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Antioxidant cinnamaldehyde attenuates UVB-induced photoaging

Yuka Tanakaa, Hiroshi Uchib, Masutaka Furuea,c,d,*
aDepartment of Dermatology, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan
bDepartment of Dermatology, National Hospital organization Kyushu Cancer Center, Fukuoka, Japan
cResearch and Clinical Center for Yusho and Dioxin, Kyushu University Hospital, Fukuoka, Japan
dDivision of Skin Surface Sensing, Department of Dermatology, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

A R T I C L E I N F O

Article history:
Received 13 May 2019
Received in revised form 7 October 2019
Accepted 1 November 2019

Keywords:
Cinnamaldehyde
DNA damage
Photoaging
Reactive oxygen species
Ultraviolet
Antioxidant

A B S T R A C T

Background: Ultraviolet (UV) irradiation disrupts skin through several deleterious actions, such as
induction of reactive oxygen species (ROS), DNA damage, and collagen degradation. Cinnamaldehyde
(CIN) is a major constituent of the cinnamon and it possesses potent antioxidative activity; however, it is
unclear whether CIN is capable of inhibiting the adverse effects of UVB.
Objective: To investigate protective effects of CIN against UVB-induced photodamage.
Methods: HaCaT keratinocytes were pretreated with CIN, irradiated with UVB, and assessed for the ROS
production by flow cytometry and for the DNA damage by ELISA. As in vivo mouse model, Hos:HR-
1 hairless mice were treated with ointments containing DMSO or CIN and irradiated multiple times with
UVB. After 10 weeks of irradiation, wrinkle formation, epidermal thickness, infiltrating cell number,
malondialdehyde amount, collagen amount, MAP kinase signaling, and related gene expressions (Hmox1,
Col1a1, Mmp1a, and Mmp13) were analyzed.
Results: CIN significantly reduced the ROS production and accelerated the repair of DNA damage
pyrimidine(6-4)pyrimidone photoproducts in UVB-irradiated human keratinocytes in vitro. In the mouse
model, topical application of CIN significantly inhibited wrinkle formation, epidermal hyperplasia, and
dermal inflammatory cell infiltration. The antioxidative process was significantly promoted in the CIN-
applied site, as evidenced by upregulation of the antioxidative enzyme Hmox1 as well as the reduced
accumulation of malondialdehyde. In addition, topical application of CIN normalized the UVB-induced
collagen/Col1a1 downregulation and the UVB-induced Mmp13 upregulation, implying the prevention of
UVB-induced collagen degradation.
Conclusions: CIN and CIN-containing herbal agents may exert potent protective effects against UVB
exposure on skin.
© 2019 Japanese Society for Investigative Dermatology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Ultraviolet (UV) radiation impairs the outermost layer of the
body, namely, the skin. Among UV rays, UVB is regarded as “the
burning rays,” making up 4%–5% of UV light. It is 1000 times more
potent at causing sunburn than UVA and is responsible for photo-
induced skin damage [1,2]. UVB irradiation evokes complex and
multifaceted signal networks that promote the intracellular
formation of reactive oxygen species (ROS), which in turn damages
lipids, proteins, and nucleic acids in keratinocytes [1–4]. In
addition, UV exposure causes DNA damage by initiating the
photoisomerization of two adjacent pyrimidine bases, such as
* Corresponding author at: Department of Dermatology, Graduate School of
Medical Sciences, Kyushu University, Maidashi 3-1-1, Higashi-ku, Fukuoka, Japan.

E-mail address: furue@dermatol.med.kyushu-u.ac.jp (M. Furue).

https://doi.org/10.1016/j.jdermsci.2019.11.001
0923-1811/ © 2019 Japanese Society for Investigative Dermatology. Published by Elsevi
pyrimidine(6-4)pyrimidone photoproducts (6-4PPs) [5,6]. The
generated 6-4PPs are rapidly removed and repaired by DNA repair
enzyme complexes, but this repair process is deterred by ROS [6].
ROS also induce lipid peroxidation as assessed by the accumulation
of malondialdehyde (MDA) [7,8]. In addition, UV irradiation
increases epidermal thickness, reduces collagen synthesis, and
facilitates collagenolysis by upregulating the expression of matrix
metalloproteases (MMPs) [9–16]. UVB-induced ROS activates
mitogen-activated protein kinase (MAPK) signaling that further
induces MMPs and eventually promotes collagen degradation
[17,18]. These UVB-mediated biological responses are likely to
contribute to the process of photocarcinogenesis and photoaging.

