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Abstract

Overexpression of extracellular signal-regulated kinase 2 (ERK Y2) signaling pathway leads to overproduction of reactive
oxygen species (ROS) which induces oxidative stress. Coenzyme Q10 (CoQ10) scavenges ROS and protects cells against
oxidative stress. The present study was designed to examine whether the protection of Coenzyme Q10 against oxidative
damage in astrocytes is through regulating ERK 1/2 pathway. Ultraviolet B (UVB) irradiation was chosen as a tool to induce
oxidative stress. Murine astrocytes were treated with 10 pg/ml and 25 pg/ml of CoQ10 for 24 h prior to UVB and main-
tained during UVB and 24 h post-UVB. Cell viability was evaluated by counting viable cells and MTT conversion assay.
ROS production was measured using fluorescent probes. Levels of p-ERK 1/2, ERK 1/2, p-PKA, PKA were detected using
immunocytochemistry and/or Western blotting. The results showed that UVB irradiation decreased the number of viable
cells. This damaging effect was associated with accumulation of ROS and elevations of p-ERK 1/2 and p-PKA. Treatment
with CoQ10 at 25 pg/ml significantly increased the number of viable cells and prevented the UVB-induced increases of
ROS, p-ERK 1/2, and p-PKA. It is concluded that suppression of the PKA-ERK 1/2 signaling pathway may be one of the
important mechanisms by which CoQ10 protects astrocytes from UVB-induced oxidative damage.
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Introduction

It is well known that astrocytes are the most abundant
cells in the central nervous system (CNS), and they can be
found all over the regions of the brain [1]. Astrocytes exert
far-ranging functions including guidance of the develop-
ment of neurons during brain development, supplement of
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many growth factors, maintenance of the blood—brain bar-
rier (BBB) integrity, and participating in the immune and
repairing responses to injury [2, 3]. In the past few decades,
neuronal responses to acute and chronic brain injury events
have been extensively studied [4, 5]. In recent years, more
attentions have been drawn to astrocyte due to its critical role
in the modulation of synaptic transmissions, management
of energy metabolism, maintenance of ion homeostasis and
integrity of the BBB, and the promotion of tissue repair after
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brain injuries [6—8]. Understanding the molecular signaling
pathways that initiate astrocyte damage is important for the
development of therapeutic approaches that preserve astro-
cyte morphology and function.

Excessive accumulation of reactive oxygen species (ROS)
in cell causes damage to lipid, protein, and DNA, which
adversely affects cellular function and results in cell death.
In the nervous system, accumulation of ROS has been shown
to damage the electron transport chain (ETC) complexes,
resulting in more mitochondrial production of toxic oxy-
gen radicals [9]. For the reasons of high oxygen consump-
tion, low antioxidant defense and the presence of abundant
oxygen-sensitive lipids, the brain is vulnerable to excessive
production of ROS [10]. It is reported that ROS induced by
H,0,, changes lipid level of astrocytes plasma membrane
and makes it fragile [11]. As astrocytes may be more vulner-
able than neurons to ROS following injury, preventing ROS
damage in glia is particularly important [12].

Mitogen-activated protein kinase (MAPK) family is an
important intracellular signal transduction system, that par-
ticipates in a series of physiological and pathological pro-
cesses, including cell death and survival [13]. Extracellular
signal-regulated kinase 1/2(ERK 1/2) is a member of MAPK
family. ERK 1/2 signaling pathway plays an important role
in the maintenance of neuronal function and plasticity fol-
lowing traumatic brain injury [14]. It has been demonstrated
that suppressing ERK 1/2 activation by U0126 could allevi-
ate sevoflurane induced learning and memory malfunction
[15]. Our previous study has shown that lactic acid could
result in astrocyte death through activation of phosphoryl-
ated-ERK 1/2 (p-ERK 1/2) [16] and that increased ERK
1/2 phosphorylation might be associated with neuronal cell
death caused by cerebral ischemia [17]. Protein kinase A
(PKA) is a member of the Ser/Thr protein kinase family and
is a catalytic subunit of cAMP-dependent protein kinase.
The stimulation of PKA causes ERK 1/2 phosphorylation
[18].

