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Abstract

Rosmarinic acid (RA) is a phenolic ester that protects human keratinocytes against oxidative damage induced by ultraviolet B
(UVB) exposure, however, the mechanisms underlying its effects remain unclear. This study aimed to elucidate the cell signaling
mechanisms that regulate the antioxidant activity of RA and confirm its cyto-protective role. To explore the signaling mechanisms,
we used the human keratinocyte cell line HaCaT and SKH1 hairless mouse skin. RA enhanced glutamate-cysteine ligase catalytic
subunit (GCLC) and glutathione synthetase (GSS) expression in HaCaT cells in a dose- and time-dependent manner. Moreover,
RA induced nuclear factor erythroid-2-related factor 2 (NRF2) nuclear translocation and activated the signaling kinases protein
kinase B (AKT) and extracellular signal-regulated kinase (ERK). Treatment with the phosphatidylinositol 3-kinase (PI3K) inhibitor
LY294002, the ERK inhibitor U0126, and small interfering RNA (siRNA) gene silencing suppressed RA-enhanced GCLC, GSS,
and NRF2 expression, respectively. Cell viability tests showed that RA significantly prevented UVB-induced cell viability decrease,
whereas the glutathione (GSH) inhibitors buthionine sulfoximine, LY294002, and U0126 significantly reduced this effect. More-
over, RA protected against DNA damage and protein carbonylation, lipid peroxidation, and apoptosis caused by UVB-induced
oxidative stress in a concentration-dependent manner in SKH1 hairless mouse skin tissues. These results suggest that RA pro-
tects against UVB-induced oxidative damage by activating AKT and ERK signaling to regulate NRF2 signaling and enhance GSH
biosynthesis. Thus, RA treatment may be a promising approach to protect the skin from UVB-induced oxidative damage.
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INTRODUCTION the environment, causes premature aging and induces the
formation of reactive oxygen species (ROS) (McDaniel et al.,
The skin provides the first physical barrier against the ex- 2018), oxidative damage to cellular macromolecules, immu-
ternal environment and is frequently exposed to various chal- nosuppression, and inflammation (Liu et al., 2022b). Upon
lenges that induce oxidative stress, including toxic chemicals, exposure to sunlight, endogenous chromophores present in
mechanical injuries, and environmental stress factors such as the skin initiate the conversion of sunlight photons to ROS. Al-
ultraviolet (UV) radiation. Collectively, these stressors trigger though ROS have important physiological functions in cell sig-
irreversible biomolecular damage to the skin, thereby inducing naling, enzymatic reactions, and resistance against microbes,
carcinogenesis and cell senescence (Papaccio et al., 2022). their excessive levels can be toxic unless they are removed
Solar UV radiation, the most frequently found carcinogen in in a timely manner (Wang et al., 2023). As keratinocytes form
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the outermost layer of the skin and are frequently exposed to
stressful stimuli, sophisticated cyto-protective functions likely
play an important role in maintaining their proper functions in
this tissue. In this context, cells depend on dynamic detoxifica-
tion mechanisms, which can be achieved by distinct detoxifi-
cation enzymes as well as ROS quenchers with low molecular
weights, such as carotenoids, polyphenols, and vitamins C
and E.

Reduced form of glutathione (GSH), a highly abundant tri-
peptide formed by glutamate, cysteine, and glycine in all cell
types, has attracted considerable interest in cancer prevention
and chemo-resistance. GSH acts as a redox buffer and allevi-
ates the toxicity of endogenous and exogenous electrophilic
agents. It also plays a crucial role in apoptosis and its levels
are associated with caspase activity (Liu et al., 2022a). GSH
is thought to function in the transcriptional activity of many
genes, including those involved in ceramide production, Bcl-2
protein expression, and thiol redox signaling (He et al., 2020;
Wang et al., 2020; Gonchar et al., 2021; Nie et al., 2023).
Additionally, reduced GSH levels facilitate oxidative stress
and cancer progression (Azmanova and Pitto-Barry, 2022).
v-Glutamyl cysteine ligase, the rate-limiting enzyme that en-
hances cysteine uptake in GSH biosynthesis, is regulated by
nuclear factor erythroid-2-related factor 2 (NRF2), a redox-
sensitive transcription factor (Kumar et al., 2022). Activation
of the NRF2 pathway upregulates phase Il enzyme genes in
response to oxidative stress, thereby protecting against oxida-
tive stress (G Bardallo et al., 2022). Therefore, compounds
that can stimulate the NRF2-antioxidant response element
pathway as GSH-boosting agents have gained increasing
attention in treating various diseases governed by oxidative
stress.