A number of plants are known to contain various constituents
that exert beneficial effects on organisms, such as antioxidation,
anti-inflammation, and anticarcinogenesis [19–22]. Among these
plants, cinnamon has a long history of use as a traditional
medicine for bronchitis, diarrhea, and dysmenorrhea [23,24].
er B.V. All rights reserved.
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Cinnamaldehyde (3-phenyl-2-propenal; CIN) is the major con-
stituent of the bark of Cinnamomum cassia, and is known to have
various biological activities, including anti-inflammatory and
antibacterial properties [23–25]. CIN also possesses potent
antioxidative effects to inhibit ROS production in association with
the upregulation of the antioxidative enzyme heme oxygenase 1
(HMOX1) [26]. However, it remains unknown whether CIN is
capable of inhibiting the adverse effects of UVB.

In this study, we demonstrated that CIN 1) reduces UVB-
induced ROS production in keratinocytes and 2) accelerates the
clearance of the DNA damage 6-4PPs. Moreover, the topical
application of CIN prevented UVB-induced photoaging in vivo by
upregulating Hmox1 expression and downregulating MDA accu-
mulation. The topical application of CIN also restored the UVB-
induced collagen/Col1a1 downregulation and inhibited Mmp13
upregulation.

2. Materials and methods (see also supplementary materials
and methods)

2.1. Cell toxicity

HaCaT cells were seeded at density of 5000 cells/well of 96-well
culture plates and incubated for 24 h at 37 �C. Then, the cells were
treated with DMSO (0.1%, control), or chemicals (CIN, RES, or LIG;
6.25, 12.5, 25, 50, or 100 mM). At 24 h of treatment, cell toxicity was
measured using Cell Counting Kit-8 (Dojindo Molecular Technolo-
gies Inc., Kumamoto, Japan) following the manufacturer’s instruc-
tions. The absorbance of reaction products was measured with an
iMark microplate reader (Bio-Rad Laboratories Inc., Hercules, CA)
at 450 nm.

2.2. UVB irradiation experiments in vitro for RNA expression analysis

NHDFs were seeded at a density of 1.5 �105/well of 12-well
culture plates and incubated for 24 h. HaCaT keratinocytes were
seeded at a density of 3 �105/well of 6-well culture plates and
incubated for 48 h. Cells were then treated with DMSO (0.1%,
control) or CIN (25 or 50 mM) for 6 h, followed by irradiation with
UVB at 300 J/m2 (NHDFs) or 50 J/m2 (HaCaT cells). At 24 h post-
irradiation, cells were harvested and used for further analysis.

2.3. RNA extraction and quantitative reverse-transcription polymerase
chain reaction (qRT-PCR)

RNA extraction and qRT-PCR were performed following the
methods described previously [27]. The sequences of the primers
used are listed in Supplemental Table S1.

2.4. UVB irradiation experiments in vivo

Six-week-old female Hos:HR-1 hairless mice (Hoshino Labora-
tory Animals, Inc., Bando, Japan) were housed in a vivarium
following the guidelines of the animal facility of Kyushu University.
The mice were maintained under ad libitum feeding and handled in
accordance with the Guidelines for the Care and Use of Laboratory
Animals of Kyushu University. The mice were anaesthetized in 2%–
3% sevoflurane (Maruishi Pharmaceutical Co., Ltd., Osaka, Japan)
using a small-animal anesthetic machine (Muromachi Kikai Co.,
Ltd., Tokyo, Japan) and ointments containing DMSO (1%) or CIN
(Low, 50 mM; and High, 500 mM) were applied to the dorsal skin
1 h prior to each UVB irradiation. Considering the difference
between mono-layered keratinocytes and multiple-layered skin
tissue, 10-times higher concentration of CIN than in vitro
experiment was used as “High” and the effective dose in vitro
was used as “Low”. According to the published method inducing
photoaging in vivo in hairless mice and with slight modification
[28,29], the mice were irradiated with UVB three times aweek at the
following doses: 500 J/m2 (minimal erythema dose: MED) for the
first week, followed by increases of the dose by 500 J/m2 per week
up to the fourth week, after which the mice were exposed to 2000 J/
m2 (4 MED) for 6 weeks (total 10 weeks). Twenty-four hours after
the final irradiation, the micewere sacrificed and the dorsal skinwas
collected for further analyses. Whole skin tissues (epidermis and
dermis) were put in RNAlater for mRNA expression analysis or were
frozen by liquid nitrogen and stored at �80 �C for the other analyses.
This experiment was approved by the Animal Care and Use
Committee, Kyushu University (Approval ID: A29-176-1).

