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In the present study, we investigated the potential of opuntiol, isolated from Opuntia ficus-indica, against UVA radiation-mediated
inflammation and skin photoaging in experimental animals. The skin-shaved experimental mouse was subjected to UVA exposure
at the dosage of 10 J/cm2 per day for ten consecutive days (cumulative UVA dose: 100 J/cm2). Opuntiol (50mg/kg b.wt.) was
topically applied one hour before each UVA exposure. UVA (100 J/cm2) exposure induces epidermal hyperplasia and collagen
disarrangement which leads to the photoaging-associated molecular changes in the mouse skin. Opuntiol pretreatment prevented
UVA-linked clinical macroscopic skin lesions and histological changes in the mouse skin. Further, opuntiol prevents UVA-linked
dermal collagen fiber loss in the mouse skin. Short-term UVA radiation (100 J/cm2) activates MAPKs through AP-1 and NF-κB
p65 transcriptional pathways and subsequently induces the expression of inflammatory proteins and matrix-degrading proteinases
in the mouse skin. Interestingly, opuntiol pretreatment inhibited UVA-induced activation of iNOS, VEGF, TNF-α, and COX-2
proteins and consequent activation of MMP-2, MMP-9, and MMP-12 in the mouse skin. Moreover, opuntiol was found to
prevent collagen I and III breakdown in UVA radiation-exposed mouse skin. Thus, opuntiol protects mouse skin from UVA
radiation-associated photoaging responses through inhibiting inflammatory responses, MAPK activation, and degradation of
matrix collagen molecules.

1. Introduction

The skin is the primary outmost layer of the human body,
and it acts as an initial safeguard against harmful effects of
environmental and biological factors [1]. The human skin
essentially comprises three key sections, i.e., epidermis, der-
mis, and hypodermis. Additionally, the skin can be possessed
with elastic and collagen fibers and proteoglycan-reliant
matrices [2]. The environmental UV radiation belongs to
the nonionizing part of electromagnetic radiation, which
consists of three wavebands, i.e., UVA, UVB, and UVC [3].
Amongst them, UVA radiation (320–400nm) has been con-

sidered as aging rays by induction of oxidative stress,
mitogen-activated protein kinases (MAPKs), and inflamma-
tory signaling [4]. The environmental UVA radiation-linked
photoaging is characterized by degradation of collagen, pre-
mature skin aging, wrinkle formation, and erythema of the
skin [5]. UVA radiation induces excessive production of
reactive oxygen species (ROS) through cellular photosensi-
tizers that lead to the signatures of photoaging and inflam-
mation in the dermal skin layers [6].

UVA exposure creates a large quantity of ROS that can
induce stress-activated MAPK signaling [7]. The UVA-
linked MAPK stimulations generally activate nuclear factor
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kappa B (NF-κB) and activator protein-1 (AP-1) transloca-
tion, which resulted in the overexpression of several
biomarkers that are associated with inflammation and photo-
aging [8, 9]. Matrix metalloproteinases (MMPs) are crucial
endopeptidases which are involved in the remodelling and
degradation of collagen and extracellular matrix in the skin
[10]. Collagen is an essential main building block of the
human skin, and 90% of collagen is present in the total skin.
Collagen provides strengthening of the skin, and degradation
of collagen during the UVA exposure resulted in the wrin-
kling of the skin, a sign of premature photoaging [11]. The
actions of MMP-1, MMP-9, and MMP-12 have been
reported to be involved in UVA-induced photoaging. The
UVA-associated MMP-1expression critically participates in
the degradation of type I collagen [12]. MMP-9, also called
gelatinase, degrades type I and IV collagen in the extracellu-
lar matrix (ECM) [13].

UVA radiation induces inflammatory reactions that are
directly associated with the pathogenesis of photoaging
[14]. The NF-κB and AP-1 translocation from cytosol to
the nucleus has an important event to regulate proinflamma-
tory mediators upon UVA exposure that could provoke vas-
cular endothelial growth factor (VEGF), cyclooxygenase-2
(COX-2), and inducible nitric oxide synthase (iNOS) which
hasten the pathogenesis of photoaging [8, 15, 16]. Moreover,
tumor necrosis factor-α (TNF-α) and interleukins are criti-
cally involved in NF-κB-dependent inflammatory reaction
during UVA radiation-associated photoaging [17]. Thus,
inhibition of NF-κB and AP-1 transcriptional activity is con-
sidered a pivotal strategy for the prevention of UVA
radiation-associated inflammation and photoaging [18].

The natural phytochemicals from a variety of plant
sources have magnificently attracted researchers for develop-
ing new phytomedicine products against UVA radiation-
mediated photoaging. Cactus Opuntia ficus-indica is a family
of Cactaceae highly present in dry and desert regions of the
Earth. The prickly pad possesses several antioxidant nutri-
ents [19] [20],. As Opuntia ficus-indica receives high levels
of UV ambience, it might have developed defences against
the detrimental effects of UV light as exemplified by the
presence of several flavonol glycosides that possess strong
UV-absorbing properties [21, 22]. We recently isolated
opuntiol from Opuntia ficus-indica and reported its protec-
tive effect against UVA-induced oxidative changes in 3T3
skin cells [23, 24]. In this study, we report the preventive
effect of opuntiol against UVA radiation-associated photoag-
ing responses in the mouse skin.

