©

saline, followed by 500 ml of 4% paralormaldehyde in 0.1 M phosphate
buffer (1B jpH 7.4). The brain was quickly removed, post fixed in a solu-
tion uf 4% paraformaldehyde at room lemperature for 4 b, and then im-
mersed overnight in a cold solution of 20% sucrose. Later, the brains
were cut at 50 um thickness in the frontal plane using a (reezing
microtame.

the immunohistochemistry procedure was carried out as described
previously (Liaury et al., 2012 ). After incubation in 1% H»0- solution,
free-floating sections were preincubated with 1.5% normal goat serum
and 0.2% Triten-X in 0.1 M PB{pH 7.4) for 1 h rotating at room temper-
ature (RV, and then incubated overnight with the primary antibedy,
mouse anti-CD b ¢ 1:500. AbD Serotec, Oxford. UK). Subsequently.
the sections were incubated for 1 h in biotinylated anti-mouse 1gG

{ 12200, Standard ABC Kit. Vector Labs. Burlingame, CA. USA), then incu-
h.le(l for 1 h in PBS containing avidin-biotin peroxidase complex
{ABC). Later, the seclions were developed by incubating in PBS contain-
ing 10 mg diaminobenzidine {DAB) and 5 ul of 30% hydrogen peroxide
for 1O min.

For double immunolluorescent labeling, sections were incubated in
the primary antibody, rabbit anti-ionized calcium binding adaptor mol-
ecule 1 ¢ihat, 114000, Wako Lid.. Osaka. Japan), followed by Cy3-
conjugated anti-rabbit 12G (1:1000. Amersham Bioscience Lid.,
Piscataway. NJ. LISA) For the secondary antibody, we used mouse
anti-CH D ¢ 125000, {ollowed by AlexadS8-conjugated anti-mouse 1gG
121000, tnvitrogen, Carlsbad, CA, USA).

26, Measuring CD 1 Th-labeled microghiol cells immunoreactive areg

Ihe immunoreactive area was measured using a computer-assisted
inage analysis program gimageTool V. 2.0, Department of Dental Diag-
noestic Science, Liniversity of Texas Health Science Center, San Antonio,
PXCUSAL Images were captured from four areas within the hippocam-
pal DG hilas, subgranular zone {SGZ), granular layer (GL). and molecu-
Lar layer ¢ ML Sections containing CD U b-labeled cells were examined
under a lisht microscope (Niken, FCUPSE £800). Images (N = 80 per
region, per tme pointy were randemly captured from the same region
s;t interest from interaural 5.8% mm, bregma — 3.12 mm, to inleraural

4,20 mm. bregma — 4.80 mm, based on the rat brain atlas { Paxinos
md Watson, 2007}, The images were analyzed using the software that
automates converting all immmunclabeled elements that fall within a
threshold range inte pure black pixels and the rest of the image into
pure white pixels. The software then quantifies the total numbers and
percentages of black and white pixels for statistical analysis of the data.

2.7, Statistical analysis

fhie data are presented as the mean = standard error of the mean
(SEM). The PPLdata were analyzed by three-way analysis of variance
{ANDVA Y using R version 2.0.2 {The R Foundation for Statistical Com-
puting, Vienna, Austria) which analyzed the interaction between three
factors (strain ~ treatment » prepulse intensily). When appropriate,
gronp means at individual levels were compared by post-hoc
Bonferroni analysis to determine the differences among groups. The
NORT and immunachistochemistry data were analyzed by two-way
ANOVA (sirain » treatment) and followed by the post hoc Bonferroni
test. This analysis was performed with SPSS software (Dr. SPSS I for
Windows V. 110, SPSS Inc., Chicago. IL, USA). Significance {or the result
wasset at p 0.05.

3. Resulis
3.0 Effects of minocycline on PR deficits
The PP1est was conducted with two different prepulse stimulus in-

tensities, 70 dB and 80 dB. The three-way ANOVA revealed that there
was no significant three-way inleraclion between strain, treatment
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and prepulse intensity (Fj 4y = 0.025,p > 0.05). As for two-way inter-
action, only interaction between strain and prepulse intensity was sig-
nificant (Fyy 45y = 4.792, p - 0.05). We lound significant main elfects
for all factors included. The %FPI results were significantly affected by
strain, treatment and prepulse inlensity. ¥PPI was significantly lower
for Gunn rats than Wistar rats (Fqas; = 34433, p < 0.001). Treatment
with minocycline produced significantly higher %PPI resull than Lreat-
ment with saline (F; s, = 4413, p - 0.05). As shown in Fig. 1, post
hoc Bonferroni test revealed that the GV group had a significant lower
%PPL compared o the WV group in both 70 dB (F, .4 = 20.886,
p = 0.001) and 80 dB (F:y 24, = 9.040, p = 0.006) Lests. Treatment
with minocycline for 14 days significantly increased the %PPIin the
GM group compared to the GV group al 80 dB (F, s, = 4.360,
p = 0.048) but produced no significant difference al 70 dB (F; 2y, =
3.545, p = 0.072). Meanwhile, no significant difference was found
in WM compared te WV groups both at 70 dB (F s, = 0.006.
p=0941)and at 80 dB (F.za; = 0044, p = 0.835).

3.2. Effects of minocycline on recognition memory

As shown in Fig, 2, in the training session, lwo-way AMOVA revealed
that here were no swmﬁr ant interaction between strain > lreatment in
both total time (Fyas = 2.272, p = 0.913) and in exploratory prefer-
ence (Fosae = 2945, p = 0.412). In the relention session, two-way
ANOVA revealed significant differences among the groups studied in
total time (Fiaas, = 0257, p = Q.005) and in exploratory preference
(F(3.38) = 0.224, p = 0.004). Post hoc analysis indicated that GV
group showed significant reduction in total time (¥, 1, = 4.701,
p = 0036} and exploratory preference (I 1. = 10,975, p = 0.002)
compared to the WV group. Treatment with minocycline in the GM
group significantly improved the explotatory preference (F .y, =
8.026, p = 0.007) withoul alfecting the total exploration time
(Firag: = 0121, p = 0.730) compared to the GV group. Meanwhile,
treatment with minocycline showed no significant difference in ithe
WM zroup compared Lo the WV group on total exploration time and
exploratory preference in both lhe Lraining or retention sessions,

3.3. Effecis of mirocycline on microgliol activation

Next, we exaniined the effects of minocyclineg (reatment on
microglial activation in the hippocampal DG. CDUb expression in the
hippocampal DG of the GV group was consistently high. In many
cases, the CDTTb immunoreactivity was detected not only in the thick
processes, but also strongly expressed within the cell bodies of
the that-labeled microglial cells (Fig. 3-1b, ~1¢). Statistical analysis
by (wo-way ANOVA revealed a significant interaclion between
strain > treatment in hilus (Fso0, = 1.977.p = 0.006), SGZ (Fy0n, =
1.902, p = 0.003), granular lavel (Fiaon = 7135, p = 0.045}. but
not in molecule layer (¥ 520: = 6,986, p = 0.644). Post hoc analysis
indicated asignificantincrease in percentage of CD11b immunoreac-
tivity of the GV group in the hilus (F.j26. = 43.506, p < 0.001)
SGZ (F. 120, = 57.156, p - 0.001), granular layer (F;»q, = 18, 6!‘:1
p - 0.001), and molecular layer (F. 120, = 11.323.p = O()O_») com-
pared to the WV group (Fig. 4a—cl).