2.5. Malondialdehyde (MDA) measurement

For the measurement of MDA, 10% w/v homogenate of skin
tissues was prepared in cold assay buffer and cleared by
centrifugation at 14,000 rpm for 10 min at 4 �C. Supernatants were
then transferred to a new tube and used for the assay. MDA was
measured by the thiobarbituric acid reactive substances (TBARS)
assay using a malondialdehyde assay kit (Nikken Seil Co., Ltd.,
Tokyo, Japan), in accordance with the manufacturer’s instructions.

2.6. Collagen quantification

The amount of total collagen in mouse skin was measured using
Total Collagen Assay Kit (QuickZyme Biosciences, Leiden,
Netherlands) following the manufacturer’s instructions. Briefly,
skin tissues were hydrolyzed with 6 M HCl for 20 h at 95 �C. The
lysate were cleared by centrifugation at 12,000 rpm for 10 min and
the supernatant was used for the assay. Absorbance of the reaction
products at 570 nm was measured with an iMark microplate reader
and the amount of collagen was calculated based on the standard
curve provided in the kit.

2.7. Western blot

Mouse dorsal skin were frozen by liquid nitrogen, ground with
pestle, lysed with lysis buffer (25 mM HEPES, 10 mM
Na4P2O7�10H2O, 100 mM NaF, 5 mM EDTA, 2 mM Na3VO4, 1% Triton
X-100) at 4 �C for 2 h, and cleared by centrifugation at 14,000 rpm
for 30 min. Then the supernatants were run by SDS-PAGE with Bolt
4–12% Bis-Tris Plus Gels (Thermo Fisher Scientific) and the proteins
were transferred to PVDF membranes (Millipore, Burlington, MA).
After blocking with 2% BSA, the membranes were probed with
specific primary antibodies, and further treated with HRP-
conjugated secondary antibodies. Proteins were then visualized
with SuperSignal West Pico Chemiluminescence Substrate
(Thermo Fisher Scientific), recorded by the ChemiDocTM XRS Plus
System (Bio-Rad Laboratories Inc.), and analyzed with Image Lab
software (Bio-Rad Laboratories Inc.).

3. Results

3.1. Plant-derived chemicals reduced the UVB-induced ROS production
in keratinocytes

We first examined whether CIN exerts antioxidative activity
against UVB-induced ROS production in keratinocytes. Three
antioxidants, NAC, RES, and LIG, served as functional controls
[27,30–32]. Since CIN and LIG showed cell toxicity at 100 mM, we
selected lower doses (25 and 50 mM) for the following analysis
(Supplementary Fig. S1). All plant-derived chemicals (25 and
50 mM) could induce the expression of antioxidant enzyme
HMOX1, and CIN exhibited the strongest induction compared to
RES or LIG (Supplementary Fig. S2). HaCaT cells were then pre-
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treated with these chemicals, irradiated with UVB, and assessed for
ROS production by flow cytometry. At 12 h after UVB irradiation,
UVB (200 J/m2)-irradiation was able to induce ROS without causing
entire cell death. The significant reduction of ROS production was
observed in the cells pre-treated with CIN (25 and 50 mM, Fig. 1A),
RES (25 mM, Fig. 1B), and LIG (25 and 50 mM, Fig. 1C). The levels of
ROS reduction by CIN and LIG were comparable to that by NAC,
while the capacity of RES to inhibit the UVB-induced ROS
production was weaker than that of CIN or LIG.