2. Materials and Methods

2.1. Reagents and Antibodies.Monoclonal antibodies such as
cyclooxygenase-2 (COX-2), nuclear factor kappa B p65 (NF-κB
p65), vascular endothelial growth factor (VEGF), tumor
necrotic factor-alpha (TNF-α), interleukin-6 (IL-6), inducible
nitric oxide synthase (iNOS), and anti-mouse and goat anti-
mouse IgG-HRP polyclonal antibodies were acquired from
Santa Cruz, USA. All other chemicals, solvents, and other ana-
lytical grade chemicals were obtained from SD Fine Chemicals,
Mumbai, India.

2.2. Animals and UVA Irradiation.Male Swiss albino mice (8
weeks old) were purchased from Charles Biogen from
Bangalore and housed at the Annamalai University Animal
Husbandry. The Institutional Animal Ethical Committee
(IAEC) approved the study protocol. The mice were acclima-
tized for at least 7 days ahead of the experimentation in an
aerated and temperature-regulated room and have proper
access to water ad libitum. The mice were randomized into
four groups, and each group consists of 10 mice. Group 1
served as untreated control mice; group 2 mice served as
opuntiol (50mg/kg b.wt.) alone; group 3 mice were irradiated
with UVA alone (100 J/cm2) and acted as negative control;
group 4 mice received opuntiol (50mg/kg b.wt.) 1 h before
UVA radiation. The mouse skin hair was completely
removed using hair removal cream three days ahead of
experimental initiation. The dorsal skin was irradiated to
UVA (365nm), and the dose rate was given as 10 J/cm2 per
day for ten days; totally, the mice received 100 J/cm2 [25].
After the treatment period, the mice were subjected to anaes-
thesia (60mg/kg ketamine) and the mice were sacrificed as
per the guidelines given by IAEC. The dorsal portions of
the skin were used for various analyses.

2.3. Examination of Clinical Severity of Skin Injury. The clin-
ical severity appearance in the skin lesions was evaluated
macroscopically in mouse skin [26]. The severity of the skin
injury was tested four times a week by at least three indepen-
dent dermatologists. The formation of skin disorders like
dryness, erythema, hemorrhage, skin redness, and erosion
was scaled and scored as 0 (none), 1 (mild), 2 (moderate),
and 3 (severe). The sum of the individual scores was consid-
ered as the dermatitis score.

2.4. Pathological Studies. After the end of photoaging
treatment, skin biopsy was collected by the addition of 10%
formaldehyde and the skin sections were examined for histolog-
ical changes using hematoxylin and eosin (H&E) staining,
Masson’s trichrome staining, and Verhoeff van Gieson staining.

After completion of treatment, the experimental mouse
skin tissue was homogenised by a homogenizer. Then, colla-
gen I and collagen III contents were determined using com-
mercial kits and the protocol was followed as per the
manufacturer’s instruction (BioVision Incorporated, USA).

2.5. Immunohistochemistry. After the end of photoaging
experiments, the mouse skin sections were prepared and
treated with 5% goat serum. Appropriate primary antibodies
(1 : 100 dilution) were added to the skin sections and incu-
bated overnight. Then, the secondary antibody was added
(1 : 200 dilution of biotinylated anti-mouse IgG) and stained
with hematoxylin. The skin specimens were examined with
a light microscope (20x). Dermatologists confirmed all the
changes in pathological expression [25].

2.6. Western Blotting. The dorsal skin was collected and was
treated with 2.5U/mL Dispase® II (neutral protease, grade
II) in PBS solution overnight at 4°C. After the incubation
time, the epidermis and dermis layers were gently separated
using a scalpel. The dermis layer was stored at −80°C before
use. The proteins were extracted from the dermal layer using
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RIPA buffer that is consist of protease cocktail inhibitor
(1μg/1μL). The cytosolic and nuclear extracts were prepared
by the method previously described [27]. The amounts of
protein concentration were measured by using the Nano-
Drop spectrophotometer (Thermo Scientific, Austria).
Briefly, 50μg of protein samples from each group was frac-
tionated on 8-10% SDS-PAGE gel, and it was transferred to
a nitrocellulose membrane (Bio-Rad, Germany) using a
semidry apparatus (Bio-Rad). The membrane was blocked
with 5% nonfat milk (blocking solution) for 1 h at 4°C; then,
respective primary antibody (1 : 1000 in 5% BSA solution)
was added and incubated overnight at 4°C. The membranes
were washed with TBST buffer for 15min intervals and then
incubated with horseradish peroxidase-conjugated second-
ary antibody (1 : 5000 in nonfat milk) and kept for incubation
for 1 h at 37°C. After the TBST buffer washing, the protein
bands were spotted using a chemiluminescence detection
method and the images were quantified by using Image Stu-
dio software (LI-COR).

2.7. Statistical Analysis. The statistical analysis was carried
out by one-way analysis of variance (ANOVA) using SPSS
(Statistical Package for the Social Sciences). The group means
were compared to the statistical tool Duncan’s multiple range
test (DMRT). The results were considered statistically signif-
icant if the P value is <0.05.

3. Results

3.1. Acute Toxicity of Opuntiol in Swiss Albino Mice. The
administration of different concentrations of opuntiol (5-
50mg/kg b.wt.) has not induced any mortality during the
14-day observation period (Supplementary data 1). However,
16.6% of animals died when the opuntiol dose was raised to
100mg/kg b.wt. A further increase in the dose of opuntiol

(200mg/kg b.wt.) resulted in 33.3% mortality. About 50%
reduction in the survival of mice was observed at 400mg/kg
b.wt. Further, 66.6% of the mice died when the drug dose
was increased to 800mg/kg b.wt. Finally, 1600mg/kg b.wt.
of opuntiol induced 83.3% mortality. Opuntiol did not show
toxicity and mortality up to 50mg/kg b.wt., and hence, we
selected this nontoxic concentration for photoprotection
studies.