The consecutive administration of minocycline (40 mg/kg) flor
14 days decreased the CD'11b expression in the DG of the GM group.
In this case, most CD11b immunoreactivity was expressed only on the
thin ramified processes with a slight expression within the cell bodies
of the Ibat-labeled microglial cells (Fig. 3-2b, 3-2¢). A post hoc
Bonferroni test revealed that minocycline significantly decreased the
percentage of CD11b immunoreactivity in the hilus (F 100, = 23.510,
p - 0.001), SGZ (Fi1200 = 18473, p~ 0.001), and granular layer
(F:i20: = 8.907, p = 0.007) compared to the GV group {Fig. 4a~c). No
significant difference was found between WV and WM graups.
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4. Discussion

The major findings ol the present study are that minocycline signif-
icantly improved the impairment of recognition memory in Gunn rats,
and that minocycline significantly attenuated the activation of
microglial cells in the hippocampal DG. To our knowledge. this is the
first report demonstrating the effects of minecycline on behavioral
changes and on microglial activation in the Gunn ral, a possible
hyperbilirubinemia-induced animal model of schizophrenia,

Our results showed that Gunn rats had lower %PPI compared to
Wistar control rats. indicating that the Guon rat has impaired sensori-
motor gating. Moreover, Gunn rats also showed a reduction of explor-
atory preference after long-term retention interval (24 h) during
NORT, indicating that the Gunn ral has impaired recognition memory.
Our findings are in agreement with other animal models of schizophre-
nia on the association with PPl deficits (Dieckmann et al., 2007; Geyer
el al., 1990) and NORT impairment (Kamei el al., 2006; Mizoguchi
el al., 2008). Taking these facts together, we herein propose the Guinn
rat as a potential animal model in relation to the cognitive deficits in
schizophrenia.

To detect and measure the microglial activation in the hippocampal
DG, we used a marker of integrin alpha M (ITGAM) cluster of differenti-
ation molecule 118 (CD11b), which is expressed on all types of microg-
lia, and expression of which is significantly increased on activated
microglial cells (He et al., 1997). Furthermore, one of the earliest chang-
es in microglia cells after (acial nerve trisection was the up-regulation of
CD11b (Graeber et al., 1988). Therefore, CD11b expression appears (¢ be
asensitive marker of microglial activation. The hippocampal region was
our main interest due Lo its potential role in learning and memory with
the dentate gyrus (DG) as the primary gateway for inputs into the hip-
pocampus with a continuously developing structure with birth of new
neurons — ‘neurogenesis’ — throughout mammalian life (Gage, 20C2).
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the number and’or morphotogy of microglial cells in brain regions in-
volved in cognitive and emotional aspects of behavior may represent
an etivlogical factor in the onsel or progression of memory impairment
and newropsychiatric disorders (Blank and Prinz, 2013). Accordingly.
we assumed that the chronic microglial activation in adult Gunn rat is
potentially more maladaptive than peuroprotective (Liaury et al..
2012}, and based on our present results, we suggest Lthat the microglial
activation in the hippocampal DG in Gunn rat may be involved in pro-
maoting cognitive impairment. as was shown in the behavior Lest.

Consecutive administration of minocycline for 14 days significantly
improved the impaired recognition memory in Gunn rats, which was in-
dicated by the increase of exploratory preference in the retention ses-
sion during NORT. Moreover, minocycline significantly attenuated the
activation of microglial cells in the hippocampal DG of Gunn rats,
which was indicated by the decreased immunoreactivity of CD11b
marker. According Lo previous studies showing about the neuroprotec-
tive effects of minocycline (Miyaoka, 2012; Yrjanheikki et al,, 1998), we
assiime that this phenomenon is part of the mechanism underlying
minocyeling's anti-inflammatory properties through inhibition of
microglial activation. Similar resulls were reported that minocycline
significantly improved the recognition memery of mice treated with
methamphetamineg (Mizoguchi et al,, 2008) and phencyclidine (Fujita
et al.. 2008 1. Minocycline was also reported to significantly attenuate
the micreglial activadion in mouse brains induced by methamphet-
amine and 34-methylenedioxymethamphetamine (Zhang et al.,
2006a. 2006b). Taking these facts and our resulls into consideration,
we speculate that the inhibition of microglial activation by minocycline
in the hippocampal DG may. in part, be implicated in the mechanism of
minocveline action o improve the recognition memory in Gunn rats. Al-
thotgh we demonstrated that minocycline atlenuated microglial acti-
vation, we did not evaluate its effects on inflammatory markers, such
as pro-inflammatory cylokines and chemokines. Therelore, it may be
of interest to further study and establish (the anti-inflammatory elfects
of minecyeline in Gunn rats, On the other hand, the PPI deficit in Gunn
rats was not fully rescued by minocycline administration. While Lhe re-
sults of the 8O dB showed a significant improvement in the PP deficits,
later we only found a tendency toward improvement at the 70 dB. We
speculate that this may be due (o the small number of animals used
for the PP Lest (n = 7. per group). Other possibility is that it may be
due 1o the incomplete inhibition of micreglial activation, since
minocviine did nut reduce the immunoreactivity of CD11bin the molec-
ular laver of the hippocampal DG in Gunn rats. Another study also
reported the partial improvement of minocycline on olfactory
bulbectomized (OBX) rats, a model of cognitive and behavioral impair-
ments arising from nenrodegenerative processes (Borre et al,, 2012).
Minocycline nermalized OBX-induced hyperactivity in the open field,
protected against hippocampal dependent spatial memery deficit, but
failed 1o prevent fear memory loss. They suggested thal minocycline
may have ameliorated the OBX-induced cognitive deficits in a region
specific manner and that trealment with minocycline may be effective
in the earfy phase of a neurodegenerative disease.

However, the exact cellutar and molecular mechanisms underlying
this complex UCB-neuron-glia interaction in Gunn rats still remain elu-
sive, We presume Lhat another mechanism may also be involved, which
is mediated through the glutamatergic system in the brain. Exposure of
glia cells 1o UCB increases the extracellular concentration of glutamate
by decreased uptake (Silva et al,, 1999) and/or enhanced secretion
{Fernandes el al.. 2004), engendering overstimulation of glutamate
and N-methyl-p-aspartate (NMDA) receplor (Ostrow et al., 2004).
Moreaver, high levels of bilirubin can lower the brain's threshold and
enhance its vulnerability to NMDA-triggered excitotoxic brain injury
(Mcbonald et al., 1998). Release of pro-inflammatoery cytokines
may affect gliogenesis and neurogenesis, and may lead to deficits in
learning and memory. Dysregulation of glutamate metabolism and
over-expression of tumor necrosis factor-o (TNF-«¢) and interleukin
{IL)- 1> are consistent with schizophrenia neuropathology. Increased

proinflanimatory status of the brain also interacts with glutamatergic
and dopaminergic neurotransmission, which can induce or aggravate
positive, negative, and cognitive symptoms of schizophrenia (Muller
and Schwarz, 2006). Interestingly, some studies have shown that
minacycline has properties that affect glutamatergic pathways. Admin-
istration of minocycline to neurons in-vitro and o mice in-vivo
increased GluR1 phosphorylation and membrane insertion (Imbesi
et al, 2008). GluR1 receptors, which appear Lo be critical for cognitive
processes that are impaired in schizophrenia. may be crucially involved
in the pathobiology of schizophrenia {Wiedholz et al., 2008). Moreover,
minocycline attenuated behavioral changes after administration of a
non-competitive N-methyl-n-aspartate (NMDA) receplor antagonist
{Levkovilz et al., 2007; Zhang et al., 2007).

Inhibition of chronic neuroinflammation, particularly of microglial
activation, has been suggested to be a practical strategy in the (reatiment
of many psychiatry diseases, including schizophrenia (Dean et al.,
2012). Two studies reported the effectiveness of minocycline adjunciive
therapy in early schizophrenia for negative symptoms (Chaudhry et al.,
2012; Levkovitz el al., 2010). In addition, Levkovilz et al. also reported
the improvement on cognitive function. Another report showed (wo
cases with persistent schizophrenia symptoms despile long term cloza-
pine treatment that were treated successfully with adjunct minocyline
(Kelly et al., 2011). Moreover, long term treatment with minocycline
is generally safe and well tolerated in humans (Bonelli et al., 2003;
Stone et al., 2003). Taken together, it might be worthwhile to (urther ex-
plore the effects of minocycline in schizophrenia.