Plant-derived phytochemicals, such as sulforaphane, res-
veratrol, and curcumin, stimulate cell stress-induced mainte-
nance and enhance repair mechanisms via the induction of
NRF2 in the skin (Ashrafizadeh et al., 2020; Farkhondeh et al.,
2020; Wei et al., 2021). Rosmarinic acid (RA) is a phenolic es-
ter and a promising natural compound in a variety of medicinal
plant species, including rosemary (Rosmarinus officinalis L.),
lemon balm (Melissa officinalis L.), spearmint (Mentha spp.),
and several Chinese herbal plants (Amoah et al., 2016). It ex-
hibits several pharmacological and biological activities, includ-
ing antioxidant, anti-inflammatory, anti-apoptotic, anti-fibrotic,
and anti-bacterial effects (Li et al., 2010; Rocha et al., 2015;
Noor et al., 2022; ljaz et al., 2023). Furthermore, our previous
study reported the cyto-protective efficacy of RA in response
to ultraviolet B (UVB) radiation-induced cellular oxidative dam-
age by enhancing its antioxidant properties (Fernando et al.,
2016). Thus, RA appears to offer cellular protection to the skin,
however, the underlying mechanisms and fundamental cell
signaling pathways have not yet been elucidated. In this study,
we explored the cell signaling mechanisms that regulate the
antioxidant activity of RA and confirmed its cyto-protective
role, in vivo, against UVB-induced oxidative damage in SKH1
hairless mouse skin.

MATERIALS AND METHODS

Reagents
RA was purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-

um bromide (MTT), buthionine sulfoximine (BSO), padimate
O, and actin antibody were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Glutamate-cysteine ligase catalytic subunit
(GCLC), glutathione synthetase (GSS), phospho-NRF2, and
TATA-binding protein (TBP) antibodies were purchased from
Abcam (Cambridge, MA, USA). Phospho-histone H2A.X,
phospho-protein kinase B (AKT), AKT, caspase-3, and poly
ADP-ribose polymerase (PARP) antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA). The
superoxide dismutase (SOD) 1 antibody was purchased
from Enzo Life Sciences (Farmingdale, NY, USA). Antibodies
against NRF2, catalase (CAT), Bax, Bcl-2, caspase-9, extra-
cellular signal-regulated kinase (ERK) 2, and phospho-ERK
were purchased from Santa Cruz Biotechnology. LY294002
and U0126 were purchased from Calbiochem (San Diego,
CA, USA). Cell Tracker™ Blue CMAC dye was obtained from
Molecular Probes (Eugene, OR, USA). All the other chemicals
and reagents were of analytical grade.

Cell culture and UVB exposure

The human keratinocyte cell line (HaCaT), which was pro-
vided by Cell Lines Service GmbH (Eppelheim, Germany),
was maintained at 37°C in an incubator with a humidified
atmosphere of 5% CO, and 95% air. Cells were cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal calf
serum, streptomycin (100 pg/mL), and penicillin (100 units/
mL). The cells were irradiated with UVB light at 30 mJ/cm?.
The UVB light source and irradiation method have been previ-
ously reported (Piao et al., 2015).

Skin tissue preparation

The in vivo experiments were conducted using hairless
mice (SKH1 hairless mice, 7 weeks old) obtained from Ori-
ent Bio Inc. (Seongnam, Korea). Mice were maintained in
cages, which were installed in a temperature-controlled room
with 12 h light/12 h dark cycles, and were provided with ad
libitum access to water and standard food. Experimental pro-
cedures involving animals and their handling were performed
in accordance with the guidelines established for the care and
use of laboratory animals at Jeju National University (Jeju,
Korea). Male mice, each weighing 20-30 g, were randomly
divided into 5 groups with 5 mice each: non-irradiated con-
trol, UVB-irradiated control, RA (0.01 mg/mL and 0.1 mg/mL,
respectively)-treated irradiated group, and padimate O (5
mM)-treated irradiated group. Padimate O is a US Food and
Drug Administration-approved sunscreen agent that can be
used in all types of cosmetics (Pantelic et al., 2023). Thus, we
used padimate O as a positive control reagent. Before UVB
irradiation, a sterile cotton swab containing RA or padimate O
was evenly applied to the back of the mouse 3 times a week
for 15 weeks. Mice were irradiated with a UVP UV lamp (UVP.
LLC. Upland, CA, USA) for 4 min and 35 sec to reach 100
mJ/cm?. The UVB dose was quantified using an HD2102.2
instrument (Delta Ohm Srl, Caselle di Selvazzano, Italy). Dor-
sal skin samples with full skin thickness were rapidly collected
from the middle back area of the skin and frozen at -80°C until
further processing for gene expression and enzyme activity
measurements.

