium in the presence
of 100 nM PMA for 4 days. mRNA from treated cells was extracted, and MBP (A) and PLP (B)
mRNA levels were analyzed via real-time PCR. The histograms show the mean ± SEM values of
three independent experiments. * p ≤ 0.05 vs. GROW; ** p ≤ 0.001 vs. GROW.
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3. Discussion

The results reported in this study indicate that CGA can reduce basal levels of intra-
cellular superoxide, mitochondrial ROS and NOXs/DUOX2 protein expression levels in
M03-13 cells. CGA can indirectly act as an antioxidant by stimulating intrinsic cellular
antioxidant systems. In addition, in M03-13 stimulated with TNFα, CGA reverses the
pro-oxidant, pro-inflammatory and pro-apoptotic effects of this cytokine.

Oligodendrocytes are highly specialized cells with elevated metabolic demand because
they produce many myelin internodes, making them the most vulnerable cells of the central
nervous system. Various injuries can alter the functionality of OPCs and contribute to the
progression of various neurological disorders [49]. Among the main injuries is the alteration
of redox balance caused by the increase in intracellular reactive oxygen/nitrogen species
(ROS/RNS) concentrations. Major sources of ROS are the mitochondria that regulate
vital physiological processes, including the energy production, ion homeostasis and anti-
apoptotic mechanisms of OPCs [50].

Many studies on CGA, carried out in vivo and in vitro on cell lines of the gastroin-
testinal tract and heart, have demonstrated its antioxidant and anti-inflammatory role.
Studies on rats have shown that CGA inhibits the NF-κB pathway and suppresses p38
MAPK, alleviating intestinal damage induced by chronic stress [51]. Further studies have
confirmed that in cardiomyocytes obtained from rats, CGA reduces chemotherapy-induced
oxidative stress and apoptosis, through mechanisms involving Nrf2/HO-1 and dityrosine
signaling [52]. Reactive oxygen species induce oxidative stress, also promoting the NF-κB
signaling pathway in neurodegenerative diseases [53].

Our data showing that in M03-13 stimulated with TNFα, CGA reverses the pro-
oxidant, pro-inflammatory and pro-apoptotic effects of this cytokine suggest a protective
role of this polyphenol against neuroinflammation. The bioavailability and bioaccessibility
of phenolic compounds are affected by the gut microbiota, limiting their positive effects [54]
and, therefore, several studies focus on new strategies to increase its bioavailability, such as
the use of nanostructured lipid carriers (NLCs) [55].

It is known that OLs undergo a continuous turnover in the adult CNS [31]. The forma-
tion of new OLs takes place from their precursors, OPCs, through a series of steps involving
the migration, proliferation and subsequent differentiation of OPCs to the stage of myeli-
nating oligodendrocytes. These processes are also necessary steps in the repair mechanisms
of demyelinating lesions in MS [56–59]. In multiple sclerosis, inflammation of the central
nervous system plays a central role in disease progression and axonal damage [60]. In
patients with multiple sclerosis, in certain brain lesions caused by the inflammatory process
typical of this disease, remyelination fails and lesions continue to expand, damaging ever
larger areas of nervous tissue. These lesions contribute to the progressive loss of brain
function in the most severe forms of the disease.

The data obtained indicate that CGA exerts inhibitory effects on M03-13 cell prolif-
eration, blocking the cell cycle at the G0/G1 phase. In addition, CGA was observed to
exert pro-differentiative effects, as shown by the increase in mRNA levels of MBP and
PLP, markers of oligodendrocyte differentiation, in M03-13 cells treated with CGA. High
levels of ROS often alter the maturation processes of OPCs, preventing the normal repair of
lesions and producing an accumulation of neurological deficits and disability over time.
Therefore, the antioxidant and anti-inflammatory activity of CGA could account for its
pro-differentiative effects in OPCs (Figure 11).
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Figure 11. Schematic diagram showing antioxidant, anti-inflammatory and pro-differentiative effects
of CGA in OLs. In the presence of CGA, basal levels of ROS and the proinflammatory and pro-
apoptotic effects induced by TNFα are reduced. CGA increases mRNA levels of MBP and PLP, major
markers of mature OLs. The image was partially created by using BioRender.com.