3.2. Cinnamaldehyde accelerated the clearance of UVB-induced 6-
4PPs

In addition to ROS, UVB exposure creates pyrimidine dimers
such as 6-4PPs, a type of DNA damage. This damage prevents
proper DNA replication and transcription, which eventually causes
mutation, destabilization of chromosomes, and potentially cell
death [33,34]. To assess the ability of CIN, RES, and LIG to prevent
the formation or accelerate the clearance of DNA damage, the level
of 6-4PPs in UVB-irradiated HaCaT cells pre-treated with CIN, RES,
or LIG was measured. As shown in Fig. 2, UVB irradiation caused
the formation of 6-4PPs in DMSO-treated controls, while pre-
treatment with CIN (50 mM) significantly reduced the level of 6-
4PPs compared with that of DMSO-treated control cells at 0 and 1 h
post-irradiation. Moreover, at 3 h post-irradiation, the level of 6-
4PPs almost recovered to the basal level (Fig. 2A). The level of 6-
4PPs tended to be lower in the cells treated with RES (50 mM) or
LIG (50 mM) than in the DMSO-treated control cells, although the
differences were not statistically significant (Fig. 2B and C). These
results imply that CIN, but not RES or LIG, significantly accelerates
the clearance of UVB-induced DNA damage in keratinocytes.

3.3. Cinnamaldehyde reduced the UVB-induced photoaging in mice

As CIN downregulated the UVB-induced ROS generation and
facilitated the repair of UVB-mediated DNA damage, we next
examined its anti-photoaging effects in vivo using Hos:
Fig. 1. CIN, RES, and LIG reduce the UVB-induced ROS production in keratinocytes. HaCaT
cinnamaldehyde (CIN, 25 or 50 mM), (B) resveratrol (RES, 25 or 50 mM), or (C) z-ligustilide
by flow cytometry at 12 h post-irradiation. Representative histograms of DCF fluorescence
(lower panels). Data are presented as mean � standard deviation (n = 3 per group). * P 
HR-1 hairless mice exposed to repetitive UVB radiation. Before
each irradiation, CIN (Low, 50 mM; or High, 500 mM) or DMSO
ointment was applied to the dorsal skin. At the 10th week of
treatment, UVB exposure appeared to induce the formation of
wrinkles on dorsal skin in the DMSO ointment-treated control
group. However, the wrinkle formation was impaired in the CIN
(High) ointment-treated group (Fig. 3A, left).

HE staining was performed to evaluate the epidermal thickness
and number of infiltrating cells (Fig. 3A, right, B, and C). A
significant increase of epidermal thickness was observed in the
UVB-irradiated, DMSO-treated control group (140.9 � 9.74 mm)
compared with that in unirradiated normal skin (25.2 � 1.14 mm)
(Fig. 3B). Topical application of CIN (High) ointment significantly
reduced the epidermal thickness (113.5 �11.5 mm) induced by UVB
exposure compared with that of DMSO-treated controls (Fig. 3B).
The inhibitory effect of topical CIN (Low) application was limited
and did not reach statistical significance (Fig. 3B). The number of
infiltrating cells in the dermis, including inflammatory cells, was
also evaluated from the HE staining images. An increased number
of infiltrating cells was observed in response to UVB irradiation
(Fig. 3C). The UVB-irradiated groups treated with DMSO or CIN
(Low) showed approximately the same numbers of infiltrating
cells (3842 � 462.5 and 3542 � 606.7 cells/mm2, respectively),
which was slightly but significantly decreased in the CIN (High)-
treated UVB-irradiated group (2963 � 548.3 cells/mm2) (Fig. 3C).

3.4. Cinnamaldehyde upregulated antioxidative Hmox1 expression
and downregulated MDA accumulation

As CIN is known to upregulate the expression of the antioxidant
enzyme HMOX1 [26], we next measured Hmox1 expression in the
skin tissue of four groups of mice (Fig. 4A). Hmox1 expression in the
skin of the DMSO-treated UVB-irradiated group was comparable to
that of the unirradiated control group. However, the topical
application of CIN (High), but not CIN (Low), significantly enhanced
the Hmox1 expression, even under the UVB-treated conditions
(Fig. 4A).
 cells were treated with DMSO (0.1%, control), N-acetyl-L-cysteine (NAC, 5 mM), (A)
 (LIG, 25 or 50 mM), irradiated with UVB (200 J/m2), and assessed for ROS production

 (upper panels) are shown, along with the mean fluorescence intensity (MFI) of DCF
< 0.05, ** P < 0.01, and *** P < 0.001.