3.2. Opuntiol Suppresses UVA-Mediated Skin Injury. The role
of opuntiol on UVA-mediated dorsal skin section injuries
was assessed by several clinical parameters such as erythema,
dryness, edema, and erosion. The clinical skin severity score
was magnificently increased during the UVA (100 J/cm2)
exposure compared to the untreated control mouse. In con-
trast, opuntiol (50mg/kg b.wt.)-treated mice showed signifi-
cant attenuation in the severity scores at 3 days after UVA
radiation, and the ameliorative effect was persistent until 10
days following the exposure (Figure 1).

3.3.OpuntiolPreventsUVARadiation-InducedHistopathological
Changes and Hyperplasia. The dorsal portion of the skin dam-
age and skin epidermal hyperplasia was analyzed by hematox-
ylin and eosin staining. The thickness of the skin epidermis
was measured at 25 different sites from each section, and the
mean value of epidermal thickness was measured. Significant
hyperplasia was observed in the UVA (100 J/cm2)-exposed
region of the epidermis. Conversely, opuntiol (50mg/kg
b.wt.) pretreatment prevented the UVA radiation-associated
epidermal hyperplasia in the mouse skin (Figure 2).

3.4. Opuntiol Prevents UVA-Linked Dermal Collagen Fiber
Loss and Dermal Collagen Density. The preventive role of
opuntiol on the UVA radiation-associated dermal collagen
fiber loss was analyzed by Masson trichrome staining.
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Figure 1: Effect of opuntiol (50mg/kg b.wt.) on UVA radiation-mediated clinical macroscopic skin lesions. The severity of the UVA
(100 J/cm2) irradiation-mediated skin damages was tested four times a week. The skin disorders like dryness, erythema, hemorrhage, skin
redness, and erosion were scored as 0 (none), 1 (mild), 2 (moderate), and 3 (severe). The data represent means ± SD (n = 6), and values
not sharing a common marking (∗ and #) differ significantly at P < 0:05 (DMRT).
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Control and opuntiol (50mg/kg b.wt.) alone-treated mouse
skin sections show collagen fibers stained with blue dye;
and it was abundantly observed in the dermis layer of the
dorsal skin. However, there was an apparent decrease of blue
staining in the UVA (100 J/cm2)-irradiated mouse dermis. It
indicates the destruction of collagen fibers in the dermis dur-
ing UVA exposure. Conversely, opuntiol (50mg/kg b.wt.)
pretreatment decreased the collagen fiber degradation, which
was evident by increased blue staining in opuntiol plus UVA-
irradiated mouse skin (Figure 3).

Furthermore, opuntiol on UVA-mediated collagen den-
sity was analyzed by Verhoeff van Gieson staining in the skin
section. UVA radiation (100 J/cm2) appreciably reduced der-
mal collagen density in the mouse skin. In contrast, the top-
ical pretreatment of opuntiol (50mg/kg b.wt.) prevented the
amount of collagen density in UVA-irradiated mouse skin
(Figure 4).

3.5. Opuntiol Prevents MAPK, NF-κB, and AP-1 Expressions
in UVA-Irradiated Mouse Skin. Opuntiol on UVA-exposed
expression of inflammatory MAPKs and transcriptional fac-
tors like NF-κB and AP-1 was assessed by western blot anal-

ysis. UVA irradiation (100 J/cm2) induces a significant
increment of phosphorylated ERK-1, JNK, and p38 expres-
sion when compared to nonirradiated mouse skin. The topi-
cal pretreatment of opuntiol (50mg/kg b.wt.) extremely
prevented UVA-induced overexpression of phosphorylated
ERK-1, JNK, and p38 expression in the mouse skin.
Moreover, UVA (100 J/cm2) enhanced the translocation of
NF-κB and AP-1 into the nucleus from the cytosol. We
noticed increased NF-κB and AP-1 expression in nuclear
extract and decreased NF-κB and AP-1 expression in the
cytosolic fraction. Conversely, opuntiol pretreatment pre-
vented UVA irradiation-induced translocation of NF-κB
AP-1 into the nucleus in the mouse skin cells (Figure 5).

3.6. Opuntiol Prevents Inflammatory Protein Expressions in
UVA-Irradiated Mouse Skin. Opuntiol on UVA-exposed
expression of inflammatory proteins such as IL-6, TNF-α,
COX-2, iNOS, and VEGF was assessed by immunohisto-
chemistry analysis. UVA (100 J/cm2)-irradiated mouse skin
sections clearly show increased expression of IL-6, TNF-α,
COX-2, iNOS, and VEGF evidenced by higher brown color
staining in the skin sections. However, opuntiol (50mg/kg
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Figure 2: Effect of opuntiol on UVA-induced epidermal hyperplasia and histological changes in the mouse skin. (a) Opuntiol (50mg/kg
b.wt.) on UVA (100 J/cm2)-mediated histological changes in mouse skin. After the treatment, skin sections are stained with H&E (20x
magnification). (b) Bar diagram represents epidermal hyperplasia and epidermal thickness which was measured by Magnus Pro software;
a minimum of six animals and six experiments for each specimen were taken. The data represent means ± SD (n = 6), and values not
sharing a common marking (∗ and #) differ significantly at P < 0:05 (DMRT).
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b.wt.) topical treatment prevented the UVA-mediated
expression of IL-6, TNF-α, COX-2, iNOS, and VEGF pro-
teins in the mouse skin (Figure 6).