4. Materials and Methods
4.1. Cell Cultures

In this study, we used M03-13 cells (CELLution Biosystem Inc., Toronto, ON, Canada).
The cell line derived from the fusion of a 6-thioguanine-resistant mutant of a human rhab-
domyosarcoma with oligodendrocytes obtained from an adult human brain. The M03-13
cells had phenotypic characteristics of primary OLs and were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM), containing 4.5 g/L glucose (GIBCO, Thermo Fisher Scientific,
Waltham, MA, USA), supplemented with 10% Fetal Bovine Serum (FBS; GIBCO, Thermo
Fisher Scientific, Waltham, MA, USA), 100 U/mL penicillin and 100 µg/mL streptomycin.
The M03-13 cells were differentiated in FBS-free DMEM (NO-FBS), or in FBS-free DMEM
supplemented with 100 nM of Phorbol-12-Myristate-13-Acetate (PMA); (Sigma-Aldrich,
Merck, Darmstadt, Germany) for 4 days, and the differentiation cell medium was replaced
every day. The cells were kept in a 5% CO2 and 95% air atmosphere at 37 ◦C.

4.2. Cell Viability Assay

The toxicity of CGA treatment on M03-13 cells was tested via trypan blue staining.
A total of 2.3 × 105 cells were plated in 35 mm Petri dishes in complete DMEM and
subsequently starved for 18 h with 0.2% FBS medium, and were treated with increasing
doses of CGA (10, 25, 100, 250, 500 and 100 µM). After trypsinization and washing in PBS,
the cells were suspended in diluted trypan blue (1:1 with PBS), and then, immediately
counted in a Burker’s chamber. The viable (unstained) and unviable (stained) cells were
counted separately. The percentage of viable cells was calculated as follows:

Cell Viability (%) = [1 − (number of nonviable cells/total number of cells)] × 100.

4.3. Western Blotting Analysis

M03-13 cell lysates were obtained in RIPA buffer (150 mM NaCl, 1% NP40, 0.5%
deoxycholate, 50 mM Tris HCl, pH 7.5, 0.1% sodium dodecyl sulphate (SDS) containing
2.5 mM Na-pyrophosphate, 1 mM NaVO4, 1 mM β-glycerophosphate,1 mM NaF, 0.5 mM
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phenyl-methyl-sulfonyl-fluoride (PMSF), and protease inhibitors (Roche Applied Bioscience
Penzberg, Upper Bavaria, Germany). The cells were disrupted via repeated aspiration
through a 21-gauge needle kept at 4 ◦C. Cell lysates were centrifuged at 15,871× g for
10 min (minutes) and the pellets were discarded. Thirty micrograms of total proteins were
subjected to SDS 10% polyacrylamide gel electrophoresis (SDS-PAGE) under reducing
conditions. Then, the proteins were transferred onto a nitrocellulose filter membrane
(GEHealthcare, Amersham PI, UK) with a Trans-Blot Cell (Bio-Rad Laboratories, Berkeley,
CA, USA) in Transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol). For protein
detection, membranes were placed in 5% non-fat milk in tris-buffered saline and 0.1%
Tween 20 (TWEEN 20 SLCL767, Sigma-Aldrich, Merck, Darmstadt, Germany) at room
temperature for 1 h to block the non-specific binding sites. After this, the filters were
incubated with mouse polyclonal antibody against IkBα (sc1643, Santa Cruz Biotechnology,
Dallas, TX, USA), or a rabbit polyclonal antibody against pERK (877-678, Cell Signaling
Technology, Danvers, MA, USA), NOX3 (orb162045, Biorbyt, Cambridge, UK), NOX5
(orb97073, Biorbyt, Cambridge, UK), DUOX2 (orb29192, Biorbyt, Cambridge, UK), caspase
8 (4790, Cell Signaling Technology, Danvers, MA, USA) and cleaved PARP (11835238001,
Roche Applied Bioscience Penzberg, Upper Bavaria, Germany), and then, incubated with
a peroxidase-conjugated anti-rabbit or anti-mouse secondary antibody (GEHealthcare,
Amersham, UK). Peroxidase activity was detected using an enhanced chemiluminescence
(ECL) system (Immobilion Western Chemiluminescent HRP Substrate WBKLS010055,
Merk Millipore, Darmstadt, Germany) using ChemiDoc (ChemiDoc XRS+ Biorad). The
membranes were then stripped and probed with an anti α-Tubulin antibody (T9026, Sigma-
Aldrich, St. Louis, MO, USA) or an anti GAPDH antibody (E-AB-40337, Elabscience,
Houston, TX, USA) to normalize for sample loading and protein transfer. Protein bands
were quantified via densitometry using ImageJ software (version 1.8, National Institutes of
Health, Bethesda, MD, USA).

4.4. DHE (Dihydroethidium) and MitoSOXTM Red Analysis

Intracellular superoxide levels were determined using the fluorescent probe dihy-
droxyethidium bromide (DHE) (Molecular ProbesTM, Thermo Fisher Scientific, Waltham,
MA, USA) (excitation/emission 518/605 nm). DHE crosses the cell membrane and, at the
cytoplasmic level, interacts with the superoxide anion to form a red fluorescent product
(2-hydroxyethidium).

