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Abstract: Sweet pepper fruits (Capsicum annuum L.) contain various nutrients and phytochemicals
that enhance human health and prevent the pathogenesis of certain diseases. Here, we report that
oral administration of orange sweet pepper juices prepared by a high-speed blender and low-speed
masticating juicer reduces UVB-induced skin damage in SKH-1 hairless mice. Sweet pepper juices
reduced UVB-induced skin photoaging by the regulation of genes involved in dermal matrix produc-
tion and maintenance such as collagen type I α 1 and matrix metalloproteinase-2, 3, 9. Administration
of sweet pepper juices also restored total collagen levels in UVB-exposed mice. In addition, sweet
pepper juices downregulated the expression of pro-inflammatory proteins such as cyclooxygenase-2,
interleukin (IL)-1β, IL-17, and IL-23, which was likely via inhibiting the NF-κB pathway. Moreover,
primary antioxidant enzymes in the skin were enhanced by oral supplementation of sweet pepper
juices, as evidenced by increased expression of catalase, glutathione peroxidase, and superoxide
dismutase-2. Immunohistochemical staining showed that sweet pepper juices reduced UVB-induced
DNA damage by preventing 8-OHdG formation. These results suggest that sweet pepper juices
may offer a protective effect against photoaging by inhibiting the breakdown of dermal matrix,
inflammatory response, and DNA damage as well as enhancing antioxidant defense, which leads to
an overall reduction in skin damage.

Keywords: high-speed blender; low-speed masticating juicer; skin health; sweet pepper juice;
UVB radiation

1. Introduction

The skin, the largest organ of the human body, is composed of the epidermis, dermis,
and subcutis, which provide the first line of defense against external environmental factors,
such as physical damage, temperature shock, pathogens, and ultraviolet (UV) radiation [1].
In addition, skin appearance, especially human facial skin, importantly contributes to self-
confidence, social interaction, and quality of life. Various risk factors, including genetics,
hormonal changes, metabolic processes, and environmental stimuli, such as UV radiation,
xenobiotics, and bacteria, can affect skin structure, function, and appearance [2].

Sunlight is one of the most crucial causes of skin aging, also known as photoaging,
and accounts for up to 90% of visible skin aging [3]. Skin photoaging is characterized
by mottled pigmentation, roughness, dryness, visible wrinkles, and decreased elasticity.
Although UVB accounts for only a small portion of total UV radiation, it can penetrate
the basal cell layer of epidermal cells and causes serious damage to the epidermis and
dermis of the skin and is therefore primarily responsible for sunburn and erythema [3,4].
In addition, UVB also provokes the degradation of extracellular matrix (ECM) composition
in the dermis, which is composed primarily of type I collagen with lesser amounts of type
II collagen, elastin, proteoglycans, and fibronectin, thereby leading to the loss of structure
and integrity, laxity, and wrinkles [4,5].
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Numerous epidemiological and laboratory studies suggest regular consumption of
fruits and vegetables can enhance skin health and delay skin aging [6]. A wide range of
phytochemicals stemming from edible plants has been reported to exert antioxidant and
anti-inflammatory activities, which contribute to alleviating inflammatory response, restor-
ing the functionality of the skin from photodamage, and preventing further progression
of solar UV-induced skin disorders [7]. Sweet peppers, belonging to the genus Capsicum
with more than 200 varieties, are considered natural sources of bioactive compounds such
as carotenoids, vitamin C and E, flavonoids, phenolic compounds, and dietary fiber [8].
Previous studies alongside research in our laboratory found that orange sweet pepper fruit
contains a wide range of carotenoids, such as viola, anthera, capsanthin, lutein, zeaxan-
thin, cryptoxanthin, carotene, and lycopene, in which lutein, β-cryptoxanthin, α-carotene,
and zeaxanthin contents are higher than those in other sweet pepper fruits [9–11]. From
the pharmaceutical point of view, sweet pepper exerts various health benefits, such as
antioxidant [12], anti-inflammation [13], cancer chemopreventive activity [14], and pre-
vention of cardiovascular diseases [15]. Yellow/orange/red sweet pepper fruit extracts
were found to inhibit the lipopolysaccharide-induced inflammatory response by inducing
heme oxygenase (HO)-1 in RAW 264.7 macrophages [16]. Using in vitro and in vivo mod-
els, fermented yellow/orange/red sweet pepper fruits with Lactobacillus plantarum have
been indicated to exert protective effects against oxidative stress-mediated retinal dam-
age [17]. Four colors of sweet peppers (green, yellow, orange, and red) exert antioxidant
activities and inhibitory effects on Alzheimer’s disease-associated key enzymes, such as
acetylcholinesterase, butyrylcholinesterase, and β-secretase, and thereby may be useful for
the prevention of Alzheimer’s disease [18]. In addition, clinical studies have shown that the
administration of red sweet pepper xanthophylls inhibited UV-induced skin damage [19]
and improved moisture on facial skin in volunteers [20].