Coenzyme Q10 (CoQ10), a component of the mito-
chondrial electron transport chain, is well characterized
as a neuroprotective antioxidant in animal models of neu-
rodegeneration, including Alzheimer’s disease [19] and
Parkinson’s disease [20]. It is also believed that CoQ10
prevents oxidative stress which induced vascular endothe-
lial cell senescence and dysfunction [21]. CoQ10 protects
optic nerve head astrocytes against oxidative stress-caused
damage through increasing mitochondrial mass and bioen-
ergetic function [22]. Our previous studies also suggested
that CoQ10 could protect neural cells from UVB damage
by inhibiting mitochondria-initiated cell death pathway and
promotes mitochondrial biogenesis [23]. Previous studies
have shown that CoQ10 could block ERK 1/2 MAPK signal-
ing in vascular endothelial cells and articular chondrocytes
[24, 25]. The objectives of this study are to define whether
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oxidative stress induced cell damage in astrocytes, is related
to activation of PKA-ERK signaling pathway, and whether
CoQ10 protects astrocytes against oxidative damage, by pre-
venting the over activation of PKA-ERK 1/2 pathway. In this
study, murine embryonic astrocytes were exposed to ultra-
violet wave B (UVB) irradiation and treated with vehicle
or CoQ10 of 10 and 25 pg/ml. Cell viability, ROS content,
and p-ERK 1/2, ERK 1/2, p-PKA, and PKA levels were
measured. The results demonstrated that CoQ10 protected
astrocytes against UVB-induced cell death. The protective
effect was associated with reduction of ROS content and
suppression of UVB-induced activation of PKA-ERK 1/2
signaling pathway.

Material and Methods
Reagents

Dulbecco’s modified Eagle medium (DMEM) (Invitrogen,
Carlsbad, CA) and fetal bovine serum (FBS, HyClone Cell
Culture and Bioprocessing) were used. Trypsin-Versene
mixture and Penicillin—Streptomycin solution were pur-
chased from HyClone laboratories (Waltham, MA). CoQ10
was obtained from Sigma-Aldrich (St. Louis, MO USA),
dissolved in DMSO (Mediatech, USA) and diluted in culture
medium.

Cell Culture, UVB and CoQ10 Treatment

The purchased murine astrocytes from embryo (G355-5,
ATCC, USA) were cultured in DMEM supplemented with
10% FBS, 100 mM Penicillin—-Streptomycin and main-
tained at 90% relative humidity in 5% CO, at 37 °C. The
culture medium was renewed every 2 days. Murine astro-
cytes (15,000-80,000/well) were seeded in 12 or 96-wells
cell culture plates and incubated in the above medium for at
least 24 h in CO, incubator to 80% cell confluence.

Ultra violet B irradiation was chosen for inducing oxida-
tive stress to the cells. Prior to UVB irradiation, the cultures
were washed twice to remove residual serum and nonat-
tached cells. Cells were incubated in serum-free medium
for 1 h and then exposed to 7 mJ/cm? dose of UVB irradia-
tion with a Fisher UV Transilluminator FB-TI-88A. This
UVB dosage energy was chosen based on our previous study
showing 50-70% cell death at 24 h post-exposure [26]. After
UVB radiation, cells were returned to the culture incubator
for 24 h of recovery at 37 °C. The cells were treated with
10 pg/ml and 25 pg/ml of CoQ10 for 24 h prior to UVB
and the CoQ10 dose was maintained during and after UVB
irradiation [26]. DMSO (0.1%) treated cells were used as
control.
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Cell Viability Assay

At 24 h after UVB irradiation, numbers of viable cells in
12-well plates were counted using Beckman Coulter Vi-Cell
Automated Cell Viability Analyzer (WS-VICELL), which
uses trypan blue exclusion principle. Before counting num-
bers of viable cells using Beckman Coulter Vi-Cell Auto-
mated Cell Viability Analyzer (WS-VICELL), cultured cells
were digested with trypsin to obtain single cell suspension
and stained by trypan blue. The number of viable cells was
calculated and presented. All experiments were performed in
triplicate and repeated in at least three separate experiments.