Reverse transcription-PCR (RT-PCR)

Easy-BLUE™ total RNA extraction kit (iNtRON Biotechnol-
ogy Inc., Seongnam, Korea) was used to isolate the total RNA
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out of the human keratinocytes. Reverse transcription of total
RNA to cDNA was achieved by using 1 uL of reverse transcrip-
tion reaction buffer, primers, dNTPs, and 0.5 U of Tag DNA
polymerase in a final volume of 20 uL. PCR was performed
under the following conditions: 94°C for 5 min; 26 cycles of
94°C for 30 sec; 63°C for 45 sec; 72°C for 1 min; 72°C for
7 min. The used primer pairs were as follows (forward and
reverse, respectively): GCLC, 5-AACCAAGCGCCATGC-
CGACC-3' and 5-CCTCC TTCCGGCGTTTTCGC-3'; GSS,
5'-GCCCCATTCACGCTCTTCCCC-3' and 5-ATGCCCG-
GCCTGCTTAGCTC-3"; GAPDH, 5-TCAAGTGGGGCGAT-
GCTGGC-3', and 5-TGCCAGCCCCAGCGTCAAAG-3'. The
blue/orange 6 x loading dye was diluted with the resulting
PCR products to track DNA migration. The final mixture was
resolved by electrophoresis on a 1% agarose gel, stained with
ethidium bromide, and photographed under ultraviolet light
using ImageQuant TL analysis software (Amersham Biosci-
ences, Uppsala, Sweden).

Western blotting analysis

The cells were harvested and washed twice with ice-cold
PBS. The resulting cell pellets were lysed with 120 uL of pro-
tein lysis buffer (PRO-PREP protein extraction solution (iN-
tRON Biotechnology Inc.) in ice for 30 min and centrifuged
at 13,000xg for 5 min to collect the supernatants. For mouse
tissues, even-sized skin samples were first washed with PBS
and then lysed in PRO-PREP protein extraction solution (iN-
tRON Biotechnology Inc.) for 30 min with frequent homogeni-
zation. The tissue lysates were centrifuged at 13,000xg for
5 min. Supernatants were collected and protein concentra-
tions were quantified. Aliquots of around 30 g of protein were
boiled for 5 min and resolved in 10% SDS-polyacrylamide
gels. Proteins were transferred to a nitrocellulose membrane,
blocked with 3% bovine serum albumin solution at 20°C for 1
h, and subjected to incubation with appropriate primary anti-
bodies overnight at 4°C. The membranes were then incubated
with horseradish peroxidase-conjugated anti-immunoglobulin
G (Pierce, Rockford, IL, USA). The protein bands were de-
tected using an enhanced chemi-luminescence western blot
detection kit (Amersham Biosciences, Little Chalfont, Bucking-
hamshire, UK).

Immunocytochemistry

Cells were plated at 1.0x10° cells/well in a four-well cham-
ber slide. Sixteen hours after seeding, the cells were treated
with RA (2.5 uM) and incubated for 12 h. Cells were fixed
with 100% ethanol for 10 min, permeabilized with 0.1% Triton
X-100 in PBS for 30 min, and washed with PBS three times.
Subsequently, cells were treated with a blocking medium con-
taining 5% BSA in PBS for 1 h at 37°C and then exposed
to an anti-NRF2 antibody diluted in blocking medium (1:125
dilution) overnight. A FITC-conjugated secondary antibody
(diluted 1:500) was added and incubated for 1 h to detect
the immune-oreactive primary NRF2 antibody. Excess anti-
bodies were washed away with PBS, and the stained cells
were mounted onto microscope slides in a mounting medium
containing DAPI for nuclear counterstaining. Images were
captured using a FluoView FV1200 laser-scanning confocal
microscope (Olympus Life Sciences, Tokyo, Japan).