5. Conclusion

The present study indicates that minocycline improves recognition
memory and attenuates the activation of microglial cells in the hippo-
campal DG of Gunn rat, a possible hyperbilirubinemia-induced animal
model of schizophrenia. Therefore, minocycline may be a potential
therapeutic drug (or schizophrenia. Our results may also provide crucial
information to efucidate Lhe etiology of schizophrenia and support the
possibility of using the Gunn rat as an animal model of schizophrenia.
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Abstract

stress in fibroblasts.

the prevention of skin aging.

Background: Oxidative stress has been suggested as a mechanism underlying skin aging, as it triggers apoptosis in
various cell types, including fibroblasts, which play important roles in the preservation of healthy, youthful skin.
Catechins, which are antioxidants contained in green tea, exert various actions such as anti-inflammatory, anti-bacterial,
and anti-cancer actions. In this study, we investigated the effect of (+)-catechin on apoptosis induced by oxidative

Methods: Fibroblasts (NIH3T3) under oxidative stress induced by hydrogen peroxide (0.1 mM) were treated with either
vehicle or (+)-catechin (0-100 pM). The effect of (+)-catechin on cell viability, apoptosis, phosphorylation of c-Jun
terminal kinases (JNK) and p38, and activation of caspase-3 in fibroblasts under oxidative stress were evaluated.

Results: Hydrogen peroxide induced apoptotic cell death in fibroblasts, accompanied by induction of phosphorylation
of JNK and p38 and activation of caspase-3. Pretreatment of the fibroblasts with (+)-catechin inhibited hydrogen
peroxide-induced apoptosis and reduced phosphorylation of JNK and p38 and activation of caspase-3.

Conclusion: (+)-Catechin protects against oxidative stress-induced cell death in fibroblasts, possibly by inhibiting
phosphorylation of p38 and JNK. These results suggest that (+)-catechin has potential as a therapeutic agent for

L Keywords: Catechin, Fibroblast, Apoptosis, Oxidative stress

Background

Skin wrinkles and sagging are important factors defining
skin youthfulness. Development of methods to reduce
skin wrinkles and prevent sagging skin has become an
important research topic in aesthetic and anti-aging
medicine. Skin wrinkles and sagging are reported to be
influenced by the amount of collagen, elastin, and hya-
luronic acid [1]. Fibroblasts play a key role in the pro-
duction of these extracellular matrix components in
the skin. Skin aging is the consequence of reduced
numbers of fibroblasts, lower levels of extracellular
matrix proteins, and decreased skin elasticity and
tonus, thereby resulting in the formation of wrinkles [2].
Therefore, maintaining the population of dermal fibroblasts

* Correspondence: kanazawa@psurg.med.osaka-u.acjp

'Department of Plastic Surgery, Osaka University Graduate School of
Medicine, Suita-shi, Osaka, Japan

Full list of author information is available at the end of the article

( Biolied Central

is important for both preventing and treating age-related
skin changes.

Oxidative stress has been indicated in a variety of patho-
logical processes, such as atherosclerosis, diabetes, neuro-
degenerative diseases, and aging. Reactive oxygen species
induce DNA damage, intracellular lipid peroxidation, and
abnormal protein oxidation reactions, all of which result in
cell damage. Oxidative stress also promotes skin aging [3];
it reduces the number of skin fibroblasts by inducing apop-
tosis and decreasing their regenerative capacity, which in
turn leads to increased skin sagging. Therefore, suppression
of oxidative stress-induced apoptosis in skin fibroblasts is a
potential treatment and prevention strategy for maintaining
healthy youthful skin.

Green tea, which is routinely consumed in Japan and
China, is widely known as a healthy drink containing vari-
ous antioxidants, vitamins, and minerals. Catechins, includ-
ing (-)-epigallocatechin gallate (EGCG), (-)-epigallocatechin

© 2014 Tanigawa et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (httpy//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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(EGC), (-)-epicatechin gallate (ECG), and (~)-epicatechin
(EC) (Figure 1), account for approximately 10% of the dry
weight of green tea leaves. Catechins are thought to not only
possess antioxidant effects to control active oxygen [4-7]
but also exert various actions, such as anti-inflammatory
[8], antibacterial [9,10], and anti-cancer [11-13] actions.

In this study, we demonstrate that (+)-catechin has an
inhibitory effect against oxidative stress-induced apoptosis
in fibroblasts, accompanied by suppression of phosphoryl-
ation of p38 and c-Jun terminal kinases (JNK), both of
which play an important role in intracellular apoptotic
signaling induced by oxidative stress.

Methods

Cell culture

NIH 3T3 fibroblasts were used for all experiments. Cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Life Technologies CA, USA) containing 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 pg/ml
streptomycin (Life Technologies) in a humidified incubator
at 37°C with 5% CO,. All experiments were performed
in triplicate.

Cell viability assay
Cell survival was determined using the 3-(4,5-dimethylthia-
zole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
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(CellTiter 96" AQueous One Solution Cell Proliferation
Assay; Promega, WI, USA). Fibroblasts were plated at a
density of 5,000 cells per well on 96-well plates and in-
cubated for 24 h in 100 pl of DMEM containing 10%
FBS. After incubation with serum-free medium for 24 h,
cells were treated for 30 min with various concentrations of
(+)-catechin (0-400 uM; Sigma Aldrich, PA, USA), and
then subjected to oxidative stress induction with
0.1 mM hydrogen peroxide (H,O,). After 24 h, 20 pl of
One Solution Reagent was added into each well and in-
cubated at 37°C for 2 h in a humidified, 5% CO, atmos-
phere. The production of formazan by viable cells was
detected by measuring the absorbance at 490 nm using
a 96-well plate reader.

Another series of experiments were conducted to
compare cytotoxicity between (+)-catechin and EGCG.
Fibroblasts were treated with various concentrations of
(+)-catechin or EGCG (0-400 pM; Sigma Aldrich)
without HyO, for 24 h and the cells were then subjected
to MTT assay.

TUNEL staining

Apoptosis was determined by terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP-biotin nick end label-
ing (TUNEL) using the In Situ Cell Death Detection Kit
TMR Red (Roche, Mannheim, Germany), according to
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the manufacturer’s instructions. In brief, fibroblasts were
maintained in DMEM containing 10% FBS for 2 days
and then cultured in serum-free DMEM. Oxidative stress
was induced by addition of 0.1 mM H,O, prior to treat-
ment with 10 pM (+)-catechin or vehicle. After 24 h of in-
cubation with H,O, and (+)-catechin or vehicle, cells were
fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS) (pH 7.4) for 60 min at room temperature,
followed by five washes with PBS. Next, permeabilization
was performed by incubation with 0.1% Triton X-100 in
PBS for 10 min, and cells were mixed with TUNEL reaction
mixtures containing TdT and tetramethylrhodamine (TMR)
red-labeled nucleotides for 1 h. Coverslips were mounted
onto slides using VECTASHIELD Mounting Medium
with 4’,6-diamidino-2-phenylindole dihydrochloride
(Vector Laboratories, Peterborough, England). Fluorescence
images were taken using a microscope (IX-70; Olympus)
equipped with a charge-coupled device camera (CoolSNAP
HQ; Nippon Roper, Chiba, Japan). For each experiment,
100 cells were randomly selected, and the percentage of
TUNEL-positive cells was measured.