Fig. 2. CIN, but not RES and LIG, accelerates the clearance of 6-4PPs in keratinocytes. HaCaT cells were treated with DMSO (0.1%, control), (A) cinnamaldehyde (CIN, 25 or
50 mM), (B) resveratrol (RES, 25 or 50 mM), or (C) z-ligustilide (LIG, 25 or 50 mM), irradiated with UVB (300 J/m2), and assessed for the level of 6-4PPs at 0, 1, and 3 h post-
irradiation using ELISA. Data are presented as mean � standard deviation (n = 3 per group). * P < 0.05 and ** P < 0.01.

Fig. 3. UVB-induced wrinkle formation, epidermal thickness and inflammatory cell infiltration in dermis are attenuated by CIN in vivo. Hos:HR-1 hairless mice were treated
with ointments containing DMSO (1%) or cinnamaldehyde: CIN (Low, 50 mM; or High, 500 mM), and further exposed to UVB three times a week for 10 weeks. Tissues were
obtained from the dorsal skin and used for further analysis. (A) Representative images of mouse dorsal skin (left, scale bar =10 mm) and representative HE staining images of
mouse dorsal skin tissue (right, scale bar =0.5 mm) at 10th week are shown. (B) Epidermal thickness of skin tissue was measured from HE staining images. (C) The number of
infiltrating cells in dermis was counted and is presented as cell number per mm2. Data are presented as mean � standard deviation (n = 6 per group). * P < 0.05 and ** P < 0.01.
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The amount of MDA, a lipid peroxidation marker, was also
measured. As shown in Fig. 4B, significantly more MDA was
produced in the DMSO-treated UVB-irradiated group
(45.60 � 10.05 nmol/100 mg skin tissue) than in the unirradiated
group (27.68 � 6.80 nmol/100 mg skin tissue). The UVB-mediated
MDA production was inhibited in the CIN (High)-treated group
(30.68 � 4.80 nmol/100 mg skin tissue), but not in the CIN (Low)-
treated group (43.38 � 16.76 nmol/100 mg skin tissue). These
results suggested that the topical application of CIN may exert
antioxidative effects by upregulating Hmox1 expression and
inhibiting lipid peroxidation in vivo.

3.5. Cinnamaldehyde restored the UVB-mediated collagen
downregulation and Mmp13 upregulation

UVB reduces collagen production and accelerates collagenolysis
by induction of MMPs, especially MMP13 (a homolog of mouse
Mmp13) and MMP1 (a homolog of mouse Mmp1a [35,36]) in



Fig. 4. CIN exerts antioxidative effects in vivo. (A) The mRNA expression of Hmox1 in the dorsal skin of mice was measured by qRT-PCR. (B) The amount of MDA in 100 mg (wet
weight) of dorsal skin of mice was quantified by TBARS assay. Data are presented as mean � standard deviation (n = 6 per group). * P < 0.05 and ** P < 0.01.

Fig. 5. UVB-induced collagenolysis is prevented by CIN. (A) Col1a1 mRNA expression and (B) total collagen amount (mg per mg skin tissue) in the dorsal skin of mice were
evaluated. (C) Mmp13 mRNA expression in the dorsal skin of mice was measured by qRT-PCR. Data are presented as mean � standard deviation (n = 6 per group). * P < 0.05, **
P < 0.01, and *** P < 0.001.
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keratinocytes and fibroblasts in vitro [10,37], and Mmp13 in vivo in
mice [10]. As shown in Fig. 5A, UVB exposure reduced the Col1a1
expression in the skin compared with that in the unirradiated
control group. Topical application of both CIN (Low) and CIN (High)
restored the UVB-induced Col1a1 downregulation (Fig. 5A). We
also quantified the amount of collagen protein in the skin of our
experimental mice. In accordance with gene expression, total
collagen amount was reduced in DMSO-treated UVB-irradiated
group, which was significantly restored in CIN (High)-treated UVB-
irradiated group (Fig. 5B). In contrast to the expression pattern of
collagen, UVB treatment significantly upregulated the expression
of Mmp13 compared with that in the untreated control group. The
UVB-induced Mmp13 upregulation was significantly inhibited by
the topical application of CIN (High) (Fig. 5C). Although MMP1 is
known as a responsible enzyme for collagen degradation in
human, it is reportedly not responding to UVB irradiation in
rodents and we did not observe the upregulation of Mmp1a by UVB
irradiation in our in vivo model (Supplementary Fig. S3).