The fluorescent probe MitoSOX (Molecular Probes MitoSOXTM Red mitochondrial
superoxide indicator, Thermo Fisher Scientific, Waltham, MA, USA) (excitation/emission
396/610 nm) was used for the detection of mitochondrial ROS. M03-13 cells were grown to
semi-confluence in 24 multiwell plates in complete DMEM and subsequently starved for
18 h with 0.2% FBS medium in the absence or presence of CGA (10, 25 and 100 µM).

For the staining, the cells were washed in PBS buffer, and then, were labeled with
the 10 µM DHE probe and with 1 µM MitoSOX in FBS-free culture medium. We used
1 µM, because at 5 µM, the signal is not specific to mitochondria and may cause cellular
dysfunction due to mitochondrial overload [61].

Next, the cells were immediately fixed in 3.7% paraformaldehyde for 10 min. The
coverslips were washed, first in PBS, and then, in distilled water, and finally put on slides
for microscopic examination. The cells were analyzed using a Leica DMi8 microscope.
Subsequently, the images were analyzed with ImageJ software version 1.8 according to the
protocol used by McCloy et al. [62]. Briefly, a line was drawn around each individual cell
to calculate the area and intensity of the emitted fluorescence (integrated density). The
reported values were normalized with respect to the field background. The total corrected
cellular fluorescence (TCCF) was calculated using the following formula:

(TCCF) = integrated density − (selected cell area ×mean fluorescence of background readings)
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The mean value of TCCF was obtained by analyzing 50 cells per sample from three
independent experiments performed in triplicate.

4.5. Cell Cycle Analysis

For cell cycle analysis, 230,000 cells were plated in 35 mm Petri dishes. The following
day, they were placed in serum-free medium for 18 h, except for growing, to promote cell
synchronization. On the third day, they were removed from the serum-free medium, and
complete DMEM was added while also performing stimulation with CGA 25 and 100 µM.
Subsequently, the samples were trypsinized, washed with PBS and centrifuged for 5 min at
159× g. The cell pellets were fixed in cold Et-OH 70%, spun at 376× g for 5 min at room
temperature and washed in PBS. The cell pellets were resuspended in 200 µL of buffer
(Triton 0.1%, RNase A 0.1 mg/mL, propidium iodide 10 mg/mL diluted in PBS) and placed
on a bascule for 30 min in the dark. The samples were read using FACSCAN (BD, Franklin
Lakes, NJ, USA). Data analysis was conducted using FlowJoTM software (version 10, BD,
Franklin Lakes, NJ, USA) with the DEAN-JET-FOX model.

4.6. CFSE Assay

The M03-13 grown to semiconfluence in 100 mm Petri dishes at confluence were
trypsinized, and 1 × 106 cells were resuspended in complete medium containing CFSE
5 µM; then, cells were incubated for 30 min in an incubator at 37 ◦C in the dark. Next,
the cells were washed in PBS buffer to remove the excess of CFSE and resuspended in
complete medium (DMEM) in the presence or in the absence of 25 and 100 µM CGA. After
24 h or 48 h the M03-13 cells were trypsinized, centrifuged for 5 min at 159× g, washed
and resuspended in PBS buffer; then, the samples were analyzed via flow cytometry using
FACSCAN (BD, Franklin Lakes, NJ, USA) and the data analyzed using FlowJoTM software
version 10.

4.7. Crystal Violet Staining Assay for Cell Morphology Evaluation

2.3 × 105 cells were placed in 35 mm Petri dishes in complete DMEM for 18 h. Subse-
quently, the cells were incubated in the absence and presence of 100 µM CGA, in complete
DMEM. The differentiated cells were grown in FBS-free medium. The next day, after
removing the culture medium and washing the cells in PBS, 500 µL of Crystal Violet was
added to the plate for 10 min. After two washes in H2O, images were captured using a
Leica DMI1 electron microscope.

4.8. RNA Extraction and RT-PCR

Total RNA was extracted using TRI-Reagent according to the protocol provided by the
manufacturer (Sigma-Aldrich, St. Louis, MO, USA). Total RNA (1 µg) was retrotranscribed
using a SensiFASTcDNA kit (Bioline-Meridiam Bioscience Aurogene, Rome, Italy) for
35 min in reaction volumes of 20 µL. RT-PCR was performed using the CFX-ConnectTM

Bio-Rad system in 96-well reaction plates and at a final volume of 15 µL containing 7.5 µL
of iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), 0.45 µL of the
specific primers and 1 µg of cDNA. The gene-specific primers were designed to selectively
amplify MBP and PLP, and their expression values were normalized using the 18S gene.
The fluorescence of SYBR Green was measured at each extension step. The threshold cycle
(Ct) reflects the number of cycles in which the generated fluorescence crosses the arbitrary
threshold. The reactions were performed at cycle number 40. The primers used are shown
in Table 1.