Mitochondrial Succinate Dehydrogenase Activity

To measure the mitochondrial succinate dehydrogenase
activity in vehicle and CoQ10 treated murine astrocytes,
3-(4,5,-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) conversion assay was used. Conversion of
yellow MTT to purple formazan requires succinate dehy-
drogenase and depends on the activity of mitochondria res-
piratory chain. The MTT assay can be used to determine
mitochondria activity, as well as measure cell viability. The
cells were seeded in 96-well plates for MTT staining after
24 h of recovery following UVB injury. The MTT was added
to the medium and incubated for 4 h in 37 °C in dark. After
incubation, the cells were incubated in DMSO to enable the
release of formazan. Absorbency at the wavelength 570 nm
was read on an ELISA plate reader (Molecular Device, San
Jose, USA).

Measurements of Superoxide

Intracellular ROS (superoxide anion) production was deter-
mined using dihydroethidium (DHE) fluorescent probe.
Briefly, cells (2 x 106/mL) were incubated with the DHE
(2.5 pM) for 30 min at 37 °C. The cells were washed, resus-
pended in phosphate buffered saline (PBS) and analyzed for
fluorescence intensity using Fluoromax-4 spectroflorometer
(HORIBA Jobin Yvon Inc, Edison, NJ) at the excitation and
emission wavelengths of 480 nm and 590 nm respectively.
The results were presented as relative fluorescence intensity
(RFD).

Immunocytochemistry

Astrocytes were fixed with 4% paraformaldehyde for 20 min
at room temperature and washed with PBS for immunocy-
tochemistry. After permeabilization in 0.5% Trinton X-100
for 15 min, the cells were incubated overnight at 4 °C with
monoclonal anti-phospho-ERK 1/2 antibody (1:200 dilu-
tion, Cell Signaling Technology), monoclonal anti-GFAP
antibody (1:300 dilution, Cell Signaling Technology), and

polyclonal anti-phospho-PKA antibody (1:100 dilution,
Abcam) followed by incubation with a secondary goat anti-
rabbit Alexa Fluor 488 (Invitrogen) or goat anti-mouse Alexa
Fluor 568 conjugate (Invitrogen) for 1 h at room tempera-
ture. The slides were mounted with Vectashield Mounting
Media containing DAPI (Vector Laboratories) and scanned
under a fluorescence confocal microscope (Nikon Eclipse
C1). Three microscopic fields at 400 X were captured and
number of positively stained cells was counted.

Western Blot Analysis

After UVB irradiation and CoQ10 treatment, cells were col-
lected and lysed on ice in lysis buffer containing 20 mM
Tris (pH 7.4), 10 mM KCI, 3 mM MgCl,, 0.5% NP40 and
protease inhibitors (Roche). The lysates were centrifuged at
500 g for 10 min and resulted in a supernatant (S1) and a
pellet (P1). The S1 fraction was centrifuged at 20,000 g for
20 min and the resulting supernatant was used as a cytosolic
fraction. The P1 fraction was washed twice with lysis buffer,
resuspended in lysis buffer containing 1% SDS and sonicated
briefly on ice (Misonix, Ultrasonic Cell Disrupter). It was
then centrifuged at 20,800 g for 30 min and the resulting
supernatants were designated as nuclear fractions. The purity
of different cellular fractions has been tested previously [26].
The cell lysates containing 20 ug proteins were loaded into
each lane, separated in 10% NuPAGE BT gels (Invitrogen),
transferred to a PVDF membrane (Millipore), and probed
with antibodies against phospho-ERK 1/2 (1:2000 dilution,
Cell Signaling Technology), ERK 1/2 (1:1000 dilution, Cell
Signaling Technology), phospho-PKA (1:2500, Abcam), and
PKA (1:500, Abcam).