Transient transfection of small interfering RNA (siRNA)
Cells were seeded at 1.0x10° cells/mL in 24 well plates and
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allowed to grow to approximately 50% confluence. The siRNA
construct was a mismatched siRNA control (siControl; Santa
Cruz Biotechnology). siRNAs against AKT (siAKT, Bioneer,
Seoul, Korea), and ERK1 (siERK1; Santa Cruz Biotechnol-
ogy) were used. Following the manufacturer’s instructions,
Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) was
employed to transfect cells along with 10-50 nM siRNA. Sub-
sequently, cells were treated with 2.5 uM RA and incubated for
24 h for western blot analysis.

Detection of GSH levels

Cell cultures (1.0%10° cells/mL) were treated with 2.5 uM
RA and exposed to UVB 1 h later. Following 24 h of incuba-
tion, cells were treated with 10 uM of CMAC dye, and samples
were incubated for a further 30 min at 37°C. Additional dye
was washed off with PBS, and the stained cells were mounted
onto a chamber slide in a mounting medium. The slides were
observed under a confocal microscope using the LSM 5 PAS-
CAL software (Carl Zeiss, Jena, Germany). GSH levels were
determined by spectrophotometry in either cells or mouse tis-
sues using a BIOXYTECH GSH-400 assay kit (Oxis Interna-
tional Inc., Foster City, CA, USA) following the manufacturer’s
protocol.

Cell viability

Cells were seeded in 24 well plates at a density of 1x10°
cells/mL for 16 h, pretreated with 10 uM BSO (an inhibitor of
GSH), 5 uM LY294002 (an inhibitor of phosphatidylinositol
3-kinase (PI3K)/AKT), or 10 nM U0126 (an inhibitor of ERK
kinase) and incubated for 1 h before treatment with RA at 2.5
uM. Cells were subsequently exposed to UVB and incubated
for 24 h at 37°C, and MTT solution was added (125 uM per
well). Following a 4 h incubation period, the supernatants
were aspirated and 350 uL of dimethyl sulfoxide was added
to dissolve the formazan crystals in the wells. Finally, the ab-
sorbance was measured at 540 nm using a VersaMax ELISA
Microplate Reader (Molecular Devices, Sunnyvale, CA, USA).

Detection of 8-hydroxy-2’-deoxyguanosine (8-OHdG)

DNA was isolated from mouse skin using a Wizard genomic
DNA purification kit (Promega, Madison, WI, USA) and quanti-
fied using a spectrophotometer. The levels of 8-OHdG present
in DNA isolated from mouse skin tissues were assayed using
a Bioxytech 8-OHdG-ELISA kit (OXIS Health Products, Port-
land, OR, USA), according to the manufacturer’s instructions.

Protein carbonylation

Protein carbonylation was measured using an Oxiselect™
protein carbonyl ELISAKkit (Cell Biolabs, San Diego, CA, USA),
following the manufacturer’s instructions.

Lipid peroxidation

The levels of isoprostane were measured using an OxiSe-
lect™ 8-iso-prostaglandin F2a. ELISA kit (Cell Biolabs), ac-
cording to the manufacturer’s protocol.

Statistical analysis

All measurements were performed in triplicate, and data
are presented as the mean * the standard error (SE). Data
were statistically analyzed using one-way analysis of vari-
ance, followed by Tukey’s test to analyze the difference. Sta-
tistical significance was set at p<0.05.
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Fig. 1. Rosmarinic acid (RA) increases the mRNA and protein expression of glutamate-cysteine ligase catalytic subunit (GCLC) and gluta-
thione synthetase (GSS) in human HaCaT keratinocytes. Cells were treated with RA for 0, 6, 12, 24, and 48 h at 2.5 yM or 1.25, 2.5, and 5
uM for 24 h respectively. (A, B) mRNA expression of GCLC and GSS was analyzed by reverse transcription-PCR (RT-PCR). (C, D) Protein

expression levels of GCLC and GSS were assessed by western blot.

RESULTS

RA upregulates the mRNA and protein expression levels
of GCLC and GSS

Cells were treated with 2.5 uM RAfor 0, 6, 12, 24, and 48 h
or RA at different concentrations (1.25, 2.5, and 5 uM) for 24 h.
The relative mRNA expression of GCLC and GSS increased in
a time- and dose-dependent manner (Fig. 1A, 1B). The peak
mRNA expression level was reached at 24 h (Fig. 1A), with 2.5
and 5 uM of RA inducing the highest mMRNA levels (Fig. 1B).
Similarly, the ability of RA to induce GCLC and GSS protein
expression was assessed using western blotting. As shown
in Fig. 1C and 1D, GCLC and GSS protein levels in the cells
were increased by RA treatment in a time- and concentration-
dependent manner. Therefore, treatment with 2.5 uM RA for
24 h was considered the optimal treatment for subsequent
experiments.