Table 1. The forward and reverse primer of the three genes (MBP, PLP, 18S).

Gene Forward Primer 5′ → 3′ Reverse Primer 3′ → 5′

MBP CGAAGGCCAGAGACCAGGAT CATGGGTGATCCAGAGCGACT
PLP ATGGAATGCTTTCCCTGGCA GTAAGTGGCAGCAATCATGA
18S GCGCTACACTGACTGGCTC CATCCAATCGGTAGTAGCGAC
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4.9. Statistical Analysis

The data are presented as mean ± SEM. As appropriately indicated, differences
between groups were compared using ANOVA followed by Bonferroni’s post hoc test
to correct for multiple comparisons. In addition, statistical differences between groups
were assessed using Student’s t-test for unpaired samples, and differences were considered
statistically significant at p < 0.05.

5. Conclusions

Good nutrition is the basis of good health, and dietary supplements can be a valuable
aid in the treatment of various diseases, including neuroinflammatory diseases. The
advantage of using supplements is that they have no side effects that alter the patient’s
quality of life, but help reduce inflammation and associated clinical symptoms.

The data obtained, indicating an inhibitory effect of CGA on oxidative, inflammatory,
and pro-apoptotic signaling pathways in OLs, suggest that dietary supplementation with
this polyphenol could play an important beneficial role in degenerative neuroinflammatory
diseases. In addition, the pro-differentiative effects of CGA on OLs suggest its possible
beneficial role in remyelination processes occurring inside MS lesions, limiting neuronal
loss and the progression of the disease. However, in vivo studies are necessary to confirm
the efficacy of this polyphenol in human neuroinflammatory diseases.

Overall, our data suggest that the use of a new combinatory strategy of this polyphe-
nol with current disease-modifying therapies (DMTs) could represent a new therapeutic
approach for improving the neurological symptoms and quality of life of MS patients.
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14. Grujić-Letić, N.; Rakić, B.; Sefer, E.; Rakić, D.; Nedeljković, I.; Kladar, N.; Božin, B. Determination of 5-caffeoylquinic acid (5-CQA)
as one of the major classes of chlorogenic acid in commercial tea and coffee samples. Vojnosanit. Pregl. 2015, 72, 1018–1023.
[CrossRef]

15. Bakalbassis, E.G.; Chatzopoulou, A.; Melissas, V.S.; Tsimidou, M.; Tsolaki, M.; Vafiadis, A. Ab initio and density functional theory
studies for the explanation of the antioxidant activity of certain phenolic acids. Lipids 2001, 36, 181–190. [CrossRef] [PubMed]

16. Leopoldini, M.; Chiodo, S.G.; Russo, N.; Toscano, M. Detailed Investigation of the OH Radical Quenching by Natural Antioxidant
Caffeic Acid Studied by Quantum Mechanical Models. J. Chem. Theory Comput. 2011, 7, 4218–4233. [CrossRef] [PubMed]

17. Nabavi, S.F.; Tejada, S.; Setzer, W.N.; Gortzi, O.; Sureda, A.; Braidy, N.; Daglia, M.; Manayi, A.; Nabavi, S.M. Chlorogenic Acid
and Mental Diseases: From Chemistry to Medicine. Curr. Neuropharmacol. 2017, 15, 471–479. [CrossRef] [PubMed]

18. Moslehi, A.; Komeili-Movahhed, T.; Ahmadian, M.; Ghoddoosi, M.; Heidari, F. Chlorogenic acid attenuates liver apoptosis and
inflammation in endoplasmic reticulum stress-induced mice. Iran. J. Basic Med. Sci. 2023, 26, 478–485.

19. Gao, W.; Wang, C.; Yu, L.; Sheng, T.; Wu, Z.; Wang, X.; Zhang, D.; Lin, Y.; Gong, Y. Chlorogenic Acid Attenuates Dextran Sodium
Sulfate-Induced Ulcerative Colitis in Mice through MAPK/ERK/JNK Pathway. Biomed. Res. Int. 2019, 2019, 6769789. [CrossRef]

20. Solleiro-Villavicencio, H.; Rivas-Arancibia, S. Effect of Chronic Oxidative Stress on Neuroinflammatory Response Mediated by
CD4(+)T Cells in Neurodegenerative Diseases. Front. Cell. Neurosci. 2018, 12, 114. [CrossRef]

21. Bakunina, N.; Pariante, C.M.; Zunszain, P.A. Immune mechanisms linked to depression via oxidative stress and neuroprogression.
Immunology 2015, 144, 365–373. [CrossRef]