Statistical Analysis

All data were presented as means + SD. One-way ANOVA
followed by Tukey’s test was used for statistical analysis. A
value of p <0.05 was considered statistical significant.

Results
Effect of CoQ10 on UVB Induced Astrocytes Injury

To investigate the effect of CoQ10 on UVB-induced dam-
age to astrocytes, numbers of viable cells were counted in
non-UVB-challenged (Fig. 1a), UVB-challenged (Fig. 1b),
and CoQ10-treated groups (Fig. 1c, d). UVB irradiation
reduced the viable cells from 156,667 +39,832.98/mL to
61,333 +3723.80/mL, nearly a 60% reduction compared
with non-UVB treated cells (p <0.01). Treatment with
CoQ10 at a concentration of 25 pug/ml significantly increased
the number of viable cells (p <0.05), but there was no
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Fig. 1 Cell viability with trypan
blue staining. The representative
photomicrograms in non-UVB
(a), UVB (b), CoQ10 10 pg/

ml (¢), and CoQ10 25 pug/ml
(d). Bar=25 pm. e Bar graph
sums up viable cells. #p <0.01
versus non-UVB and *p <0.05
versus UVB. One-way ANOVA
followed by Tukey’s test

significant difference the between 10 ug/ml group and UVB
group (Fig. 1c).

Influence of CoQ10 on Mitochondrial Succinate
Dehydrogenase Activity

The mitochondrial succinate dehydrogenase enzyme activ-
ity was detected using MTT assay (Fig. 2). Compared with
Non-UVB control (Fig. 2a), UVB-irradiation resulted in a
significant decrease of MTT reduction (Fig. 2b), indicat-
ing a decrease of metabolically active mitochondria and cell
viability. In contrast, 25 pug/ml of CoQ10 significantly inten-
sified MTT reduction (Fig. 2d), but significant difference
was not found between 10 pg/ml group (Fig. 2¢) and UVB
group. A summarized bar graph is given in Fig. 2e.

Effects of CoQ10 on ROS

ROS production was measured using dihydroethidium
(DHE) probe. As shown in Fig. 3, compared with Non-UVB
control (Fig. 3a), UVB irradiation significantly increased
the production of ROS (Fig. 3b). Treatment with both
10 pg/ml and 25 pg/ml of CoQ10 prevented the increase of

Fig.2 MTT assay of cell
viability and mitochondrial
succinate dehydrogenase
activity. The representative
photomicrograms in non-UVB
(a), UVB (b), CoQ10 10 pg/
ml (¢), and CoQ10 25 pg/ml
(d). Bar=25 pm. e Bar graph
sums up cell viability. #p <0.01
versus non-UVB and *p <0.05

versus UVB. One-way ANOVA e
followed by Tukey’s test "Q§
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UVB-induced ROS production (Fig. 3c, d), almost down
to the level of ROS in non-UVB irradiated controls. Rela-
tive fluorescence intensity (RFI) was summarized in the bar
graph (Fig. 3e).

Effect of CoQ10 on p-ERK 1/2 After UVB

To examine whether the protective effect of Coenzyme Q10
on asrtocytes is via regulating ERK 1/2 pathways, we per-
formed immunocytochemistry and/or Western blotting using
specific antibodies against GFAP and p-ERK 1/2 (Fig. 4).
As is shown in Fig. 4a, almost no p-ERK 1/2 positive
staining was observed in control cells without UVB chal-
lenge (Fig. 4a, upper pannel). UVB irradiation induced a sig-
nificant increase in p-ERK 1/2 positive cells (Fig. 4a, mid-
dle pannel). The location of the p-ERK 1/2 is in the nuclei.
Treatment with CoQ10 (25 pg) dramatically decreased the
number of p-ERK 1/2 positive cells (Fig. 4a, lower pannel).
In addition, all of the cells in every group were labeled by
the marker of astrocyte GFAP. In agreement with the immu-
nocytochemical finding, Western blotting using p-ERK 1/2
antibody (Fig. 4b, ¢) revealed two weak bands of 44 and 42
KD in the nuclear fraction of the non-UVB control group.
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Fig. 3 Measurements of ROS
by dihydroethidium probe.