RA increases the levels of NRF2 transcription factor and
induces the AKT and ERK pathways

To determine whether RA activated NRF2, the nuclear frac-
tion of NRF2 was measured at the indicated time points. West-
ern blotting showed that RA remarkably increased phospho-
NRF2 and NRF2 levels in the nuclear fraction after 6 and 12 h
of incubation (Fig. 2A). Furthermore, RA facilitated the trans-
location of NRF2 from the cytosol to the nucleus (Fig. 2B).
Various kinases, such as PI3K, ERK, JNK, and p38, mediate
the phosphorylation of NRF2 (Liu et al., 2021). To investigate
the upstream signaling pathways that dominate RA-induced
NRF2 activation, we analyzed the involvement of AKT and
ERK, which are both well-known signaling enzymes that pro-
tect cells against oxidative stress. Therefore, the phosphoryla-
tion of AKT and ERK upon incubation with RA was analyzed
via western blotting using specific antibodies. As shown in Fig.
2C and 2D, treatment with RA activated AKT and ERK signal-
ing in a time-dependent manner.

AKT and ERK pathways are involved in RA-induced NRF2
expression and cytoprotection against UVB radiation

To confirm the involvement of AKT and ERK in the activa-
tion of NRF2, we treated cells with LY294002 (a PI3K/AKT
inhibitor) and U0126 (an ERK kinase inhibitor) for 1 h, followed
by the addition of RA and incubation for 12 h (optimal time for
NRF2 activation) or 24 h (optimal time for GSS and GCLC
activation) to investigate protein expression levels. The levels
of phosphorylated AKT and ERK in the RA + inhibitor group
were significantly lower than those in the RA-treated group
(Fig. 3A). Moreover, GCLC and GSS protein expression lev-
els were elevated following RA treatment, whereas they were
notably decreased after treatment with LY294002 and U126
(Fig. 3B). To further investigate the contribution of AKT and
ERK signaling, AKT and ERK gene expression was disrupted
using small interfering RNA (siRNA). The results were con-
sistent with the use of the inhibitors (Fig. 3C). In addition,
the RA-induced increase in phospho-NRF2 and NRF2 levels
were significantly diminished in the presence of LY294002
and U0126 (Fig. 3D). Therefore, this experimental evidence
is consistent with the involvement of the PI3K/AKT and ERK
pathways in the activation of NRF2 to induce GSH expression.
To determine whether the cyto-protective effects of RA were
dependent on the activation of the AKT and ERK signaling
pathways, cell viability was examined by the MTT assay. The
results showed that RA, LY294002, and U0126 were not cyto-
toxic, whereas UVB radiation caused an extreme decrease in
cell viability. However, RA was able to protect cells against the
cytotoxicity caused by UVB. Notably, LY294002 and U0126
reversed this effect (Fig. 3E).

GSH participates in the protective effect of RA on
UVB-induced cell damage

GSH plays a vital role in the maintenance of cellular anti-
oxidant systems, as well as in a range of metabolic processes
via the regulation of intracellular redox balance (Jena et al.,
2023). Therefore, the protein expression of GSS and GCLC
was measured using western blotting. RA markedly prevented
the UVB-induced downregulation of GCLC and GSS protein
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Fig. 2. Rosmarinic acid (RA) induces the nuclear accumulation of nuclear factor erythroid-2-related factor 2 (NRF2), protein kinase B (AKT),
and phosphorylation of extracellular signal-regulated kinase (ERK) in human HaCaT keratinocytes. Cells were pretreated with 2.5 uM of RA
for 0 to 24 h (3, 6, 12, and 24 h), and the nuclear extract was prepared following the harvest at certain time points. (A) NRF2 activation at
different time passages was assessed using western blot analysis using NRF2 and phospho-NRF2 antibodies. TATA-binding protein (TBP)
was used as a loading control protein. (B) Intracellular NRF2 localization in cultured cells was assessed via immunocytochemistry using an
anti-NRF2 antibody and a FITC-conjugated secondary antibody. Nuclei stained with DAPI appear blue, and NRF2 localization appears
green. (C, D) Cells were incubated with 2.5 uM of RAfor 0 to 12 h (1, 3, 6, 12 h) intervals, proteins were extracted for western blot, and (C)
phospho-AKT, AKT, (D) phospho-ERK, ERK2, were detected using specific antibodies.