Fresh vegetable/fruit juice has been receiving great interest from consumers because
of a simple household juicing preparation, retaining the major health-promoting compo-
nents of whole vegetables/fruit, and the absence of additives and preservatives [21,22].
Consequently, household juicers based on several technologies such as centrifugal blending
and cold-pressing were developed [22]. Although physicochemical characteristics of veg-
etable/fruit juice prepared by several different household juicers have been evaluated, the
effects of juicing methods on the biological activity of the juice in experimental models have
seldomly been investigated [23,24]. Therefore, this study aimed to evaluate and compare
the photoprotective effects of fresh orange sweet pepper juices prepared by a household
high-speed blender (HSB) and a low-speed masticating juicer (LSM) against UVB-induced
skin damage in SKH-1 hairless mice.

2. Results and Discussion
2.1. HSB and LSM Sweet Pepper Juices Inhibit UVB-Induced Photoaging in SKH-1 Hairless Mice

The consumption of fresh vegetable/fruit juice has recently been attracting great
interest in the improvement of skin health. Fresh juice contains a wide range of bioac-
tive compounds, such as carotenoids and polyphenols that contribute to maintaining
skin functions and preventing skin injury and carcinogenesis. Carotenoids have been
demonstrated to exert various benefits on the skin, including protection against sunlight-
induced erythema, pigmentation and collagen degradation, the inhibition of UV-induced
oxidative stress and inflammation, and the prevention of photoaging and photocarcinogen-
esis [25]. In addition, amounting studies have indicated that carotenoid supplementation
for 3–24 weeks increases serum levels of carotene, lutein, and lycopene, as well as skin
levels of β-carotene and total carotenoids [26–29]. Furthermore, dietary carotenoids such
as α/β-carotene, lutein, and zeaxanthin are distributed to various layers of skin and the
highest levels are often found in the stratum corneum closest to the skin surface to pro-
tect skin from harmful effects of sunlight [25,30]. On the other hand, UV radiation could
reduce the levels of β-carotene, lycopene, and other carotenoids in the skin, which may
potentially be attributed to ROS, thereby increasing the risk of photodamage [31,32]. Taken
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together, regular intake of carotenoid-rich vegetables/fruits may be an effective strategy for
skin health enhancement as well as complementary protection against solar UV-induced
skin damage.

Protective effects of HSB and LSM sweet pepper juices against photoaging were exam-
ined using UVB-irradiated hairless mice and animal experimental design was illustrated
in Figure 1a. Results showed that no significant difference in body weight and food con-
sumption among experimental groups was observed throughout 7 weeks of treatment,
suggesting that sweet pepper juices did not exhibit adverse effects (Figure 1b,c). Com-
pared to the normal control, HSB, or LSM juice-only group, skin wrinkle was obviously
observed in UVB-irradiated mice, whereas wrinkle development was suppressed by oral
administration of sweet pepper juices (Figure 1d). In addition, H&E staining revealed a
considerable increase in epidermal thickness in UVB-irradiated mice (Figure 1e,f). However,
oral administration of sweet pepper juices significantly decreased epidermal hyperplasia
and no significant difference among HSB juice, LSM juice, and positive control vitamin C
groups was observed. This observation is in line with previous studies, which suggest that
the hyperplasia of the epidermis in hairless mice irradiated with UV radiation is associated
with the hyperproliferation of keratinocytes [33,34]. In normal human and mouse skin, the
apoptotic and proliferative processes of keratinocytes are tightly regulated to construct the
epidermis and chronic UV radiation may dysregulate these two events, resulting in the
proliferation of keratinocytes to replace apoptotic cells and subsequently leading to the
development of skin cancer [35,36].

Figure 1. Protective effects of HSB and LSM sweet pepper juices against photoaging in UVB-irradiated
SKH-1 hairless mice. (a) Animal experimental design. (b) Body weight. (c) Food consumption.
(d) Photos of dorsal mouse skin. (e) Representative images of H&E staining. (f) Epidermal thickness.
Data are expressed as the mean ±SD. *** p < 0.001 values are considered as statistically significant
differences. HSB, high-speed blender; LSM, low-speed juicer; VTMC, vitamin C.