Western blot analysis

Cultured fibroblasts were serum-starved for 24 h in serum-
free DMEM and then incubated with 10 uM (+)-catechin
for 30 min prior to oxidative stress induction by 0.1 mM
H,0,. After H,O, challenge for 1 h, cells were harvested
and lysed in radicimmunoprecipitation assay buffer con-
taining 1 mM NazVO,, 1 mM NaF, and Protease Inhibitor
Coclktail (Roche Diagnostics, Basel, Switzerland) for 20 min
at 4°C. After centrifugation at 15,000 x g for 15 min at
4°C, proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto
Immobilon-P Transfer Membranes (Millipore Japan, Tokyo,
Japan). Membranes were incubated for 60 min in Tris-
buffered saline containing 5% skim milk and 0.05%
Tween-20 and then blotted with the following primary
antibodies at 4°C overnight: anti-phospho-JNK (1:1,000),
anti-JNK (1:1,000), anti-phospho-p38 (1:1,000), anti-p38
(1:1,000), anti-cleaved caspase-3 (1:200), and anti-caspase-3
antibodies (1:200). All antibodies were purchased from
Cell Signaling Technology, MA, USA. Next, membranes
were incubated for 1 h with an anti-mouse or anti-rabbit
HRP-linked secondary antibody (1:2,000; Cell Signaling
Technology). Reaction products were visualized by chemi-
luminescence detection using the ECL Western Blotting
Detection System (GE Healthcare, Piscataway, NJ, USA).
Quantification of relative band densities was performed by
densitometry using Image ] software (National Institutes
of Health, Bethesda, MD, USA).

Statistical analysis
All data shown are expressed as the mean * SE of three
independent experiments. Data from each experiment were
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normalized to the respective control sample. Differences
between conditions were analyzed by Student’s ¢ test.
Multiple-group comparisons were performed using a
one-way analysis of variance, followed by Tukey’s post hoc
test. P < 0.05 was considered statistically significant.

Results

Catechin increases the viability of fibroblasts

Oxidative stress is known to promote fibroblast cell death
[14]. To analyze the effect of (+)-catechin on the viability
of fibroblasts in response to oxidative stress, cells cultured
with various concentrations (0-100 uM) of catechin were
subjected to oxidative stress induction by 0.1 mM H,O,.
The cell numbers were analyzed after 24 h. Microscopic
observation and MTT assay showed that H,O, induced-
oxidative stress reduced cell viability, whereas (+)-catechin
suppressed the effect of HyO4-induced oxidative stress
on cell viability in a concentration-dependent manner
(Figure 2a-c).

As shown in Figure 3, microscopic evaluation of the
morphological changes showed that H,O, supplementation
in the culture media induced apoptotic cell death character-
ized by shrinkage of the cell body, whereas treatment with
(+)-catechin attenuated H,O,-induced cell death.

(+)-Catechin inhibits oxidative stress-induced apoptosis
in fibroblasts

To determine whether (+)-catechin has an inhibitory
effect on oxidative stress-induced apoptosis in fibroblasts,
we assessed the apoptosis of fibroblasts in either the
presence or absence of (+)-catechin by TUNEL staining.
(+)-Catechin (10 pM)-treated fibroblasts showed significant
decreases in the percentage of cells positive for TUNEL
staining, compared to vehicle-treated cells (9.14% * 0.6%
vs. 1.86% = 0.3%; Figure 4).

Effect of catechin on the activation of caspase-3 by
H,0O,-induced oxidative stress in fibroblasts

Western blotting analysis using an anti-cleaved caspase-3
antibody showed that the level of cleaved caspase-3 in-
duced by H,O, was reduced by treatment with 10 uM
(+)-catechin (Figure 5). These results suggest that
(+)-catechin inhibits caspase-3-dependent apoptosis
induced by oxidative stress in fibroblasts.

(+)-Catechin inhibits phosphorylation of p38 and JNK
induced by oxidative stress

To further investigate the underlying mechanism by which
(+)-catechin inhibits oxidative stress-induced apoptosis
in fibroblasts, we determined whether oxidative stress-
induced phosphorylation of JNK and p38 was inhibited by
treatment with 10 pM (+)-catechin. The results clearly
show that HyO,-induced phosphorylation of p38 and JNK
was suppressed by (+)-catechin treatment (Figure 6).
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Figure 2 Inhibitory effect of (+)-catechin on oxidative stress-induced cell death in fibroblasts. After incubation with serum-free medium
for 24 h, fibroblasts were treated for 30 min with (+)-catechin (0-400 uM) and then subjected to oxidative stress induction with 0.1 mM hydrogen
peroxide (H,0,). After 24 h, cell viability was evaluated. (a) Representative microscopic images of cell death induced by oxidative stress (a) and
inhibitory effect of (+)-catechin on oxidative stress-induced cell death (b). Cell viability was assessed by the MTT assay (c). Data are expressed as

the mean + SEM. *P < 0.05, **P < 0.01.

(+)-catechin is less cytotoxic than EGCG in fibroblasts

The MTT assay showed that fibroblasts were viable when
incubated with high concentrations of (+)-catechin. In con-
trast, EGCG at 200 and 400 pM significantly decreased cell
viability (Figure 7).

Discussion
In the present study, we demonstrate an inhibitory effect
of (+)-catechin on oxidative stress-induced apoptosis in
fibroblasts, accompanied by amelioration of the phos-
phorylation of p38 and JNK induced by oxidative stress.
We focused on fibroblasts because they participate in
skin maintenance and renewal. In the skin, fibroblasts
play a key role in the production of extracellular matrix
components, including collagen, elastin, and hyaluronic
acid. In clinical aesthetic medicine, epidermal or intrader-
mal injection of hyaluronic acid is performed to obtain
glossy and healthy skin (microinjections of hyaluronic acid,
vitamins, minerals, and amino acids into the superficial
layer of the skin) [15]. Other techniques, such as implanting
activated fibroblasts in the skin, are also known to revive

the skin to be glossy and healthy (intradermal injection of
cultivated skin fibroblasts into wrinkles) [16-18]. However,
these therapies are associated with a high cost and may
provoke adverse events, including misplacement, allergy,
nodules, necrosis, abscesses, and rejection. In contrast,
the use of health supplements, such as green tea and
food-derived active substances, is a safer and beneficial
anti-aging method.