expression levels (Fig. 4A). Next, we tested whether RA up-
regulated cellular GSH levels upon UVB irradiation. Cellular
GSH levels were assessed using confocal microscopy and
staining with a specific dye, CMAC, which indicates the pres-
ence of GSH. Fluorescence intensity was higher in RA-treated
cells, whereas GSH expression was not detected in the UVB-
treated group. Notably, pretreatment with RA inhibited the
UVB-induced reduction in GSH levels (Fig. 4B). In addition,
the cellular GSH levels were measured using a commercially
available GSH detection kit. As shown in Fig. 4C, while RA
increased GSH levels, the increase was not significant; how-
ever, it significantly suppressed the reduction in GSH levels
caused by exposure to UVB. The association between GSH
and RA-induced cyto-protection was assayed in the presence
of the specific GSH inhibitor BSO. Cell viability was signifi-
cantly reduced in the UVB-treated group and RA pretreatment
greatly increased cell viability. However, BSO significantly
attenuated the RA-enhanced cell viability (Fig. 4D). There-
fore, RA-induced cyto-protection against UVB irradiation is
achieved via modulation of cellular GSH levels.

RA attenuates UVB-induced macromolecular damage in
mouse skin tissue

We have previously demonstrated that RA protects human
HaCaT keratinocytes against UVB-induced macromolecular
damage (Fernando et al., 2016). Therefore, we examined
whether this effect occurred in vivo. Phosphorylation of H2A.X
is a sensitive marker for evaluating DNA damage because
phosphorylation of H2A.X at Ser 139 is a rapid and abun-
dant phenomenon related to double-strand breakages (Li et
al., 2021). As shown in Fig. 5A, treatment with RA (0.01 or
0.1 mg/mL) or treatment with the positive control padimate O
significantly reduced UVB-induced H2A.X phosphorylation. In
addition, UVB radiation significantly induced the production of
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8-OHdG, which is the most stable and abundant product of
oxidative DNA damage. However, RA treatment attenuated
this increase (Fig. 5B). Additionally, the formation of carbonyl
groups is a marker of protein oxidation and is enhanced by
ROS. There was a significant increase in protein carbonyl for-
mation in UVB-irradiated mice skin, which was inhibited by RA
at 0.01 and 0.1 mg/mL concentrations, or padimate O (Fig.
5C). The levels of 8-isoprostane, a reliable candidate for pho-
to-oxidative damage, were evaluated (Vetrani et al., 2022).
Consistent with our previous results, 8-isoprostane formation
was observed in the UVB-irradiated control group, whereas
treatment with RA or padimate O decreased the 8-isoprostane
levels (Fig. 5D). Most importantly, in each case, the reduc-
tion in oxidative damage was higher in the high-dose RA (0.1
mg/mL) treatment group than in the low-dose RA (0.01 mg/
mL) treatment group, thus implying that RA prevents cellular
macromolecular damage and safeguards the skin from UVB
irradiation-induced damage in a dose-dependent manner.

RA protects against UVB radiation-induced antioxidant
enzyme imbalance and apoptosis in mouse skin tissue

We examined the effect of RA on intracellular antioxidant
enzyme activity after UVB irradiation in vitro (Fernando et al.,
2016). To confirm this hypothesis, we investigated the effect in
vivo. We measured the protein levels of CAT and SOD1. As
shown in Fig. 6A, RA treatment significantly increased CAT
and SOD1 protein levels in the skin tissues of mice exposed
to UVB radiation, and this effect was more prominent at high
RA concentrations. UVB radiation causes severe damage to
the skin; in response, cells continue their repair mechanisms
or undergo apoptosis to tolerate the damage. The protein lev-
els of Bax, cleaved caspase-9 and caspase-3, and cleaved
PARP, which is an indicator of mitochondria-mediated apop-
tosis, were significantly higher in UVB-treated mouse skin tis-
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Fig. 3. Phosphorylation of protein kinase B (AKT) and extracellular signal-regulated kinase (ERK) is involved in the induction of glutamate-
cysteine ligase catalytic subunit (GCLC) and glutathione synthetase (GSS) and activation of nuclear factor erythroid-2-related factor 2
(NRF2) in human HaCaT keratinocytes. (A, B) Cells were treated with LY294002 (PI3K/AKT inhibitor) or U0126 (ERK inhibitor), and follow-
ing 1 h, RA was added. And (A) phospho-AKT, AKT or phospho-ERK, ERK2, and (B) GCLC, GSS protein expressions were determined by
western blot analysis. Cells were transfected with 20 nM siControl and siAKT or siERK1. After 16 h of incubation, cells were treated with RA
(2.5 uM) for 24 h. (C) Effect of siAKT or siERK1 on the expression of GCLC and GSS was observed via western blot using specific antibod-
ies. (D) Cells were incubated with LY294002 or U0126, treated with RA (2.5 uM). Phospho-NRF2 and NRF2 protein expressions were de-
tected by their specific antibodies. The TBP antibody was used as a loading control for nuclear proteins. (E) Cells were incubated with
LY294002 or U0126, treated with RA (2.5 uM), and exposed to UVB for the detection of cell viability using the MTT assay. *Significantly dif-
ferent from UVB-treated cells (p<0.05), and **significantly different from RA plus UVB-treated cells (p<0.05).