22. Damiano, S.; Morano, A.; Ucci, V.; Accetta, R.; Mondola, P.; Paternò, R.; Avvedimento, V.E.; Santillo, M. Dual oxidase 2 generated
reactive oxygen species selectively mediate the induction of mucins by epidermal growth factor in enterocytes. Int. J. Biochem.
Cell Biol. 2015, 60, 8–18. [CrossRef] [PubMed]

23. Accetta, R.; Damiano, S.; Morano, A.; Mondola, P.; Paternò, R.; Avvedimento, E.V.; Santillo, M. Reactive Oxygen Species Derived
from NOX3 and NOX5 Drive Differentiation of Human Oligodendrocytes. Front. Cell. Neurosci. 2016, 10, 146. [CrossRef]
[PubMed]

24. Secondo, A.; De Mizio, M.; Zirpoli, L.; Santillo, M.; Mondola, P. The Cu-Zn superoxide dismutase (SOD1) inhibits ERK
phosphorylation by muscarinic receptor modulation in rat pituitary GH3 cells. Biochem. Biophys. Res. Commun. 2008, 376, 143–147.
[CrossRef] [PubMed]

25. Viggiano, A.; Serù, R.; Damiano, S.; De Luca, B.; Santillo, M.; Mondola, P. Inhibition of long-term potentiation by CuZn superoxide
dismutase injection in rat dentate gyrus: Involvement of muscarinic M1 receptor. J. Cell. Physiol. 2012, 227, 3111–3115. [CrossRef]
[PubMed]

26. Rani, V.; Deep, G.; Singh, R.K.; Palle, K.; Yadav, U.C. Oxidative stress and metabolic disorders: Pathogenesis and therapeutic
strategies. Life Sci. 2016, 148, 183–193. [CrossRef] [PubMed]

27. Block, M.L.; Calderón-Garcidueñas, L. Air pollution: Mechanisms of neuroinflammation and CNS disease. Trends Neurosci. 2009,
32, 506–516. [CrossRef]

28. Sivandzade, F.; Prasad, S.; Bhalerao, A.; Cucullo, L. NRF2 and NF-қB interplay in cerebrovascular and neurodegenerative
disorders: Molecular mechanisms and possible therapeutic approaches. Redox Biol. 2019, 21, 101059. [CrossRef]

29. Simpson, D.S.A.; Oliver, P.L. ROS Generation in Microglia: Understanding Oxidative Stress and Inflammation in Neurodegenera-
tive Disease. Antioxidants 2020, 9, 743. [CrossRef]

30. Damiano, S.; Sasso, A.; Accetta, R.; Monda, M.; De Luca, B.; Pavone, L.M.; Belfiore, A.; Santillo, M.; Mondola, P. Effect of Mutated
Cu, Zn Superoxide Dismutase (SOD1(G93A)) on Modulation of Transductional Pathway Mediated by M1 Muscarinic Receptor in
SK-N-BE and NSC-34 Cells. Front. Physiol. 2018, 9, 611. [CrossRef]

31. Kuhn, S.; Gritti, L.; Crooks, D.; Dombrowski, Y. Oligodendrocytes in Development, Myelin Generation and Beyond. Cells 2019, 8,
1424. [CrossRef] [PubMed]

32. Damiano, S.; La Rosa, G.; Sozio, C.; Cavaliere, G.; Trinchese, G.; Raia, M.; Paternò, R.; Mollica, M.P.; Avvedimento, V.E.; Santillo,
M. 5-Hydroxytryptamine Modulates Maturation and Mitochondria Function of Human Oligodendrocyte Progenitor M03-13
Cells. Int. J. Mol. Sci. 2021, 22, 2621. [CrossRef]

33. Káradóttir, R.; Attwell, D. Neurotransmitter receptors in the life and death of oligodendrocytes. Neuroscience 2007, 145, 1426–1438.
[CrossRef]