Since Mmp1a was not responding to UVB exposure in mice, we
further examined whether CIN inhibits the UVB-induced MMPs in
human fibroblasts and keratinocytes in vitro. CIN did not decreased
the baseline MMP1 and tended to inhibit the baseline MMP13
expression in NHDFs, but the differences were not statistically
significant (Supplementary Fig. S4A and S4B). UVB irradiation
significantly augmented the MMP1 and MMP13 expression, which
was susceptible to inhibition by CIN in NHDFs (Supplementary
Fig. S4C and S4D). The expressions of MMPs were also assessed in
HaCaT keratinocytes. CIN did not change baseline MMP1 but
significantly decreased baseline MMP13 in HaCaT cells (Supple-
mentary Fig. S5A and S5B). Furthermore, UVB-induced MMP1 and
MMP13 expression was significantly inhibited by CIN
(Supplementary Fig. S5C and S5D). These results show that CIN
is able to exert protective effect against UVB exposure and
photoaging both in vitro and in vivo. It is also indicated that UVB-
induced MMP13 expression might be used as a marker for
investigating UVB-mediated photodamage and that CIN inhibits
UVB-induced MMP13 expression in both mouse and human.

3.6. Effects of cinnamaldehyde on MAPK pathway in the mouse skin

UV-induced oxidative stress is known to activate the MAPK
signaling pathway, which further regulates the expression of MMPs
[17,18]. To investigate the effect of CINon UVB-induced MAPK pathway,
phosphorylationstatusof3kindsofsignalingmolecules, i.e.p38MAPK,
extracellular signal-regulated kinase (ERK), and c-Jun N-terminal
kinase (JNK) were assessed. As shown in Fig. 6, the phosphorylation of
p38 MAPK was significantly upregulated in the skin of DMSO-treated
UVB-irradiated mouse, which was significantly decreased in CIN (Low,
High)-treated UVB-irradiated mice (Fig. 6B). The phosphorylation of
ERK and JNK were varied among samples and we did not observe
significant induction in UVB-irradiated DMSO-treated mice, whereas it
was noted that CIN (Low, High)-treatment also decreased the
phosphorylation of ERK and JNK. Taken together, it seems that CIN
inhibits MAPK signaling and it contributes to prevent the adverse
effects caused by UVB-irradiation.

4. Discussion

Various salubrious phytochemicals possess antioxidative activ-
ity through the induction of antioxidative enzymes including
HMOX1, the expression of which is upregulated by CIN, a potent
antioxidative phytochemical [22,26]. It is also known that CIN and



Fig. 6. CIN inhibits the UVB-induced MAPK p38 activation in vivo. The phosphorylation status of MAPK signaling molecules; p38, ERK, and JNK in the dorsal skin of
experimental mice was assessed by western blot. (A) The representative blots, the value of (B) p-p38/p38 ratio, (C) pERK/ERK ratio, and (D) pJNK/JNK ratio are shown. Data are
presented as mean � standard deviation (n = 6 per group). * P < 0.05 and ** P < 0.01.
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Cinnamomum cassia extract inhibit dioxin-mediated ROS genera-
tion [26], and Kampo herbal medicine containing Cinnamomum
cassia extract was reported to improve dioxin-related symptoms in
patients exposed to high concentrations of dioxins [38,39]. In this
study, we investigated whether the antioxidative function of CIN
can be used to inhibit UVB-mediated damage of the skin.

We first demonstrated that CIN inhibits UVB-induced ROS
production, and also accelerates the repair of UVB-induced DNA
damage, in the form of 6-4PPs. Other antioxidative phytochemicals,
RES and LIG did inhibit the UVB-induced ROS production, however,
they were insufficient to accelerate the repair of 6-4PPs. To our
knowledge, the DNA photorepair capacity found for CIN has not been
documented for other antioxidative phytochemicals. However, in a
recent publication by An et al., DNA photorepair capacity was
reported in psychrophilic microalga, Chlamydomonas sp. ICE-L,
isolated from floating ice in the Antarctic [40]. Considering the DNA
photorepair capacity, CIN may exert a greater protective function
against UVB-induced damage than RES and LIG. Furthermore, UV
radiation induces transformation of trans-RES into cis-isomeric
form which has decreased biological activity [41]. LIG is also known
as an unstable compound and is degraded under the sunlight
radiation through oxidation, hydrolysis, and isomerization [42].
Therefore, it is possible that the antioxidative effects of RES and LIG
were attenuated by UV radiation in the condition of current study.