sue, and anti-apoptotic Bcl-2 protein expression was reduced.
However, RA significantly reduced the protein expression of
each apoptosis marker, which was consistent with our previ-
ous in vitro observations (Fig. 6B).

RA protection against UVB radiation is achieved by
regulating NRF2-GSH signaling in vivo

To improve the accuracy of the in vitro results, GCLC, GSS,
and GSH synthesis indicators and protein expression were
evaluated in mouse dorsal skin tissue to verify the involve-
ment of GSH in the subsequent NRF2 activation. Compared
with the UVB-irradiated group where the expression of the
GCLC and GSS proteins was remarkably reduced, the RA-
treated groups (0.01 or 0.1 mg/mL) exhibited increased GCLC
and GSS expression levels, which is consistent with the ef-
fect of the positive control padimate O (Fig. 7A). The dose of
UVB irradiation used in this experiment drastically reduced the
GSH levels in the skin tissue, whereas treatment with 0.01 or
0.1 mg/mL RA and the positive control padimate O restored
this UVB-induced GSH depletion in a significant manner (Fig.

7B). Furthermore, RA upregulated the expression and translo-
cation of NRF2 into the nucleus in a dose-dependent manner
(Fig. 7C).

DISCUSSION

The epidermis, the outermost layer of the skin, is surround-
ed by keratinocytes, which are frequently exposed to a range
of harmful external stimuli, such as UV radiation (Mohamed
and Hargest, 2022). The oxidative stress caused by these en-
vironmental factors has numerous deleterious effects on the
skin. To counterbalance these detrimental effects, mammalian
cells have oxidative stress-tolerant pathways, particularly the
NRF2 transcription factor, which is activated by oxidative and
electrophilic stress. NRF2 regulates the expression of a wide
array of genes encoding phase Il antioxidant enzymes, such
as SOD, CAT, and NAD(P)H quinone oxidoreductase (Galicia-
Moreno et al., 2020).

RA s a naturally occurring herbal extract that enhances cel-
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Fig. 4. Rosmarinic acid (RA) alleviates the reduction in glutathione (GSH) levels induced by UVB radiation in human HaCaT keratinocytes.
Cells were pretreated with RA (2.5 uM) and then exposed to UVB and incubated for 24 h. (A) The protein expressions of GCLC and GSS
were detected by western blot analysis. Actin was used as a loading control. (B) After cells were stained with CMAC, a specific dye for GSH
detection, GSH levels were detected using confocal microscopy. (C) GSH levels were measured using a commercial GSH detection kit.
*Significantly different from control (p<0.05), **significantly different from UVB-irradiated cells (p<0.05). (D) Cells were incubated with GSH
inhibitor buthionine sulfoximine (BSO), treated with RA (2.5 uM), and exposed to UVB for analysis of cell viability using the MTT assay. *Sig-
nificantly different from UVB-treated cells (p<0.05), and **significantly different from RA plus UVB-treated cells (p<0.05).
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Fig. 5. Rosmarinic acid (RA) inhibits UVB irradiation-induced oxidative damage to components in the dorsal mouse skin tissue. Mice were
treated with RA (0.01 or 0.1 mg/mL) or padimate O prior to UVB irradiation. (A) Protein expression of phospho-histone H2A.X, (B) 8-OHdG
(indicator of oxidative DNA damage) levels, (C) formation of protein carbonyls (markers of protein oxidation), and (D) 8-isoprostane (marker
of lipid peroxidation) levels were assessed. (A) Actin was used as a loading control for phospho-histone H2A.X. (B-D) *Significantly different
compared to the non-irradiated control group (p<0.05), and **significantly different compared to the irradiated control group (p<0.05).
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administrated with RA (0.01 or 0.1 mg/mL) or padimate O before they were exposed to UVB. (A) Tissue lysates from skin samples were an-
alyzed via western blot to detect the expression of CAT and SOD1. (B) Protein expression of Bcl-2, Bax, cleaved caspase-9 and caspase-3,
and cleaved PARP were detected using their specific antibodies. (A, B) Actin was used as a loading control.
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Fig. 7. Effects of rosmarinic acid (RA) on NRF2 and glutathione (GSH) synthesis in response to UVB irradiation in mouse dorsal skin tis-
sue. Mice were coated with RA (0.01 or 0.1 mg/mL) or padimate O before exposure to UVB. Tissue lysates from skin samples were ana-
lyzed by western blot to detect the expression of (A) GCLC and GSS using specific antibodies. (B) The GSH level in skin tissues was mea-
sured by a GSH detection kit. *Significantly different compared to the non-irradiated control group (p<0.05), and **significantly different
compared to the irradiated control group (p<0.05). (C) The expression of NRF2 was detected by western blot analysis using specific anti-
body. (A, C) Actin was used as a loading control.