3.7. Opuntiol Prevents MMP, Collagen I, and Collagen III
Expression in UVA-Irradiated Mouse Skin. Mouse skin sec-
tions were used for the analysis of MMP-1, MMP-2, and
MMP-9 protein expression. We observed higher brown spots
in UVA (100 J/cm2)-exposed mouse skin as a measure of
MMP-1, MMP-2, and MMP-9 overexpression. Opuntiol
(50mg/kg b.wt.) treatment before UVA radiation diminished
brown dots in the mouse skin section that showed reduced
expression of MMP-1, MMP-2, and MMP-9. Furthermore,
opuntiol on UVA-mediated collagen degradation was analyzed.
The study showed that UVA (100 J/cm2) radiation diminishes
collagen I and collagen III in the mouse skin. In contrast, opun-
tiol pretreatment prevents UVA-induced depletion of collagen I
and collagen III in the mouse skin. These results indicate that
opuntiol significantly prevents the MMPs and degradation of
collagen during UVA exposure in the mouse skin (Figure 7).

4. Discussion

Skin photodamages are marked as skin thickening, diminu-
tion in skin elasticity, and formation of wrinkles. Wrinkles

are an apparent sign of cutaneous aging, and it reflects the
sun-exposed areas [28]. We observed marked clinically ori-
ented skin severity score in short-term UVA-exposed mouse
skin which is tightly associated with erythema, dryness,
edema, and erosion (Figure 1). The antioxidant plant-
derived phytochemicals are reported to prevent UVA-
mediated wrinkle formation [29]. We found that initially
the topical treatment of opuntiol ahead of UVA radiation
drastically decreased the severity scores at 3 days after UVA
radiation and the preventive effect was continual until 10
days after the exposure. These results suggest that opuntiol
has a protective effect against UVA-mediated skin injury.

The UVA radiation-mediated photoaging and skin injury
have been characterized by decreased elasticity of the skin,
wrinkle formation, and heavy damages of the extracellular
matrix [30]. Furthermore, skin inflammation and keratin
thickening also contribute to the signs of photoaging [31].
Histopathological examination reveals that exposure to
short-term UVA light caused photodamages in the mouse
skin which was evident by the altered skin architecture. The
photodamaged mouse skin showed the sign of solar elastosis
with altered collagen arrangements. We observed that opun-
tiol pretreatment prevents UVA radiation-mediated alter-
ations in skin elasticity and epidermal hyperplasia. These
results were closely associated with the results of Masson
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Figure 3: Opuntiol prevents UVA-linked dermal collagen fiber loss in mouse skin. Degradation of dermal collagen fibers was determined in
samples dissected after the treatment with UVA (100 J/cm2) radiation and/or opuntiol (50mg/kg b.wt.), stained with Masson’s trichrome.
Representative images (20x) show control, opuntiol, UVA radiation, and opuntiol plus UVA radiation. The bar diagram represents
collagen density which was measured by Magnus Pro software. The data represent means ± SD (n = 6), and values not sharing a common
marking (∗ and #) differ significantly at P < 0:05 (DMRT).
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trichrome staining, which confirms the collagen density.
Masson trichrome staining and VVG staining confirmed that
opuntiol protects the loss of collagen density in UVA-
exposed mouse skin. The previous result indicated that ram-
butan peel phenolics appreciably inhibited the UV-induced
skin structure modification and protected the dermal colla-
gen fibers in the mouse model [32].

Numerous studies have noted that UVA radiation
induces a hallmark of photoaging events such as activation
of MAPKs in the skin cells [33, 34]. The exposure to UVA
heavily accelerates ROS-mediated phosphorylation of JNK,
ERK1, and p38 which resulted in AP-1 and NF-κB transacti-
vation. Activation of UVA radiation-mediated AP-1 and
NF-κB expression was tightly associated with the array of
inflammatory and photoaging signaling. Interestingly, we
found that opuntiol prevents p-JNK, p-ERK1, p-p38, AP-1,
and NF-κB expression in UVA-exposed mouse skin. Previ-
ously, Opuntia humifusa fruit extract ameliorates UVA
radiation-induced expression of MAPKs in mouse models
[35]. Further, UVA radiation-mediated MAPK signaling
activates NF-κB and AP-1 to liberate inflammatory cytokines
and mediators such as COX-2, TNF-α, VEGF, iNOS, and
IL-6 [36]. Overexpression of these mediators induces
inflammatory responses in the mouse skin during UVA

exposure. In this present work, opuntiol inhibited inflamma-
tory responses by downregulating the expression of COX-2,
TNF-α, VEGF, iNOS, and IL-6 in UVA-exposed mouse skin.
We previously reported that α-pinene, a naturally occurring
phytochemical, suppresses UVA-induced inflammatory
mediators such as COX-2, TNF-α, VEGF, iNOS, and IL-6
in the mouse skin25. Moreover, it has been reported that
Opuntia humifusa inhibits UVB-induced carcinogenesis by
reducing inflammatory response elements like COX-2, iNOS,
and proinflammatory cytokines in the hairless mouse model
[37]. This supporting information suggests that opuntiol may
potentially prevent UVA-induced inflammation in the
mouse skin.