Skin photoaging is characterized by the atrophy of the dermal connective tissue that
is associated with the destruction of extracellular matrix (ECM) components, particularly
collagen fibers. UV radiation stimulates the synthesis of matrix metalloproteinase (MMP)
members, such as MMP-1, -2, -3, -9, and -13 in the skin keratinocytes and fibroblasts,
which in turn degrade collagen and other ECM proteins, thereby leading to wrinkle
formation and skin aging [37]. Increased levels of MMPs are found in murine and human
skins irradiated with UV radiation [5,38]. In addition, UV radiation also reduces collagen
production, mainly through downregulation of types I and III procollagen synthesis [39].
This study confirmed that UVB considerably decreased collagen content in skin tissues, as
indicated by Masson’s trichrome staining and total collagen content assay (Figure 2a,b).
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However, oral supplementation of HSB or LSM juice partially restored the level of collagen
fiber. Consistently, UVB significantly downregulated the expression of collagen type I
alpha 1 (Col1A1) but upregulated the expression of matrix collagen degradation enzymes
such as MMP-2, MMP-3, and MMP-9 (Figure 2c,d). Such effects were reversed by the
daily consumption of sweet pepper juices. A recent study has shown that carotenoids-
and polyphenol-rich extracts reduced MMP-1 expression and simultaneously enhanced
procollagen synthesis in normal human dermal fibroblasts under the condition of oxidative
stress [40]. Although both HSB and LSM juices did not reduce MMP-2 expression and LSM
juice was more effective in reducing MMP-9 expression, in general, the efficacy of HSB and
LSM juices was similar and comparable to that of positive control vitamin C. These findings
suggest that sweet pepper juice exerts anti-photoaging activity in a model of UVB-irradiated
hairless mice by increasing collagen synthesis and suppressing collagen degradation.

Figure 2. Effects of HSB and LSM sweet pepper juices collagen content in UVB-irradiated SKH-1
hairless mice. (a) Representative images of Masson’s trichrome stain for collagen fibber (Blue);
(b) Total collagen content in skin tissues from each group; (c) Protein expression of Col1A1 in skin
tissues; (d) Protein expression of matrix proteinase (MMP)-2, MMP3, and MMP-9 in skin tissues.
Data are expressed as the mean ±SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 values are considered
as statistically significant differences. HSB, high-speed blender; LSM, low-speed juicer; VTMC,
vitamin C.

2.2. HSB and LSM Sweet Pepper Juices Attenuate Inflammatory Response in UVB-Irradiated
SKH-1 Hairless Mice

Chronic UVB irradiation is reported to cause skin inflammation, as characterized by ac-
celerating the production of pro-inflammatory mediators and cytokines. Cyclooxygenase-2
(COX2) catalyzes the rate-limiting step in the conversion of arachidonic acid into
prostaglandins [41]. UV-induced COX-2 expression stimulates keratinocyte proliferation
and epidermal hyperplasia, induces the production of other pro-inflammatory media-
tors, and triggers skin carcinogenesis [42,43]. Furthermore, COX-2 is also recognized as
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a molecular link between inflammation and tumorigenesis [44]. Transgenic SKH-1 mice
with COX-2 overexpression promote the development of UV-induced skin carcinogenesis,
whereas COX-2 knockout mice exhibit significant mitigation of UV-elicited skin tumorigen-
esis [43,45]. In addition, selective COX-2 inhibitors were found to considerably suppress
UV-induced epidermal hyperplasia and inflammation, as well as skin tumorigenesis in
terms of tumor number and tumor size [42,46,47]. Therefore, inhibition of COX-2 expression
may be a beneficial strategy for preventing UV-caused skin injury and carcinogenesis.