lular antioxidant defenses and reverses UVB-induced oxida- to stress stimuli (Chen et al., 2016) and induces either cell
tive damage. However, its role as a potent NRF2 inducer in survival or proliferation. Previous studies using different com-
the skin and its involvement in various signaling pathways re- pounds, such as tert-butyl hydroquinone, eckol, sulforaphane,
main unclear. In this study, we investigated these aspects and and fucoxanthin, reported that AKT and ERK functions are es-
provided novel findings on the mechanisms underlying the sential for NRF2 activation in different cell lines (Qin and Hou,
antioxidant activities of RA. We demonstrated that RA acts as 2016). In the present study, to the best of our knowledge, we

a potent antioxidant by activating NRF2 translocation into the showed for the first time that RA activates the AKT and ERK
nucleus. In parallel with NRF2 activation, we showed that RA signaling pathways in cultured human keratinocytes. Using
induces GSH production, which is followed by an enhanced two different inhibitors of AKT and ERK (LY294002 or U0126)
antioxidant defense. The sulfhydryl group (SH) of GSH is and specific siRNA, we demonstrated that the inhibition of the

readily polarizable and facilitates the removal of free radicals AKT and ERK pathways decreased the RA-induced enhanced
and their derivatives (Gomes et al., 2023). Further, tripeptide NRF2 activity and GSH synthesis. Thus, we concluded that
GSH acts as the cofactor for glutathione peroxidation and is, the functional PI3K/AKT and ERK pathways are required for
therefore, involved in the detoxification of electrophilic com- the activation of NRF2 and GSH biosynthesis.
pounds (Lapenna, 2023). As suppressed GSH levels disturb In addition, to approach in vivo conditions in the in vitro set-
the cellular antioxidant capacity, the RA-induced increase in up, we first analyzed mouse tissues with different biomarkers
GSH content largely enhances the antioxidant status of the for oxidative damage. RA attenuated UVB-induced oxidative
skin, thereby protecting against UVB-induced oxidative dam- DNA injury, as evidenced by the phosphorylation of H2A. X and
age. 8-OHdG. Moreover, the formation of protein carbonyls via oxi-
AKT is activated by phosphorylation at Thr308 and Ser473 dative cleavage of the protein backbone and 8-isoprostanes,
and promotes cell survival and proliferation (Asare et al., which are prostaglandin-like compounds produced from the
2023). The ERK pathway is generally stimulated by the ac- free radical-mediated peroxidation of essential fatty acids,
tivation of the epidermal growth factor receptor in response was reduced by the administration of RA. In addition to these
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effects, RA also prevented UVB-induced oxidative damage in
mouse skin tissues, as measured by various key markers of
apoptosis. Our results in mouse skin dorsal tissue indicated
that RA treatment prevents the UVB-induced reduction of
NRF2 protein expression, while restoring phase Il detoxifica-
tion and antioxidant enzymes. Moreover, as UVB irradiation
resulted in GSH depletion, our present data suggest that RA
treatment significantly prevents UVB-induced GSH depletion.
Thus, the topical application of RA protects against UVB-in-
duced skin damage in hairless mice, suggesting that RA treat-
ment is a promising approach to protect the skin from oxida-
tive damage in response to UVB radiation.

In summary, the results of the present study suggest that
RA protects against UVB-induced oxidative damage by acti-
vating AKT and ERK signaling to regulate NRF2 signaling and
enhance GSH biosynthesis.
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