The integrity and functions of the skin barrier may be
impaired by excessive exposure to allergens, chemicals,
ultraviolet light, and dehydration. Failure of the skin barrier
would subsequently lead to infections with pathogens and
result in inflammatory responses. Locally produced reactive
oxygen species are also known to inhibit the growth of
epithelial cells and fibroblasts by inducing apoptosis and
inhibiting collagen and hyaluronic acid production, all of
which have been implicated in aging processes leading to
skin wrinkles and sagging. Our present study suggests that
(+)-catechin is a potential candidate for suppressing oxi-
dative stress-induced apoptosis of skin fibroblasts, which
may in turn reverse the reduction of fibroblast-derived
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Figure 3 Microscopic images of H,0,-induced apoptotic cell death and inhibitory effect of (+)-catechin against H,O5-induced cell
death. (a) The image of non-loading control cells. After incubation with serum-free medium for 24 h, fibroblasts were treated for 30 min with 10
UM (+)-catechin (b), (d). And then subjected to oxidative stress induction with 0.1 mM H,0, (c), (d). After 24 h, microscopic morphological
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Figure 4 Inhibitory effect of (+}-catechin on oxidative stress-induced apoptosis in fibroblasts. After incubation with serum-free medium
for 24 h, fibroblasts were treated for 30 min with 10 uM (+)-catechin and then subjected to oxidative stress induction with 0.1 mM hydrogen
peroxide (H,0). After 24 h, apoptosis was evaluated by TUNEL staining. (a) Microscopic findings of TUNEL staining for detection of apoptotic
cells. (b) For evaluation of apoptosis, 100 cells were randomly selected and the percentage of TUNEL-positive cells was measured. Data are
expressed as the mean £ SEM. **P < 0.01.
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Figure 5 Effect of (+)-catechin on activation of caspase-3 by of p38 and JNK induced by oxidative stress in fibroblasts.
H,0,-induced oxidative stress in fibroblasts. After incubation After incubation with serum-free medium for 24 h, fibroblasts
with serum-free medium for 24 h, fibroblasts were treated for were treated for 30 min with 10 pM (+)-catechin and then subjected
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activation of caspase-3 was determined by SDS-PAGE and western and JNK was determined by SDS-PAGE and western blotting
blotting analysis using an anti-cleaved caspase-3 antibody. (a) analysis using anti-phospho p38 and anti-phospho JNK antibodies.
Representative images of western blot analysis for cleaved and total (a) Results of western blotting for phosphorylation of (a) p38 and (b}
caspase-3. {(b) Expression levels of cleaved caspase-3 were JNK. Phosphorylation levels of p38 and JNK were normalized to those
normalized to those of total caspase-3. Data are expressed as the of total p38 and JNK, respectively. Data are expressed as the
mean + SEM. **P < 0.01. mean + SEM. **P < 0.01.
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Figure 7 Comparative evaluation of cytotoxicity between (+)-catechin and EGCG in fibroblasts. Fibroblasts were treated with PBS (control)
or the indicated concentrations of (a) (+)-catechin and (b) EGCG for 24 h. Cell viability was assessed by the MTT assay. Data are expressed as the
mean + SEM. *P < 0.05 and **P < 0.01.

To elucidate the underlying mechanisms by which
(+)-catechin inhibits oxidative stress-induced apoptosis
in fibroblasts, we focused on the effects of (+)-catechin
on the phosphorylation of p38 and JNK, both of which
are key molecules for oxidative stress-induced apoptosis
[14]. INK and p38 belong to the family of stress kinases
and have been shown to be required for biological stress
responses, such as apoptosis induced by UV, radiation,
oxidative stress, heat shock, and tumor necrosis factor
(TNF)-a stimulation. It has been reported that H,0O, sig-
naling through TNF receptor 1 selectively activates JNK
and p38 [20,21]. JNK plays an important role in control-
ling cell death and is known to affect the function of
Bcl-2 family molecules, which suppress apoptosis. Spe-
cifically, phosphorylation of Bcl-2 by JNK results in the
inhibition of Bcl-2 function and therefore induces the
activation of apoptosis [20,21]. In contrast, p38 MAPK is
known to be involved in the activation of apoptosis-
modulating proteins, such as Fas and Bax [21]. Collectively,
our present study suggests that (+)-catechin exerts anti-
apoptotic effects against oxidative stress by inhibiting the
phosphorylation of p38 and JNK. The precise mechanisms
by which (+)-catechin suppresses the phosphorylation of
JNK and p38 will be a future research topic.

Although (+)-catechin was found to exert anti-apoptotic
effects in the present study, previous reports have shown
both pro-apoptotic and anti-apoptotic effects of catechins.
In particular, EGCG, a molecule in the same catechin
group, was suggested to play a role in growth inhibition
and apoptosis induction in a variety of cancer cells [22]. In
contrast, EGCG was reported to have an anti-apoptotic ef-
fect in renal mesangial cells [23] and endothelial cells [24],
similar. to our results in the present study. Therefore, we
speculate that the effect of catechins on apoptosis may
vary according to cell type and the nature of pathogenesis.
Given the different cell-specific responses of catechins, it

is important to establish an appropriate strategy for using
catechins for treatment and prevention of various diseases.
It would be ideal for catechins have suppressive actions
against cancers and protective effects for organs such as the
kidneys and cardiovascular system. Accumulating evidence
on the preventive effect of catechins and green tea against
various systemic diseases, including cancers, diabetes,
and hypertension, suggests little potential harm to hu-
man health from high consumption of catechins and
green tea for maintenance of skin beauty.

Conclusions

(+)-Catechin exerts preventive effects against oxidative
stress-induced apoptosis in fibroblasts. The underlying
mechanism may involve the inhibition of p38 and JNK
phosphorylation. As a safe green tea-derived antioxidant,
(+)-catechin could be suitable for long-term prevention
of oxidative stress-induced skin aging, considering the
action of skin fibroblasts on the preservation of healthy,
youthful skin.
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Abstract

t-Arginine is considered a conditionally essential amino acid and has been shown to enhance wound healing. However, the
molecular mechanisms through which arginine stimulates cutaneous wound repair remain unknown. Here, we evaluated
the effects of arginine supplementation on fibroblast proliferation, Wthh is a-key process required for new tissue formation:
We also sought to elucidate the signaling pathways involved in mediating the effects of arginine on “fibroblasts by
evaluation of extracellular stgnal -related kinase (ERK) 1/2 activation, which is important for cell growth, survival, and
differentiation. Our data demonstrated that addition of 6 mM arginine signifi cantly enhanced fibroblast proliferation, while
arginine deprivation increased apoptosis, as observed by enhanced DNA fragmentatlon In vitro kinase assays demonstrated
that arginine supplementation activated ERK1/2, Akt, PKA and its downstream target, cAMP. response element. binding
protein (CREB). Moreover, knockdown of GPRC6A using siRNA blocked fibroblast proliferation and decreased
phosphotylation. of ERK1/2, Akt and CREB. The present experiments demonstrated a critical role for the GPRC6A-ERK1/2
and PI3K/Akt signaling pathway in arginine-mediated fibroblast survival. Our findings provide novel mechanistic |n5|ghts
into the positive effects of arginine on wound healing.
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Introduction tissue. Fibroblasts migrate into the wound tissue, where they
proliferate and deposit extracellular matrix. Various intracellular

L-Arginine, traditionally classified as a nonessential amino acid, and intercellular pathways are activated and coordinated to
is now considered conditionally essential for tissue healing and g jlitate these processes of fibroblast migration and proliferation
survival [1,2]. In normal conditions, L-arginine is produced [10-12]. L-arginine has been shown to enhance cell migration via
endogenously according to the needs of the tissues/cells; however, the phosphoinositol 3-kinase/mammalian target of rapamycin
endogenous synthesis of L-arginine may be insufficient during pathway in enterocytes [13]. Moreover, a number of mammalian

metabolic stress, organ maturation, and development [3]. A
number of studies have demonstrated that arginine supplementa-
tion is also important in wound healing. The beneficial effects of L-
arginine on wound healing are mediated by nitric oxide (NO),
which is synthesized from L-arginine through the action of nitric
oxide synthase during the wound healing process. In fibroblasts,
NO supports collagen synthesis, which is essential for scar
formation [4,5]. However, little is known about the molecular
mechanisms mediating this process. Moreover, while L-arginine
has been shown to stimulate proliferation in intestinal cells and
trophectoderm cells [6,7], the effects of L-arginine treatment on
fibroblast proliferation have not been reported.

Wound healing involves a cascade of events, including blood
clotting, inflammation, new tissue formation, and tissue remodel-
ing [8]. This complex process requires the collaborative efforts of
many types of cells: immune cells, endothelial cells, keratinocytes,
and fibroblasts [9]. Fibroblast migration and proliferation within
the wound site play a key role in the formation of granulation

target of rapamycin pathway kinases interact with the actin
cytoskeleton in advancing lamellipodia and regulate fibroblast
migration [14]. However, the effects of L-arginine supplementation
on fibroblast proliferation have not been clearly elucidated.