Numerous investigations have showed that UV radiation
induces inflammation in the skin which resulted in both
intrinsic and extrinsic aging [32, 38]. The photoaging process
has specifically been triggered by several proinflammatory
mediators such as prostaglandin E2 (PGE2), COX-2, iNOS,
TNF-α, IL-1β, and IL-6 receptors [39]. Upon UVA irradia-
tion, these inflammatory mediators damage fibroblast cells
through overexpression of MMPs [39]. Matrix metallopro-
teinases (MMPs) are the foremost collagenolytic enzymes
accountable for skin collagen degradation and depletion of
the extracellular matrix [40]. MMP-1 specifically possesses
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Figure 4: Opuntiol prevents UVA-linked dermal collagen density in mouse skin. Degradation of collagen was determined in samples
dissected after the treatment with UVA (100 J/cm2) radiation and/or opuntiol (50mg/kg b.wt.), stained with Verhoeff van Gieson staining.
Representative images (20x) show control, opuntiol, UVA radiation, and opuntiol with UVA radiation. The bar diagram represents
collagen density which was measured by Magnus Pro software. The data represent means ± SD (n = 6), and values not sharing a common
marking (∗ and #) differ significantly at P < 0:05 (DMRT).
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collagenase activity whereas MMP-2 andMMP-9 are respon-
sible for gelatinase activity [41]. It has been reported that
activation of MMPs requires AP-1 and NF-κB transactiva-
tion to the nucleus during UVA exposure [40]. Western blot
results show that UVA irradiation significantly upregulates

AP-1- and NF-κB-mediated overexpression of MMP-1,
MMP-2, and MMP-9 in the mouse skin. Conversely, opun-
tiol pretreatment significantly prevents the depletion of
MMP-1, MMP-2, and MMP-9 in UVA-irradiated mouse
skin. Several flavonoids inhibit UVA-induced MAPK-
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Figure 5: Opuntiol prevents MAPK, NF-κB, and AP-1 expressions in UVA (100 J/cm2)-irradiated mouse skin. (a) Western blot analysis of
opuntiol (50mg/kg b.wt.) on UVA-linked tp-ERK1, p-JNK, and p-p38 and its total protein expression in mouse skin. (b) The bar diagram
represents the quantification of protein which was measured by Image Studio software (LI-COR). The phosphorylated form of MAPK
proteins was normalized by total protein of MAPKs, and β-actin was used to ensure the equal volume of protein loaded. (c) Western blot
analysis of opuntiol on UVA-linked translocation of NF-κB and AP-1 expression in mouse skin. The translocation of NF-κB and AP-1
expression was analyzed by cytosolic and nuclear extract of protein samples. (d) The bar diagram represents the quantification of proteins
which was analyzed by Image Studio software (LI-COR). β-Actin was used to normalize the examined protein and to ensure the equal
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marking (∗ and #) differ significantly at P < 0:05 (Duncan’s multiple range test (DMRT)).
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mediated MMP expression in human dermal fibroblasts [42,
43]. This study reveals that opuntiol, a novel flavonoid, also
bears the capability of inhibitory role against UVA-
mediated MMPs. Repetitive exposure to UVA causes
amendment in the skin composition [36]. Collagen has been

considered as a critical component in the skin that performs
function of the skin, especially maintaining extracellular
matrix and skin elasticity. The depletion of collagen is a
major phenomenon of photoaging [44]. Collagen I and colla-
gen III are crucial biomarkers associated with the elasticity of
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Figure 6: Effect of opuntiol on UVA-induced inflammatory protein expression in mouse skin. (a) The expression pattern of IL-6, TNF-α,
COX-2, iNOS, and VEGF was analyzed by immunohistochemistry. Twenty-four hours following the last UVA irradiation, the mouse was
sacrificed; the dorsal skin was used for immunohistochemistry. Representative photomicrographs (20x) illustrate IL-6, TNF-α, COX-2,
iNOS, and VEGF expression in the mouse skin. (b) Densitometry analysis of IL-6, TNF-α, COX-2, iNOS, and VEGF expression in UVA
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marking (∗ and #) differ significantly at P < 0:05 (DMRT).
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the skin. There are numerous studies which reported the
downregulation of collagen I and collagen III in the patho-
genesis of photoaging [45, 46]. In the present work, opuntiol
considerably enhanced the skin architecture by the aug-
mented level of collagen I and collagen III in UVA-
irradiated mouse skin. Tea polyphenols from Ilex kudingcha

inhibit UVB-induced skin aging via enhancing the expres-
sion of collagen I and collagen III and TIMP-1 in SKH1 hair-
less mice [47]. Recently, we reported the antioxidant and
photoprotective effect of opuntiol against UVA radiation-
induced oxidative damages [24]. Therefore, the antioxidant
potential of opuntiol might be attributed for its protection
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against short-term UVA-induced inflammatory and photo-
aging responses in the mouse skin.

5. Conclusion

We conclude that opuntiol prevents UVA-associated adverse
effects such as inflammation and photoaging via suppression
of MAPK signaling and prevention of nuclear translocation
of NF-κB and AP-1 in the mouse skin cells. Further, opuntiol
prevents activation of matrix degrading MMPs in the mouse
skin dermal layers. Moreover, opuntiol protects mouse skin
by preventing depletion of collagen fibers during exposure
to UVA radiation. Therefore, opuntiol may be possibly used
as a prospective natural antiphotoaging agent. However, fur-
ther investigations are needed to study its sunscreen potential
when compared to already existing synthetic commercial
antiphotoaging agents before its cosmetic applications.