https://doi.org/10.1007/s002130051047
https://doi.org/10.1007/s10068-022-01094-z
https://doi.org/10.1021/acs.jafc.7b00729
https://www.ncbi.nlm.nih.gov/pubmed/28420230
https://doi.org/10.1007/s00394-017-1379-1
https://www.ncbi.nlm.nih.gov/pubmed/28391515
https://doi.org/10.1002/mnfr.200900056
https://www.ncbi.nlm.nih.gov/pubmed/19937852
https://doi.org/10.2298/VSP130915096G
https://doi.org/10.1007/s11745-001-0705-9
https://www.ncbi.nlm.nih.gov/pubmed/11269699
https://doi.org/10.1021/ct200572p
https://www.ncbi.nlm.nih.gov/pubmed/26598362
https://doi.org/10.2174/1570159X14666160325120625
https://www.ncbi.nlm.nih.gov/pubmed/27012954
https://doi.org/10.1155/2019/6769789
https://doi.org/10.3389/fncel.2018.00114
https://doi.org/10.1111/imm.12443
https://doi.org/10.1016/j.biocel.2014.12.014
https://www.ncbi.nlm.nih.gov/pubmed/25562511
https://doi.org/10.3389/fncel.2016.00146
https://www.ncbi.nlm.nih.gov/pubmed/27313511
https://doi.org/10.1016/j.bbrc.2008.08.110
https://www.ncbi.nlm.nih.gov/pubmed/18765227
https://doi.org/10.1002/jcp.23062
https://www.ncbi.nlm.nih.gov/pubmed/22015651
https://doi.org/10.1016/j.lfs.2016.02.002
https://www.ncbi.nlm.nih.gov/pubmed/26851532
https://doi.org/10.1016/j.tins.2009.05.009
https://doi.org/10.1016/j.redox.2018.11.017
https://doi.org/10.3390/antiox9080743
https://doi.org/10.3389/fphys.2018.00611
https://doi.org/10.3390/cells8111424
https://www.ncbi.nlm.nih.gov/pubmed/31726662
https://doi.org/10.3390/ijms22052621
https://doi.org/10.1016/j.neuroscience.2006.08.070


Int. J. Mol. Sci. 2023, 24, 16731 20 of 21

34. Maes, M.; Mihaylova, I.; Kubera, M.; Leunis, J.C.; Geffard, M. IgM-mediated autoimmune responses directed against multiple
neoepitopes in depression: New pathways that underpin the inflammatory and neuroprogressive pathophysiology. J. Affect.
Disord. 2011, 135, 414–418. [CrossRef] [PubMed]

35. di Penta, A.; Moreno, B.; Reix, S.; Fernandez-Diez, B.; Villanueva, M.; Errea, O.; Escala, N.; Vandenbroeck, K.; Comella, J.X.;
Villoslada, P. Oxidative stress and proinflammatory cytokines contribute to demyelination and axonal damage in a cerebellar
culture model of neuroinflammation. PLoS ONE 2013, 8, e54722. [CrossRef] [PubMed]

36. Damiano, S.; Sasso, A.; De Felice, B.; Terrazzano, G.; Bresciamorra, V.; Carotenuto, A.; Orefice, N.S.; Orefice, G.; Vacca, G.; Belfiore,
A.; et al. The IFN-β 1b effect on Cu Zn superoxide dismutase (SOD1) in peripheral mononuclear blood cells of relapsing-remitting
multiple sclerosis patients and in neuroblastoma SK-N-BE cells. Brain Res. Bull. 2015, 118, 1–6. [CrossRef] [PubMed]

37. Couvineau, A.; Voisin, T.; Nicole, P.; Gratio, V.; Abad, C.; Tan, Y.V. Orexins as Novel Therapeutic Targets in Inflammatory and
Neurodegenerative Diseases. Front. Endocrinol. 2019, 10, 709. [CrossRef]

38. Lu, H.; Tian, Z.; Cui, Y.; Liu, Z.; Ma, X. Chlorogenic acid: A comprehensive review of the dietary sources, processing effects,
bioavailability, beneficial properties, mechanisms of action, and future directions. Compr. Rev. Food Sci. Food Saf. 2020, 19,
3130–3158. [CrossRef]

39. Heitman, E.; Ingram, D.K. Cognitive and neuroprotective effects of chlorogenic acid. Nutr. Neurosci. 2017, 20, 32–39. [CrossRef]
40. Bai, C.; Zhou, X.; Yu, L.; Wu, A.; Yang, L.; Chen, J.; Tang, X.; Zou, W.; Wu, J.; Zhu, L. A Rapid and Sensitive UHPLC-

MS/MS Method for Determination of Chlorogenic Acid and Its Application to Distribution and Neuroprotection in Rat Brain.
Pharmaceuticals 2023, 16, 178. [CrossRef]

41. Ito, H.; Sun, X.L.; Watanabe, M.; Okamoto, M.; Hatano, T. Chlorogenic acid and its metabolite m-coumaric acid evoke neurite
outgrowth in hippocampal neuronal cells. Biosci. Biotechnol. Biochem. 2008, 72, 885–888. [CrossRef]

42. Shehat, M.G.; Tigno-Aranjuez, J. Flow Cytometric Measurement Of ROS Production In Macrophages In Response To FcγR
Cross-linking. J. Vis. Exp. 2019. [CrossRef] [PubMed]