Members of the mitogen-activated protein kinase (MAPK)
family represent important mediators of signal transduction
pathways and are required to facilitate the effects of growth
factors and other proteins. The pathway mediated by Ras-
dependent extracellular signal-regulated kinase (ERK) 1/2, the
prototypical MAPK, is one of the most frequently studied signaling
systems; ERK1/2 signaling is known to control the expression of
various cell-cycle regulators and to participate in multiple cellular
functions, such as proliferation, differentiation, and apoptosis [15—
17].

Recently some studies implicated that the serine threonine
kinase Akt/PKB blocks cellular apoptosis and promote cell
survival in response to growth factor induction [18,19]. Further-
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more, PI3K and MAPK activation by basic amino acids such as L-
lysine, L-arginine and L-ornithine is known be activated by
GPRC6A which is a member of the G protein-coupled receptor
3 family. However, the signaling pathway of fibroblast cellular
function by L-arginine through activation of GPRC6A receptor is
not well elucidated [20,21].

In the present study, we investigated the effects of L-arginine on
fibroblast proliferation and examined the involvement of the
GPRC6A, Akt, ERK1/2 pathway and its downstream target,
cAMP response element binding protein (CREB), in fibroblast
proliferation and survival.

Results

L-Arginine Stimulated Fibroblast Proliferation

L-Arginine has been shown to stimulate the proliferation of
intestinal cells and trophectoderm cells [6,7]; however, the effects
of L-arginine treatment on fibroblast proliferation have not been
reported. Therefore, we first examined whether treatment with L-
arginine affected fibroblast proliferation (Fig. 1A, B, C). Following
24 h of r-arginine starvation, NIH3T3 and primary human
dermal fibroblasts (HDF) were treated with various concentrations
of r-arginine (0-7 mM) for 24 h, and cell viability was then
assessed. Significant dose-dependent proliferation was observed at
L-arginine concentrations above 2 mM with NIH3T3 and 4 mM
with HDF. Six millimolar r-arginine produced maximum stimu-
lation of proliferation, inducing a 3.0-fold increase in NIH3T3
fibroblast proliferation and 1.8-fold increase in HDF compared to
cells deprived of L-arginine. In order to evaluate cell growth and
survival of NIH3T3 and HDF with or without L-arginine
treatment, we performed trypan-blue dye exclusion cell counting
at 0, 6, 12, and 24 h post culture. The results demonstrated
trypan-blue excluded cell increase at 12, 24 h in the group with L-
arginine cultured NIH3T3 and HDF without decreasing the
trypan-blue positive cells (Fig. 1C). Thus, these data demonstrated
that L-Arginine induced fibroblast proliferation.

t-Arginine Decreased Apoptosis in Fibroblasts

Normal cells require growth factors for proliferation and
survival. Growth factor deprivation can lead to apoptosis [22].
Therefore, we next determined whether L-arginine played an
important role in preventing apoptosis by examining DNA
fragmentation as a marker of apoptosis in the presence or absence
of arginine (Fig. 24, B). 1-Arginine-deprived NIH3T3 and HDF
demonstrated a significant increase in the percentage of terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling (TUNEL)-positive cells compared with cells maintained in
6 mM arginine (NTH3T3; 10.7% %=2.9% vs. 1.3% %0.8%, HDF;
11.1% *=2.1% vs. 1.6% *0.9% respectively). Furthermore, we
performed trypan-blue dye at 0, 6, 12, and 24 h after L-arginine
treatment. Afier the treatment, NH3T3 and HDF both demon-
strated significant decrease in trypan-bule positive cells (NTH3T?3;
11.4% *1.5% vs. 2.6% *1.0%, HDF; 12.6% *£1.7% vs. 2.6%
*1.1% respectively at 24 h) (Fig. 2C) Thus, our data demonstrat-
ed that L-arginine decreased apoptosis in fibroblasts. In conclusion,
the results suggest that L-arginine inhibits apoptosis.

L-Arginine Activated ERK1/2, PI3K-Akt, cCAMP-PKA and
CREB

To examine the molecular mechanisms responsible for the
proliferative effects of L-arginine in fibroblasts, we evaluated
arginine-dependent activation of the ERK1/2, PI3K/Akt and
cAMP-PKA pathway, which plays a major role in regulating cell

PLOS ONE | www.plosone.org
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growth, swrvival, and differentiation. HDF were deprived of L-
arginine for 24 h and then supplemented with 6 mM r-arginine
for different times (0-30 min). We found that L-arginine supple-
mentation significantly increased levels of phosphorylated ERK1/
2, Akt and PKA at 5-15 min (Fig. 3A, B and C).

Since phosphorylated ERK1/2 is known to phosphorylate
transcription factors, such as CREB, which regulates the
transcription of genes involved in cellular metabolism, growth,
migration, and proliferation, we next examined the effects of
arginine on CREB phosphorylation. Similar to the effects
observed for ERK1/2, CREB phosphorylation was also signifi-
cantly increased at 5, 15, and 30 min with L-arginine (2.4, 2.3, and
3.8-fold increases, respectively, compared to cells deprived of
arginine; Fig. 3D). To confirm the involvement of ERK1/2 in 1-
arginine induced CREB phosphorylation, we inhibited ERK1/2
by U-0126, a selective MEK inhibitor. The results showed that -
arginine-induced CREB phosphorylation significantly decreased
by 68% with ERK1/2 inhibition (Fig. 3E). Taken together, these
data showed that L-arginine activated both ERKI1/2 and its
downstream effector, CREB.

L-Arginine-induced Fibroblast Proliferation was Blocked
by GPRC6A Knockdown

Since GPRC6A is known to be a receptor for amino acids for
basic amino acids such as L-lysine, L-arginine and L-ornithine, we
speculated that GPRC6A would be stimulated by L-arginine to
activate ERK1/2, Akt, PKA, and CREB. Therefore, we used
siRNA to knockdown GPRCGA in HDF to investigate the
activation of ERKI1/2, Akt, PKA, and CREB. As a result,
activation of ERK1/2, Akt, PKA, and CREB were all imhibited
due to the knockdown of GPRC6A (69%, 64%, 67%, 74%
respectively)(Fig. 4 A, B, C and D). In conclusion, we believe that
GPRC6A resides in the upper stream of ERK1/2, Akt, PKA, and
CREB to function as the receptor of L-arginine to regulate the
cellular signaling.

In order to confirm the involvement of GPRC6A, ERK1/2,
PISK-Akt, c-AMP-PKA, and CREB activation in cellular
proliferation by L-arginine, we examined the L-arginine-induced
fibroblast proliferation by MTS assay using its inhibitors (U-0126,
LY294002, H-89 respectively) and siRNA GPRC6A or CREB.
The results demonstrated significant cell death or low cell count
due to the inhibition of GPRC6A, ERK1/2, PI3K-AKT, and
CREB (65%, 70%, 77%, 70% respectively) (Fig. 5). On the other
hand, inhibition of PKA did not block r-arginine-induced
fibroblast proliferation.

Thus, our data demonstrated that inhibition of GPRC6A,
ERK1/2, Akt and CREB blocked r-arginine-induced fibroblast
proliferation, thereby suggesting that L-arginine stimulated fibro-
blast proliferation via GPRC6A, ERKI1/2 and PI3K/Akt
signaling pathway.