Abbreviations

UV: Ultraviolet radiation
UVA: Ultraviolet A radiation
MAPKs: Mitogen-activated protein kinases
AP-1: Activator protein-1
NF-κB: Nuclear factor kappa B
VEGF: Vascular endothelial growth factor
TNF-α: Tumor necrosis factor-α
COX-2: Cyclooxygenase-2
MMPs: Matrix metalloproteinases
MMP-2: Matrix metalloproteinase-2
MMP-9: Matrix metalloproteinase-9
MMP-12: Matrix metalloproteinase-12
ECM: Extracellular matrix
ROS: Reactive oxygen species
iNOS: Inducible nitric oxide synthase
NF-κB p65: Nuclear factor kappa B p65
IL-6: Interleukin-6
H&E staining: Hematoxylin and eosin staining
ANOVA: Analysis of variance
SPSS: Statistical Package for the Social Sciences
DMRT: Duncan’s multiple range test.

Data Availability

Data are available within the article or its supplementary
materials.

Ethical Approval

The study was approved by and conducted following the prin-
ciples of the Institutional Animal Ethics Committee, Rajah
Muthiah Medical College, Annamalainagar, Chidambaram,
608 002 (IAEC proposal number AU/IAEC/1220/4/18).

Conflicts of Interest

We wish to confirm that there are no known conflicts of
interest associated with this publication.

Acknowledgments

The experiments were carried out in the Department of Bio-
chemistry and Biotechnology, Annamalai University, Chi-
dambaram, India. The financial support is provided by the
Indian Council of Medical Research, India (ICMR Letter
No. 45/21/2018/BMS/TRM), in the form of Senior Research
Fellow to Mr. P. Veermani kandan. The authors would like
to extend their sincere appreciation to the Deanship of Scien-
tific Research at King Saud University for funding the
Research Group No. RGP-009.

Supplementary Materials

S.1: dose selection study: acute toxicity of opuntiol in Swiss
albino mice. Opuntiol did not show toxicity and mortality
up to 50mg/kg b.wt., and hence, we selected this nontoxic
concentration for photoprotection studies. (Supplementary
Materials)

References

[1] J. E. Lai-Cheong and J. A. McGrath, “Structure and function of
skin, hair and nails,” Medicine, vol. 41, no. 6, pp. 317–320,
2013.

[2] E. C. Naylor, R. E. Watson, and M. J. Sherratt, “Molecular
aspects of skin ageing,” Maturitas, vol. 69, no. 3, pp. 249–
256, 2011.

[3] R. P. Rastogi, Richa, A. Kumar, M. B. Tyagi, and R. P. Sinha,
“Molecular mechanisms of ultraviolet radiation-induced
DNA damage and repair,” Journal of Nucleic Acids, vol. 2010,
Article ID 592980, 32 pages, 2010.

[4] A. M. Bode and Z. Dong, “Mitogen-activated protein kinase
activation in UV-induced signal transduction,” Science Signal-
ing, vol. 2003, article re2, no. 167, 2003.

[5] H. H. Kim, M. J. Lee, S. R. Lee et al., “Augmentation of UV-
induced skin wrinkling by infrared irradiation in hairless
mice,” Mechanisms of Ageing and Development, vol. 126,
no. 11, pp. 1170–1177, 2005.

[6] R. Brem, M. Guven, and P. Karran, “Oxidatively-generated
damage to DNA and proteins mediated by photosensitized
UVA,” Free Radical Biology and Medicine, vol. 107, no. 107,
pp. 101–109, 2017.

[7] D. R. Bickers and M. Athar, “Oxidative stress in the pathogen-
esis of skin disease,” Journal of Investigative Dermatology,
vol. 126, no. 12, pp. 2565–2575, 2006.

[8] Y. P. Hwang, H. G. Kim, J. H. Choi et al., “Saponins from the
roots of Platycodon grandiflorum suppress ultraviolet A-
induced matrix metalloproteinase-1 expression via MAPKs
and NF-κB/AP-1-dependent signaling in HaCaT cells,” Food
and Chemical Toxicology, vol. 49, no. 12, pp. 3374–3382, 2011.

[9] M. A. Bachelor and G. T. Bowden, “UVA-mediated activation
of signaling pathways involved in skin tumor promotion and
progression,” Seminars in Cancer Biology, vol. 14, no. 2,
pp. 131–138, 2004.

[10] S. Amano, Y. Ogura, N. Akutsu et al., “Protective effect of
matrix metalloproteinase inhibitors against epidermal base-
ment membrane damage: skin equivalents partially mimic
photoageing process,” British Journal of Dermatology,
vol. 153, no. s2, pp. 37–46, 2005.

10 Oxidative Medicine and Cellular Longevity

http://downloads.hindawi.com/journals/omcl/2020/5275178.f1.docx
http://downloads.hindawi.com/journals/omcl/2020/5275178.f1.docx


[11] Y. R. Helfrich, D. L. Sachs, and J. J. Voorhees, “Overview of
skin aging and photoaging,” Dermatology Nursing, vol. 20,
no. 3, p. 177, 2008.

[12] P. Pittayapruek, J. Meephansan, O. Prapapan, M. Komine, and
M. Ohtsuki, “Role of matrix metalloproteinases in photoaging
and photocarcinogenesis,” International Journal of Molecular
Sciences, vol. 17, no. 6, p. 868, 2016.

[13] M. Egeblad and Z. Werb, “New functions for the matrix metal-
loproteinases in cancer progression,” Nature Reviews Cancer,
vol. 2, no. 3, pp. 161–174, 2002.

[14] L. Baumann, “Skin ageing and its treatment,” The Journal of
Pathology, vol. 211, no. 2, pp. 241–251, 2007.

[15] Y. M. Janssen-Heininger, M. E. Poynter, and P. A. Baeuerle,
“Recent advances torwards understanding redox mechanisms
in the activation of nuclear factor κb,” Free Radical Biology
and Medicine, vol. 28, no. 9, pp. 1317–1327, 2000.