43. Breitenbach, M.; Rinnerthaler, M.; Weber, M.; Breitenbach-Koller, H.; Karl, T.; Cullen, P.; Basu, S.; Haskova, D.; Hasek, J. The
defense and signaling role of NADPH oxidases in eukaryotic cells: Review. Wien. Med. Wochenschr. 2018, 168, 286–299. [CrossRef]
[PubMed]

44. Akira, S.; Takeda, K.; Kaisho, T. Toll-like receptors: Critical proteins linking innate and acquired immunity. Nat. Immunol. 2001, 2,
675–680. [CrossRef] [PubMed]

45. Kawai, T.; Akira, S. Signaling to NF-kappaB by Toll-like receptors. Trends Mol. Med. 2007, 13, 460–469. [CrossRef] [PubMed]
46. Ojha, D.; Mukherjee, H.; Mondal, S.; Jena, A.; Dwivedi, V.P.; Mondal, K.C.; Malhotra, B.; Samanta, A.; Chattopadhyay, D.

Anti-inflammatory activity of Odina wodier Roxb, an Indian folk remedy, through inhibition of toll-like receptor 4 signaling
pathway. PLoS ONE 2014, 9, e104939. [CrossRef]

47. Katoh, S.; Mitsui, Y.; Kitani, K.; Suzuki, T. Hyperoxia induces the differentiated neuronal phenotype of PC12 cells by producing
reactive oxygen species. Biochem. Biophys. Res. Commun. 1997, 241, 347–351. [CrossRef] [PubMed]

48. Cavaliere, F.; Benito-Muñoz, M.; Panicker, M.; Matute, C. NMDA modulates oligodendrocyte differentiation of subventricular
zone cells through PKC activation. Front. Cell. Neurosci. 2013, 7, 261. [CrossRef]

49. Zeis, T.; Schaeren-Wiemers, N. Lame ducks or fierce creatures? The role of oligodendrocytes in multiple sclerosis. J. Mol. Neurosci.
2008, 35, 91–100. [CrossRef]

50. Steudler, J.; Ecott, T.; Ivan, D.C.; Bouillet, E.; Walthert, S.; Berve, K.; Dick, T.P.; Engelhardt, B.; Locatelli, G. Autoimmune
neuroinflammation triggers mitochondrial oxidation in oligodendrocytes. Glia 2022, 70, 2045–2061. [CrossRef]

51. Zhao, Y.; Wang, C.; Yang, T.; Feng, G.; Tan, H.; Piao, X.; Chen, D.; Zhang, Y.; Jiao, W.; Chen, Y.; et al. Chlorogenic Acid Alleviates
Chronic Stress-Induced Intestinal Damage by Inhibiting the P38MAPK/NF-κB Pathway. J. Agric. Food Chem. 2023, 71, 9381–9390.
[CrossRef] [PubMed]

52. Cicek, B.; Hacimuftuoglu, A.; Yeni, Y.; Danisman, B.; Ozkaraca, M.; Mokhtare, B.; Kantarci, M.; Spanakis, M.; Nikitovic,
D.; Lazopoulos, G.; et al. Chlorogenic Acid Attenuates Doxorubicin-Induced Oxidative Stress and Markers of Apoptosis in
Cardiomyocytes via Nrf2/HO-1 and Dityrosine Signaling. J. Pers. Med. 2023, 13, 649. [CrossRef] [PubMed]

53. Li, L.; Deng, S.; Liu, M.; Yang, M.; Li, J.; Liu, T.; Zhang, T.; Zhao, Y.; He, M.; Wu, D.; et al. Novel recombinant protein flagellin A
N/C attenuates experimental autoimmune encephalomyelitis by suppressing the ROS/NF-κB/NLRP3 signaling pathway. Front.
Pharmacol. 2022, 13, 956402. [CrossRef] [PubMed]

54. Di Lorenzo, C.; Colombo, F.; Biella, S.; Stockley, C.; Restani, P. Polyphenols and Human Health: The Role of Bioavailability.
Nutrients 2021, 13, 273. [CrossRef] [PubMed]

55. Vesely, O.; Baldovska, S.; Kolesarova, A. Enhancing Bioavailability of Nutraceutically Used Resveratrol and Other Stilbenoids.
Nutrients 2021, 13, 3095. [CrossRef] [PubMed]

56. Kiernan, B.W.; Ffrench-Constant, C. Oligodendrocyte precursor (O-2A progenitor cell) migration; a model system for the study of
cell migration in the developing central nervous system. Dev. Suppl. 1993, 119, 219–225. [CrossRef]

57. Barres, B.A.; Raff, M.C. Proliferation of oligodendrocyte precursor cells depends on electrical activity in axons. Nature 1993, 361,
258–260. [CrossRef]