The antioxidative activity of CIN was operative in vivo. Topically
applied CIN significantly augmented the expression of the
antioxidative enzyme Hmox1 in vivo. In parallel with the Hmox1
upregulation, the UVB-induced oxidative stress was significantly
inhibited by CIN, as assessed by MDA accumulation. The
accumulation of MDA is a useful marker to evaluate tissue
oxidation [7,8]. Macroscopically, irradiation with UVB multiple
times induced the appreciable formation of wrinkles on the skin of
hairless mice and the wrinkle formation was inhibited by the
topical application of CIN. Microscopic observation confirmed a
significant reduction of UVB-induced epidermal hyperplasia and
dermal inflammatory cell infiltration by CIN. These microscopic
alterations by UVB exposure are associated with UVB-mediated
oxidative stress since they are known to be aggravated in mice
deficient in NF-E2-related factor 2 (NRF2), which is a master
transcription factor of antioxidative enzymes [19,43,44].

UVB irradiation reduces collagen production and accelerates
the degradation of collagen through the induction of MMPs,
which eventually causes the destruction of tissue structure and
promotes wrinkle formation. The deleterious effects of UVB on
collagen metabolism are also the major cause of photoaging [10–
12,15,16]. In the present mouse model, we found that UVB
irradiation reduced collagen amount/Col1a1 expression and
induced Mmp13 expression, and topically applied CIN again
significantly restored the UVB-induced collagen metabolism. In
human skin, MMP1 is upregulated by UVB exposure and is known
as a responsible enzyme for collagen degradation. In accordance
with this, MMP1 was significantly upregulated by UVB exposure in
human cells (i.e. NHDFs and HaCaT cells) in vitro, and CIN
treatment significantly suppressed the UVB-induced MMP1
upregulation (Supplementary Fig. S4 and S5). On the other hand,
the expression of Mmp1a was not elevated by UVB exposure in
mouse skin in vivo (Supplementary Fig. S3). This inconsistency of
MMP1 expression in human and in rodents had been recognized
by previous reports and it is suggested that MMP1 is not
responsible for UVB-induced collagenolysis in rodents and it
may be functionally substituted by other enzymes with collage-
nolytic activity, such as MMP13 [15,45]. In concurrence with this,
our results showed that Mmp13 was upregulated in response to
UVB exposure in mouse skin. Thus, we assume that MMP13, but
not MMP1 serves as a suitable marker for investigating UVB-
mediated photodamage in vivo.
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Oxidative stress is related to the MMP upregulation by UVB since
it is downregulated by the antioxidative chemical NAC [46,47]. UV-
induced oxidative stress activates the MAPK signaling pathway,
which further regulates the expression of MMPs [17,18,48]. When
we assessed the effect of CIN on MAPK signaling in mouse skin,
phosphorylation of ERK and JNK were suppressed by CIN and the
UVB-induced p38 MAPK phosphorylation was significantly inhib-
ited, suggesting that CIN downregulates MMP expression through
the suppression of MAPK pathway, especially p38 MAPK. Previous
studies indicated that transforming growth factor β (TGFβ) and its
receptor play crucial roles in COL1A1 regulation [12,49,50]. How
ROS directly contribute to COL1A1 downregulation remains unclear,
however, UVB-induced premature senescence might be involved in
the COL1A1 regulation [50]. Our previous study demonstrated that
CIN is a potent activator of the NRF2 signal pathway [26]. The CIN-
NRF2-antisenescence pathway might thus be an interesting topic
for future research in relation to COL1A1 regulation. In conclusion,
this studyshows that CIN is a salubrious phytochemical that inhibits
UVB-induced ROS production and accelerates the repair of DNA
damage 6-4PPs. When applied topically, CIN restores UVB-
mediated macroscopic, microscopic, and biological photodamage.
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