Discussion

Supplemental L-arginine has been shown to improve wound
healing, as manifested by enhanced T-cell-mediated immune
function [23,24], increased wound breaking strength, and collagen
deposition [2,25]. Arginine treatment has also been shown to
regulate the cytokine environment at the wound site, reducing
tissue interleukin-6 levels in the wound [26]. Thus, L-arginine
decreases the adverse effects of increased inflammation in the
wound. However, despite the great number of studies demon-
strating the beneficial effects of arginine on wound healing, the
molecular mechanisms through which it mediates these effects
have not been well investigated. Moreover, the effects of L-arginine
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Figure 1. Effects of L-arginine on fibroblast proliferation. (A) This photograph shows human dermal fibroblast at 24 h after treatment with or
without 6 mM L-arginine. DMEM with 10%FBS was used as positive control. (B) Fibroblast proliferation was determined by MTS assay after treatment
with the indicated concentrations of L-arginine (0~7 mM). Results are expressed as the mean = SEM of 3 independent experiments. *p<0.05, **p<
0.01, as compared with the control group (Student’s t test). (C) The number of trypan blue negative fibroblast at 0, 6, 12 and 24 h after treated with 0
or 6 mM L-arginine. **p<<0.01, as compared with the control group (Student’s t test).

doi:10.1371/journal.pone.0092168.9001

on fibroblasts, important cells in the wound healing process that
are responsible for collagen synthesis in granulation tissue have not
been clearly elucidated.

In our present study, we demonstrated that L-arginine
supplementation stimulates fibroblast proliferation and that
deprivation of L-arginine facilitates fibroblast apoptosis, suggesting

PLOS ONE | www.plosone.org

that arginine possesses fibroblast proliferation promoting and anti-
apoptotic effects. Consistent with this, arginine has been shown to
induce proliferation in endothelial cells, intestinal cells and
trophectoderm cells [6,7]. Although we did not show the in vivo
role of L-arginine in wound healing, we believe that our data can
support the idea of L-arginine taking a great part in wound healing
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test). (C) The number of cell death using the 0.1% trypan blue staining in t-arginine-deprived and -treated fibroblasts. *p<0.01, as compared with
the control group (Student's t test).

doi:10.1371/journal.pone.0092168.g002

PLOS ONE | www.plosone.org 4 March 2014 | Volume 9 | Issue 3 | 92168



L-Arginine Promotes Fibroblast Proliferation

A B
p-ERK1/2 p-AKT
ERK1/2 AKT
¥
3.5
3
25

p-AKT / AKT
levels

p-ERK 1/2 / ERK 1/2
levels

5 15 30 0 5 15 30

Time after 6mM Arg (min) Time after 6mM Arg (min)
Cc . D
p-PKA p-CREB
PKA CREB
7 S
< 8 % ﬁ 4
2 5 4 oo
Bw Yo
<2 o ¥
LU 3 b,
3 5
14 e !
04 : 0
0 5 15 30 0 5 15 30
Time after 6mM Arg (min) Time after 6mM Arg (min)

p-CREB

CREB

25 *#% I { *X

1.5

p-CREB / CREB
levels

0 e
Arg (6mM) - - + +

U026 — + - "
(10um)

Figure 3. Effects of L-arginine stimulation on the activities of ERK, Akt, PKA and CREB. (A, B, C, D) ERK, Akt, PKA and CREB activities were
analyzed by immunoblotting at 5, 15, and 30 min after stimulation with 6 mM L-arginine. Densitometry measurements for p-ERK, p-Akt, p-PKA and p-
CREB were normalized to the amount of total ERK, Akt, PKA and CREB, respectively. (E) Fibroblasts were treated with 10 pM U0126, and then cells
were stimulated with 6 mM L-arginine. The activities of CREB were analyzed by immunoblotting. Results are presented as the fold change compared
with untreated cells. Data are expressed as the mean *+ SEM of 3 independent experiments (*p<<0.05, **p<0.01, Tukey's post hoc test).
doi:10.1371/journal.pone.0092168.g003

PLOS ONE | www.plosone.org 5 March 2014 | Volume 9 | Issue 3 | €92168



A

p-ERK1/2

ERK1/2

p-ERK 1/2 /ERK 1/2
levels

Arg (6mM) - - + +

SIRNA —_ —
GPRC6A + +

C

p-PKA

PKA

p-PKA / PKA
fevels

Arg (6mM) - - + +

SIRNA _ _
GPRC6A +

L-Arginine Promotes Fibroblast Proliferation

p-AKT

AKT

45 -
4
35
3
25 -
2
15
1
05
0

Arg (6mM)

SiRNA
GPRC6A

D

p-AKT / AKT
levels

p-CREB

CREB

p-CREB / CREB
levels

Arg (6mM) - - + +
SIRNA _ —
GPRC6A + +

Figure 4. Effects of knockdown of GPRCEA on the activities of ERK, Akt, PKA and CREB in L-arginine-treated fibroblasts. (A, B, C, D)
Fibroblasts were treated with si RNA GPRC6A and then cells were stimulated with 6 mM t-arginine. The activities of ERK, Akt, PKA and CREB were
analyzed by immunoblotting. Densitometry measurements for p-ERK, p-Akt, p-PKA and p-CREB were normalized to the amount of total ERK, Akt, PKA,
and CREB, respectively. Results are presented as the fold change compared with the control group. Data are expressed as the mean * SEM of 3

independent experiments (**p<<0.01, Tukey's post hoc test).
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by promoting fibroblast cellular function. To support our findings,
Yatabe et al demonstrated the efficacy of clinical application of -
arginine as ARGINAID WATER for accelerating wound healing
in pressure ulcer patients [27]. Since the concentration of L-
arginine used for our study is much higher compare to clinical use,

PLOS ONE | www.plosone.org

we assume that L-arginine can function with much lower
concentration in vivo. For future study, we plan to investigate
the in vivo function of L-arginine in murine or human individuals.

MAPK signaling plays an important role in complex cellular
processes, such as proliferation, differentiation, development,

6 March 2014 | Volume 9 | Issue 3 | e92168
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transformation, and apoptosis. At least 3 MAPK families have
been characterized: ERK, Jun kinase, and p38 MAPK. MAPKs,
particularly ERK1/2, play an important role in proliferation,
differentiation, and survival processes [15-17]. Phosphorylation of
ERKI1/2 has been linked to activation of GCREB [28,29];
phosphorylated ERK1/2 translocates to the nuclens where it
phosphorylates CREB, a transcription factor, which activates
genes involved in cell proliferation. In the present study, we
demonstrated that L-arginine treatment following a period of
starvation resulted in the activation of ERK1/2 and CREB,
suggesting the involvement of the entire ERK1/2 pathway in the
response to L-arginine in human dermal fibroblasts.

Furthermore, PI3K-Akt is also an important signaling factor for
cell survival other than MAPK signaling. At the same time, serine
threonine kinase Akt/PKB also acts as an important mediator of
metabolic factors and promotes cell survival against several
apoptotic stimuli [30]. In our study, we were able to demonstrate
that L-arginine induces the activation of Akt signaling and
promotes fibroblast proliferation and cell survival. We supported
these findings and proved that Akt is an important factor for L-
arginine-induced fibroblast ccll activity by showing that the
activity of L-arginine is inhibited after Akt signaling inhibition.

Moreover, we investigated whether r-arginine stimulates
GPRC6A which is known to be the receptor for amino acids
such as L-lysine, L-arginine, L-ornithine to activate the ERK and
Akt signaling pathway. We were able to prove that GPRC6A is
greatly involved in activation of ERK1/2, Akt, PKA, and CREB
factors with L-arginine stimulus by showing that GPRC6A
knockdown inhibits ERK1/2, Akt, PKA, and CREB activation.
In addition, we demonstrated that L-arginine-induced fibroblast
proliferation significantly decreases with inhibition of GPRG6A,
CREB, ERK1/2 and Akt but was not affected with inhibition of
PKA. Therefore, we believe that PKA is not strongly involved in
the activation of fibroblast proliferation. All to together, our
findings suggest that fibroblast cell proliferation and anti-apoptotic
effect is stimulated by L-arginine through the activation of
GPRC6A, ERK1/2-CREB and PI3K/Akt pathway.