[16] T. H. Huang, P. W. Wang, S. C. Yang, W. L. Chou, and
J. Y. Fang, “Cosmetic and therapeutic applications of fish
oil’s fatty acids on the skin,” Marine Drugs, vol. 16, no. 8,
p. 256, 2018.

[17] K. J. Lee, K. H. Park, and J. H. Hahn, “Alleviation of
ultraviolet-B radiation-induced photoaging by a TNFR antag-
onistic peptide, TNFR2-SKE,” Molecules and Cells, vol. 42,
no. 2, pp. 151–160, 2019.

[18] L. Subedi, T. H. Lee, H. M. Wahedi, S. H. Baek, and S. Y. Kim,
“Resveratrol-enriched rice attenuates UVB-ROS-induced skin
aging via downregulation of inflammatory cascades,” Oxida-
tive Medicine and Cellular Longevity, vol. 2017, 15 pages, 2017.

[19] M. Contreras-Padilla, E. Perez-Torrero, M. I. Hernández-
Urbiola et al., “Evaluation of oxalates and calcium in nopal
pads (Opuntia ficus-indica var. redonda) at different maturity
stages,” Journal of Food Composition and Analysis, vol. 24,
no. 1, pp. 38–43, 2011.

[20] M. Kaur, A. Kaur, and R. Sharma, “Pharmacological actions of
Opuntia ficus indica: a review,” Journal of Applied Pharmaceu-
tical Science, vol. 2, no. 7, pp. 15–18, 2012.

[21] H. Böhm, “Opuntia dillenii–an interesting and promising
Cactaceae taxon,” Journal of the Professional Association for
Cactus Development, vol. 10, pp. 148–170, 2008.

[22] F. Lanuzza, F. Occhiuto, M. T. Monforte, M. M. Tripodo,
V. D'Angelo, and E. M. Galati, “Antioxidant phytochemicals
of Opuntia ficus-indica (L.) Mill. Cladodes with potential
anti-spasmodic activity,” Pharmacognosy Magazine, vol. 13,
no. 51, p. 424, 2017.

[23] P. Veeramani Kandan, E. Dhineshkumar, R. Karthikeyan et al.,
“Isolation and characterization of opuntiol from Opuntia ficus
indica(L. Mill) and its antiproliferative effect in KB oral carci-
noma cells,” Natural Product Research, pp. 1–5, 2019.

[24] V. Kandan Ponniresan, I. Maqbool, R. Thangaiyan,
K. Govindasamy, and N. R. Prasad, “Preventive effect of
opuntiol, isolated from Opuntia ficus indica (L. Mill), extract
against ultraviolet A radiation-induced oxidative damages in
NIH/3T3 cells,” International Journal of Nutrition, Pharma-
cology, Neurological Diseases, vol. 9, no. 4, p. 156, 2019.

[25] R. Karthikeyan, G. Kanimozhi, N. R. Madahavan et al.,
“Alpha-pinene attenuates UVA-induced photoaging through
inhibition of matrix metalloproteinases expression in mouse
skin,” Life Sciences, vol. 217, pp. 110–118, 2019.

[26] C. S. Moniaga, G. Egawa, H. Kawasaki et al., “Flaky tail mouse
denotes human atopic dermatitis in the steady state and by
topical application with Dermatophagoides pteronyssinus

extract,” The American Journal of Pathology, vol. 176, no. 5,
pp. 2385–2393, 2010.

[27] A.Balupillai,R.P.Nagarajan,K.Ramasamy,K.Govindasamy, and
G. Muthusamy, “Caffeic acid prevents UVB radiation induced
photocarcinogenesis through regulation of PTEN signaling in
human dermal fibroblasts and mouse skin,” Toxicology and
Applied Pharmacology, vol. 352, no. 352, pp. 87–96, 2018.

[28] S. Zhang and E. Duan, “Fighting against skin aging: the way
from bench to bedside,” Cell Transplantation, vol. 27, no. 5,
pp. 729–738, 2018.

[29] R. Pandel, B. Poljšak, A. Godic, and R. Dahmane, “Skin photo-
aging and the role of antioxidants in its prevention,” ISRNDer-
matology, vol. 2013, Article ID 930164, 11 pages, 2013.

[30] U. Panich, G. Sittithumcharee, N. Rathviboon, and
S. Jirawatnotai, “Ultraviolet radiation-induced skin aging: the
role of DNA damage and oxidative stress in epidermal stem
cell damage mediated skin aging,” Stem Cells International,
vol. 2016, Article ID 7370642, 14 pages, 2016.

[31] S. I. Choi, T. D. Jung, B. Y. Cho et al., “Anti‑photoaging effect
of fermented agricultural by‑products on ultraviolet B‑irra-
diated hairless mouse skin,” International Journal of Molecular
Medicine, vol. 44, no. 2, pp. 559–568, 2019.

[32] S. Z. Kong, X. G. Shi, X. X. Feng et al., “Inhibitory effect of
hydroxysafflor yellow a on mouse skin photoaging induced
by ultraviolet irradiation,” Rejuvenation Research, vol. 16,
no. 5, pp. 404–413, 2013.

[33] Y. Li, X. Hou, C. Yang et al., “Photoprotection of cerium oxide
nanoparticles against UVA radiation-induced senescence of
human skin fibroblasts due to their antioxidant properties,”
Scientific Reports, vol. 9, no. 1, article 2595, 2019.