58. Baron, W.; de Jonge, J.C.; de Vries, H.; Hoekstra, D. Regulation of oligodendrocyte differentiation: Protein kinase C activation
prevents differentiation of O2A progenitor cells toward oligodendrocytes. Glia 1998, 22, 121–129. [CrossRef]

https://doi.org/10.1016/j.jad.2011.08.023
https://www.ncbi.nlm.nih.gov/pubmed/21930301
https://doi.org/10.1371/journal.pone.0054722
https://www.ncbi.nlm.nih.gov/pubmed/23431360
https://doi.org/10.1016/j.brainresbull.2015.08.009
https://www.ncbi.nlm.nih.gov/pubmed/26327496
https://doi.org/10.3389/fendo.2019.00709
https://doi.org/10.1111/1541-4337.12620
https://doi.org/10.1179/1476830514Y.0000000146
https://doi.org/10.3390/ph16020178
https://doi.org/10.1271/bbb.70670
https://doi.org/10.3791/59167
https://www.ncbi.nlm.nih.gov/pubmed/30907890
https://doi.org/10.1007/s10354-018-0640-4
https://www.ncbi.nlm.nih.gov/pubmed/30084091
https://doi.org/10.1038/90609
https://www.ncbi.nlm.nih.gov/pubmed/11477402
https://doi.org/10.1016/j.molmed.2007.09.002
https://www.ncbi.nlm.nih.gov/pubmed/18029230
https://doi.org/10.1371/journal.pone.0104939
https://doi.org/10.1006/bbrc.1997.7514
https://www.ncbi.nlm.nih.gov/pubmed/9425274
https://doi.org/10.3389/fncel.2013.00261
https://doi.org/10.1007/s12031-008-9042-1
https://doi.org/10.1002/glia.24235
https://doi.org/10.1021/acs.jafc.3c00953
https://www.ncbi.nlm.nih.gov/pubmed/37293923
https://doi.org/10.3390/jpm13040649
https://www.ncbi.nlm.nih.gov/pubmed/37109035
https://doi.org/10.3389/fphar.2022.956402
https://www.ncbi.nlm.nih.gov/pubmed/36452219
https://doi.org/10.3390/nu13010273
https://www.ncbi.nlm.nih.gov/pubmed/33477894
https://doi.org/10.3390/nu13093095
https://www.ncbi.nlm.nih.gov/pubmed/34578972
https://doi.org/10.1242/dev.119.Supplement.219
https://doi.org/10.1038/361258a0
https://doi.org/10.1002/(SICI)1098-1136(199802)22:2%3C121::AID-GLIA3%3E3.0.CO;2-A


Int. J. Mol. Sci. 2023, 24, 16731 21 of 21

59. Shen, H.Y.; Huang, N.; Reemmer, J.; Xiao, L. Adenosine Actions on Oligodendroglia and Myelination in Autism Spectrum
Disorder. Front. Cell. Neurosci. 2018, 12, 482. [CrossRef]

60. Klotz, L.; Antel, J.; Kuhlmann, T. Inflammation in multiple sclerosis: Consequences for remyelination and disease progression.
Nat. Rev. Neurol. 2023, 19, 305–320. [CrossRef]

61. Roelofs, B.A.; Ge, S.X.; Studlack, P.E.; Polster, B.M. Low micromolar concentrations of the superoxide probe MitoSOX uncouple
neural mitochondria and inhibit complex IV. Free Radic. Biol. Med. 2015, 86, 250–258. [CrossRef]

62. McCloy, R.A.; Rogers, S.; Caldon, C.E.; Lorca, T.; Castro, A.; Burgess, A. Partial inhibition of Cdk1 in G 2 phase overrides the SAC
and decouples mitotic events. Cell Cycle 2014, 13, 1400–1412. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fncel.2018.00482
https://doi.org/10.1038/s41582-023-00801-6
https://doi.org/10.1016/j.freeradbiomed.2015.05.032
https://doi.org/10.4161/cc.28401

	Introduction 
	Results 
	CGA Reduces Superoxide Ions, Mitochondrial ROS and NADPHox Protein Levels 
	CGA Inhibits TNF-Induced Pro-Inflammatory/Proapoptotic Pathways 
	CGA Exerts Inhibitory Effects on M03-13 Cell Proliferation, Blocking the Cell Cycle in the G0/G1 Phase 
	Effects of CGA on M03-13 Cell Differentiation 

	Discussion 
	Materials and Methods 
	Cell Cultures 
	Cell Viability Assay 
	Western Blotting Analysis 
	DHE (Dihydroethidium) and MitoSOXTM Red Analysis 
	Cell Cycle Analysis 
	CFSE Assay 
	Crystal Violet Staining Assay for Cell Morphology Evaluation 
	RNA Extraction and RT-PCR 
	Statistical Analysis 

	Conclusions 
	References