The effects of arginine supplementation may be mediated by
NO synthesis. L-Arginine has been identified as a substrate for the
production of the biologic effector molecule NO by a group of

PLOS ONE | www.plosone.org

isoenzymes termed nitric oxygen synthases. This pathway is
present in many tissues and cells, including fibroblasts. NO is a
highly diffusible intercellular signaling molecule that regulates the
activity of several transcription factors. NO has been shown to
increase proliferation in BALB/c 3T3 fibroblasts and endothelial
cells [31,32]. Studies have also identifiecd G proteins, and
particularly p21™, as central targets of NO [33,34]. The
mechanism of p21™ activation is duc to S-nitrosylation of a
cysteine residue, which promotes guanine nucleotide exchange
[34]. In addition, NO has been shown to signal downstream of
p21™ by activation of the ERK pathway in human T cells [35].
This ERK pathway is typically activated by growth factors via a
p21™-dependent signal transduction pathway [36,37]. Therefore,
it is possible that L-arginine-induced fibroblast proliferation and
ERK1/2 activation may be attributed to the synthesis of NO by
nitric oxygen synthase.

In conclusion, the present experiments demonstrated a critical
role for activation of GPRCEA along with the activation of
ERK1/2-CREB and PI3K/Akt pathway in L-arginine-mediated
fibroblast proliferation and survival. Our findings provide novel
mechanistic insights into the positive effects of L-arginine on
fibroblast proliferation and survival.

Materials and Methods

Cell Culture

Human dermal fibroblast and NIH 37T3 fibroblasts were used
for experiments. Cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin in a humidified incubator
at 37°C with a 5% CO, atmosphere. L-Arginine starvation was
performed by preparing L-arginine free medium using SILAC™
D-MEM (without L-arginine, L-glutamine, L-lysine) added
584 mg/L r-glutamine and 146 mg/l L-lysine. All experiments
were performed in triplicate.

Cell Viability Assay

Cell survival was determined using a CellTiter 96 AQueous
One Solution Cell Proliferation Assay (Promega, WI, USA).
Fibroblasts were plated at a density of 5000 cells per well in 96-
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well plates and incubated for 24 h in DMEM containing 10% fetal
bovine serum. After L-arginine starvation for 24 h, fibroblasts were
treated with ERK, Akt, PKA inhibitor (10 pM U-0126, 10 pM
LY294002, 10 pM H-89) for 1 h and then treated with various
concentrations of L-arginine (0—7 mM or 6 mM) for 24 h. After L-
arginine treatment, 20 pL of One Solution Reagent was added
into each well of the 96-well assay plate containing the samples in
100 pL of culture medium. The fibroblasts were incubated for an
additional 2 h at 37°C in a humidified, 5% COj atmosphere. The
production of formazan produced by viable cells was measured at
an absorbance of 490 nm using a 96-well plate reader.

Cell Counting with Trypan Blue Dye Exclusion

Fibroblasts were plated on 35 mm dish and incubated for 24 h
in DMEM containing 10% FBS. After L-arginine starvation for
24 h the cells were treated with 0 or 6 mM L-arginine. The cells
were detached by trypsinization at 0, 6, 12 and 24 h after L-
arginine treatment and exposed to 0.1% trypan blue. The number
of trypan blue negative cells was counted using a microscopic
counting chamber.

Western Blot Analysis and Immunoprecipitation

Cultured fibroblasts were starved for 24 h in serum-free DMEM
without L-arginine. Six millimolar L-arginine was then added, and
cells were harvested at specified times (0—30 min). For inhibitor
studies, cells were deprived of L-arginine for 24 h and then treated
with MEK inhibitor (U-0126 [10 pM]) in the presence or absence
of r-arginine. After treatment, cells were lysed in RIPA buffer
containing 1 mM NazVOy, | mM NaF, and Protease Inhibitor
Cocktail (Roche Diagnostics, Basel, Switzerland), incubated for
20 min at 4°C, and centrifuged at 15,000%g for 15 min at 4°C.
The proteins were separated by SDS-PAGE and electrotransferred
onto Immobilon-P Transfer Membranes (Millipore Japan, Tokyo,
Japan). The membranes were incubated in TBS containing 5%
skim milk and 0.05% Tween-20 for 60 min and blotted with
primary antibodies at 4°C overnight. The following primary
antibodies were used: anti-phospho-ERK1/2 (1:1000, Cell
Signaling Technology, MA, USA), anti-ERK1/2 (1:1000, Cell
Signaling Technology), anti-phospho-CREB (1:1000, Cell Signal-
ing Technology), anti-CREB (1:1000, Cell Signaling Technology),
anti-phospho-Akt (1:1000, Cell Signaling Technology), anti-
Akt(1:1000, Gell Signaling Technology), anti-phospho-PKA
(1:1000, Cell Signaling Technology), and anti-PKA (1:1000, Cell
Signaling Technology). The membranes were incubated for 1 h
with anti-mouse or anti-rabbit horseradish peroxidase-linked
sccondary antibodies (1:2000, Cell Signaling Technology). Reac-
tion products were visualized by detection of chemiluminescence
using an ECL Western Blotting Detection System (GE Healthcare,
Piscataway, NJ, USA). Quantification of relative band densities
was performed by scanning densitometry using Image J software
(National Institute of Health, Bethesda, MD, USA).
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TUNEL Apoptosis Assay

Apoptosis was determined by TUNEL assay using an In Situ
Cell Death Detection Kit TMR Red (Roche), according to the
manufacturer’s instructions. The fibroblasts were maintained in
DMEM containing 10% fetal bovine serum for 2 days and
cultured in serum-free DMEM without L-arginine for 24 h. Then,
the cells treated with or without 6 mM L-arginine for 24 h. The
cells were fixed with paraformaldehyde solution (4% in phosphate-
buffered saline [pH 7.4]) for 60 min at room temperature and
washed with PBS 5 times. Permeabilization was carried out with
0.1% Triton X-100 in PBS for 10 min, followed by incubation in a
TUNEL reaction mixture containing terminal deoxynucleotidyl-
transferase and TMR red-labeled nucleotides for 1 h. The
coverslips were mounted onto the slides using VECTASHIELD
Mounting Medium with DAPI (Vector Laboratories, Peterbor-
ough, England). Fluorescence images were taken using a
microscope (model IX-70; Olympus) equipped with a CCD
Camera (CoolSNAP HOQ); Nippon Roper, Chiba, Japan). One
hundred cells per experiment were randomly selected, and the
percentage of TUNEL-positive cells was measured.

RNA Interference Experiments

siRNA duplex for the GPRCGA or CREB gene was synthesized
by Invitrogen with help of the D-LUX Designer (Invitrogen Japan,
Tokyo, Japan) The GPRC6A siRNA & (39-GGGAUGCU-
GAUUUACUUCAUAGCUU-39) was designed to target coding
the region of human GPRC6A mRNA sequence (GenBank
accession no. NM_148963). The CREB1 siRNA (59-GCCCAG-
CAACCAAGUUGUUGUUCAA-39) was designed to target
coding the region of human CREB1 mRNA sequence (GenBank
accession no. NM_004379). Primary human fibroblasts were
transfected with GPRC6A or CREBI siRNA using Lipofectamine
RNAIMAX (Invitrogen Japan) and Opti-MEM (Invitrogen Japan)
by the manufacturer’s protocol. The final concentration of siRNA
was 10 nM. Stealth RNAi Negative Control Medium GC Duplex
(Invitrogen Japan) was used as a control. The transfected cells were
used for experiments after 48 h.

Statistical Analysis

All data shown are expressed as the mean % SE of the values
obtained from 3 individual experiments. Data from each
independent experiment were normalized to the control sample
in that particular experiment. Differences between results were
analyzed by using Student’s t test. Multiple group comparisons
were performed using a one-way analysis of variance, followed by
the Tukeys post hoc test. P-values of less than 0.05 were
considered statistically significant.
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