[34] B. Wang, S. Yan, Y. Yi et al., “Purified vitexin compound 1
inhibits UVA-induced cellular senescence in human dermal
fibroblasts by binding mitogen-activated protein kinase 1,”
Frontiers in Cell and Development Biology, vol. 8, p. 691, 2020.

[35] A. R. Han, T. G. Lim, Y. R. Song et al., “Inhibitory effect of
Opuntia humifusa fruit water extract on solar ultraviolet-
induced MMP-1 expression,” International Journal of Molecu-
lar Sciences, vol. 19, no. 9, article 2503, 2018.

[36] S. Dunaway, R. Odin, L. Zhou, L. Ji, Y. Zhang, and A. L.
Kadekaro, “Natural antioxidants: multiple mechanisms to
protect skin from solar radiation,” Frontiers in Pharmacol-
ogy, vol. 9, p. 392, 2018.

[37] J. A. Lee, B. G. Jung, T. H. Kim, S. G. Lee, Y. S. Park, and B. J.
Lee, “Dietary feeding of Opuntia humifusa inhibits UVB
radiation-induced carcinogenesis by reducing inflammation
and proliferation in hairless mouse model,” Photochemistry
and Photobiology, vol. 89, no. 5, pp. 1208–1215, 2013.

[38] C. Parrado, S. Mercado-Saenz, A. Perez-Davo, Y. Gilaberte,
S. Gonzalez, and A. Juarranz, “Environmental stressors on skin
aging. Mechanistic Insights,” Frontiers in Pharmacology,
vol. 10, p. 759, 2019.

[39] B. Fuller, “Role of PGE-2 and other inflammatory mediators in
skin aging and their inhibition by topical natural anti-inflam-
matories,” Cosmetics, vol. 6, no. 1, p. 6, 2019.

[40] J. Lu, J. H. Guo, X. L. Tu et al., “Tiron inhibits UVB-induced
AP-1 binding sites transcriptional activation on MMP-1 and
MMP-3 promoters by MAPK signaling pathway in human der-
mal fibroblasts,” PLoS One, vol. 11, no. 8, article e0159998, 2016.

[41] V. M. Kähäri and U. Saarialho-Kere, “Matrix metalloprotein-
ases in skin,” Experimental Dermatology, vol. 6, no. 5,
pp. 199–213, 1997.

11Oxidative Medicine and Cellular Longevity



[42] X. Duan, T. Wu, T. Liu et al., “Vicenin-2 ameliorates oxidative
damage and photoaging viamodulation of MAPKs andMMPs
signaling in UVB radiation exposed human skin cells,” Journal
of Photochemistry and Photobiology B, vol. 190, no. 190,
pp. 76–85, 2019.

[43] U. Wölfle, A. Heinemann, P. R. Esser, B. Haarhaus, S. F. Martin,
and C. M. Schempp, “Luteolin prevents solar radiation-induced
matrixmetalloproteinase-1 activation in human fibroblasts: a role
for p38 mitogen-activated protein kinase and interleukin-20
released from keratinocytes,” Rejuvenation research., vol. 15,
no. 5, pp. 466–475, 2012.

[44] Y. Xu and G. J. Fisher, “Ultraviolet (UV) light irradiation
induced signal transduction in skin photoaging,” Journal of
Dermatological Science Supplement, vol. 1, no. 2, pp. S1–S8,
2005.

[45] J. Varani, M. K. Dame, L. Rittie et al., “Decreased collagen pro-
duction in chronologically aged skin: roles of age- dependent
alteration in fibroblast function and defective mechanical
stimulation,” The American Journal of Pathology, vol. 168,
no. 6, pp. 1861–1868, 2006.

[46] J. W. Shin, S. H. Kwon, J. Y. Choi et al., “Molecular mecha-
nisms of dermal aging and antiaging approaches,” Interna-
tional Journal of Molecular Sciences., vol. 20, no. 9, p. 2126,
2019.

[47] R. Yi, J. Zhang, P. Sun, Y. Qian, and X. Zhao, “Protective effects
of kuding tea (Ilex kudingcha C. J. Tseng) polyphenols on
UVB-induced skin aging in SKH1 hairless mice,” Molecules,
vol. 24, no. 6, p. 1016, 2019.

12 Oxidative Medicine and Cellular Longevity


	Opuntiol Prevents Photoaging of Mouse Skin via Blocking Inflammatory Responses and Collagen Degradation
	1. Introduction
	2. Materials and Methods
	2.1. Reagents and Antibodies
	2.2. Animals and UVA Irradiation
	2.3. Examination of Clinical Severity of Skin Injury
	2.4. Pathological Studies
	2.5. Immunohistochemistry
	2.6. Western Blotting
	2.7. Statistical Analysis

	3. Results
	3.1. Acute Toxicity of Opuntiol in Swiss Albino Mice
	3.2. Opuntiol Suppresses UVA-Mediated Skin Injury
	3.3. Opuntiol Prevents UVA Radiation-Induced Histopathological Changes and Hyperplasia
	3.4. Opuntiol Prevents UVA-Linked Dermal Collagen Fiber Loss and Dermal Collagen Density
	3.5. Opuntiol Prevents MAPK, NF-κB, and AP-1 Expressions in UVA-Irradiated Mouse Skin
	3.6. Opuntiol Prevents Inflammatory Protein Expressions in UVA-Irradiated Mouse Skin
	3.7. Opuntiol Prevents MMP, Collagen I, and Collagen III Expression in UVA-Irradiated Mouse Skin

	4. Discussion
	5. Conclusion
	Abbreviations
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