The representative photomi-
crograms of dihydroethidium
fluorescent probe in non-UVB
(a), UVB (b), CoQ10 10 pg/ml
(c), and CoQ10 25 pg/ml (d).
Bar=25 pm. e Bar graph sums
up the relative fluorescence
intensity (RFI). #p <0.01 versus
non-UVB and *p <0.05 versus
UVB. One-way ANOVA fol-
lowed by Tukey’s test

Fig.4 p-ERK1/2 assay after
UVB and CoQ10. a The repre-
sentative photomicrograms of
immunofluorescence of p-ERK
1/2 and GFAP, Bar=50 pm.

b Representative Western blot
showing p-ERK 1/2. ¢ Bar
graph sums up the ratio of
p-ERK 1/2/ERK 1/2. #p <0.01
versus non-UVB and *p <0.05
versus UVB. One-way ANOVA
followed by Tukey’s test
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After UVB exposure, p-ERK 1/2 protein expression mark-
edly increased (p <0.01) and 25 pg/ml of CoQ10 treatment
significantly reduced the p-ERK 1/2 back to control levels
(p <0.05). There was no obvious change in the total amount
of ERK 1/2 (Fig. 4b, c).

Effect of CoQ10 on p-PKA After UVB

Because ERK 1/2 can be activated by PKA [3, 10], we
decided to study whether CoQ10 blocks the activation
of PKA in cells exposed to UVB. PKA and p-PKA were
detected in UVB exposed cells treated with or without
CoQ10 using immunocytochemistry and Western blot-
ting. As shown in Fig. 5a, a few scattered p-PKA positive

Fig.5 Phospho-PKA assay after
UVB and CoQ10. a The repre-
sentative photomicrograms of
immunofluorescence of p-PKA,
Bar=25 pm. b Representative
Western blot showing p-PKA. ¢
Bar graph sums up the ratio of
p-PKA/PKA. #p <0.01 versus
non-UVB and *p <0.05 versus
UVB. One-way ANOVA fol-
lowed by Tukey’s test

Non-UVB

a
DAI:,I...-
Merge....

cells were observed in control cells without UVB irradia-
tion (Non-UVB colum). Number of p-PKA positive cells
which were localized in cytoplasm increased after UVB
irradiation (UVB colum) and decreased after treating with
10 pg/ml or 25 pg/ml CoQ10 (10- and 25-CoQ10 colums).
High dose of CoQ10 (25 pg/ml) intend to have better effect
than the low dose (10 pg/ml) (Fig. 5a). Western blotting
using p-PKA antibody that detects 40 KD p-PKA further
supports the findings observed in p-PKA immunocytochem-
istry (Fig. 5b). The protein level of p-PKA was increased
markedly after UVB exposure. Pretreatment with 25 ug/
ml of CoQ10 suppressed the expression of p-PKA in the
cytosolic fraction, but the CoQ10 10 pg/ml group had not
statistical significance compared to UVB group (Fig. 5b, c).
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Discussion

Our results demonstrated that UVB irradiation resulted
in astrocyte cell death and CoQ10 with 25 pg/ml signifi-
cantly increased the cell viability as reflected by trypan
blue cell count and MTT assay. These results are consist-
ent with our previous report [16, 26]. It is well known
that UVB irradiation causes increased production of ROS
[27]. The ROS are mainly produced by the mitochon-
dria, microsomes, and enzyme catalyzed reactions [28].
In normal conditions, the excessive ROS is degraded by
intrinsic antioxidants such as superoxide dismutases and
glutathione peroxidases [29]. Under pathological condi-
tions, environmental stressors include ischemic glucose/
oxygen deprivation, inflammatory, release of excitatory
neurotransmitters, and metabolic depression could lead
to the accumulation of ROS and induce oxidative stress
[30, 31], causing damage to the mitochondria, lipid mem-
branes, proteins and DNA. Mitochondria are considered
to be the main source of ROS in activated astrocytes [32].
In the present study, we have found that UVB irradiation
significantly increased ROS production as detected by
DHE probe, which is consistent to previous reports [33].
CoQ10 treatment successfully blocked the UVB-induced
ROS production, almost down to the level of ROS in non-
UVB irradiated controls. The effects of CoQ10 on ROS
generation have been reported to be involved in patho-
genesis of diabetes, myocardial damage, and Glaucoma
[34-36]. It has also been reported that the combined appli-
cation of CoQ10 and vitamin E could protect against UVB
radiation-induced skin injury [37].

ERK1/2 are members of the mitogen-activated protein
kinases (MAPKs) family. ERK1/2 are normally located
in the cytoplasm. When being activated, becoming
p-ERK1/2, they translocate to the nucleus, where caus-
ing phosphorylation of various transcription factors and
nuclear proteins to promote cell proliferation and differ-
entiation [38]. Oxidative stress could activate the MAPK
signaling pathways [39]. However, it is still controversial
whether such activation is protective or damaging to the
cells. In neuronal cells, oxidative stress activates ERK1/2
and inhibition of the ERK1/2 pathway blocked apopto-
sis [40]. In astrocytes and malignant glioma, oxidative
stress activates ERK 1/2 as well [41, 42]. Oxidative stress
induced ERK 1/2 activation is associated with astrocyte
swelling and cell death [40, 43]. In the present study, it
was demonstrated that UVB irradiation induced a signifi-
cant increase of p-ERK1/2. Treatment with CoQ10 (25 pg/
ml) dramatically decreased the protein of p-ERK1/2. These
data suggest that activation of ERK1/2 maybe associated
with cell death induced by oxidative stress in astrocytes
and the protective effect of CoQ10 against UVB-induced

oxidative damage is related to its capacity to suppress
ERK 1/2 activation. This notion is supported by the find-
ing that ERK 1/2 promotes caspase-3 activation [44] and
ROS-enhanced ERK activation leads to cell death [45].

Protein kinase A (PKA) is a tetramer consisting of two
regulatory and two catalytic subunits. cAMP could bind to
the regulatory subunits of PKA and induce the phosphoryla-
tion of cellular substrates. The cAMP signaling regulates
various cellular responses by activating three major cAMP
effector molecules: PKA, Epac, and cyclic-nucleotide-gated
ion channels [46]. It is known that PKA and MAPK path-
ways interact with each other [47]. It was reported that the
phosphorylation of both PKA and ERK 1/2 was increased
in LGALS12 (Galectin-12) knockdown adipocytes [48].
They speculate that phosphorylated ERK 1/2 results from
PKA activation [48]. It was found that activation of p-ERK
1/2 was enhanced by pre-treatment with Forskolin, a PKA
activator [49]. In this study, p-PKA protein was significantly
increased in UVB irradiated cells compared to that of the
control cells and treatment with 25 ug/ml of CoQ10 signifi-
cantly suppressed p-PKA. The result suggests that CoQ10
inhibits the PKA-ERK 1/2 signaling pathway.

The limitation of the present study is that it just pro-
vided an association relationship between the UVB dam-
age and extracellular CoQ10 treatment in the astrocytes.
In order to clarify the CoQ10 antioxidant role, future stud-
ies could use the quantitative analysis of CoQ10 contents
before/after supplementation in blood, cells or mitochon-
dria, and more elaborate antioxidation experiments.

In summary, these data have confirmed that UVB irradi-
ation induces astrocytes death, and this detrimental effect
is associated with enhanced ROS accumulation and activa-
tion of PKA-ERK 1/2 signaling pathway. Suppression of
the PKA-ERK 1/2 signaling pathway may be one of impor-
tant mechanisms by which CoQ10 protects astrocytes from
UVB-induced oxidative damage.
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