Aberrant expression of COX-2 was observed in the models of human and murine skins
acutely and chronically irradiated with UVB [48–50]. In the present study, chronic exposure
of mice to UVB remarkably induced COX-2 expression in skin tissues (Figure 3a). However,
UVB-induced COX-2 expression was significantly decreased by daily consumption of
sweet pepper juices. In addition, under the condition of UV irradiation, keratinocytes and
other skin-associated cells secrete a large number of pro-inflammatory cytokines, such as
interleukin (IL)-1β, IL-6, IL-17, IL-23, and tumor necrosis factor (TNF)-α that play a crucial
role in UV-induced skin inflammation due to their action of inducing edema and erythema,
decreasing skin integrity, and increasing chemoattractant and other inflammatory molecules
expression and ROS formation [51,52]. Moreover, these pro-inflammatory cytokines also
provoke massive infiltration of immune cells, especially neutrophils that excrete matrix
metalloproteinases capable of degrading extracellular matrix components and produce
ROS likely to devastate vital cellular components and thereby enhance UV-induced skin
damage [53,54]. Considering the suppression of pro-inflammatory cytokine production may
contribute to the activity of sweet pepper juices, the levels of IL-1β, IL-23, IL-17, and TNF-α
were examined. Results indicated that HSB and LSM sweet pepper juices significantly
reduced protein levels of IL-1β and IL-23, but not IL-17 and TNF-α in UVB-irradiated mice
(Figure 3b). Such inhibition of inflammatory factors partially explains the ability of sweet
pepper juice in reducing UVB radiation-induced skin edema and inflammation, epidermal
thickness, and skin aging. On the other hand, no significant difference in anti-inflammatory
activity between HSB- and LSM-juices was observed, suggesting that the efficiency of fresh
sweet pepper juice was independent to juicing methods.

Figure 3. Anti-inflammatory effects of HSB and LSM sweet pepper juices in UVB-irradiated SKH-1
hairless mice. (a) Protein expression of COX-2; (b) Protein expression of IL-1β, IL-17, IL-23, and
TNF-α in skin tissues; (c) Protein expression of p-p65 and p65 in skin tissues. Data are expressed as
the mean ±SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 values are considered as statistically significant
differences. HSB, high-speed blender; LSM, low-speed juicer; VTMC, vitamin C.
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Nuclear factor kappa (NF-κB) is a redox-sensitive transcription factor responsible
for regulating the transcriptional expression of a wide range of pro-inflammatory factors,
such as COX-2, cytokines, chemokines, and adhesion molecules [55]. Activation of NF- κB
pathway by UV radiation is observed in many models of murine and human skins [56–59].
Thus, we further explored effects of HSB and LSM juices on NF-κB signaling pathway
in UVB-exposed mice. Results showed that oral administration of sweet pepper juices
significantly inhibited UVB-induced NF-κB activation, as evident from decreased p65
phosphorylation (Figure 3c). Although there was not significant difference between HSB
and LSM juices, LSM juice appeared to exert more pronounced anti-inflammatory activity
than HSB juice. In particular, the anti-inflammatory effect of sweet pepper juices seemed to
be better than that of vitamin C. These data suggest that sweet pepper juices may inhibit
UVB-induced skin inflammation by suppressing NF-κB pathway.

2.3. HSB and LSM Sweet Pepper Juices Enhance Antioxidant Defense Systems in UVB-Irradiated
SKH-1 Hairless Mice

The skin is one of a few organs that come into direct contact with exogenous oxidative
sources, such as sunlight. Solar UV radiation can promote the formation of reactive oxygen
species (ROS) such as superoxide anion radical, hydrogen peroxides, hydroxyl radicals, and
other oxidants that directly and/or indirectly damage to biomolecules, such as proteins,
lipids, and nucleic acids and interrupts cellular signaling pathways, eventually leading to
skin damage. Approximately 80% of ROS in the skin are thought to be produced by UVA
and UVB irradiation [60].

Oxidative stress is thought to play a central role in triggering and driving the signaling
events that lead to cellular responses, such as cell death, cellular senescence, and inflam-
mation, following UVB radiation. ROS can activate redox-sensitive transcription factors,
such as NF-κB and AP-1 that upregulate the production of inflammatory mediators and
cytokines. In addition, UVB-induced ROS also stimulates the release of MMP enzymes,
such as MMP-1, -2, -3, -9, and -13, in keratinocytes and fibroblasts, which in turn degrade
collagen and other ECM proteins, and simultaneously attenuate collagen synthesis in the
skin [1,61]. Therefore, oxidative stress mediates a variety of UVB radiation-induced skin
damage such as edema, erythema, hyperplasia, inflammation, and skin aging through
inappropriate regulation of signaling pathways, thereby increasing the risk of skin cancer.

Skin cells are equipped with an antioxidant defense system, consisting of enzymatic
and non-enzymatic antioxidants, which maintain the pro-oxidant/antioxidant balance by
ROS elimination. Nevertheless, flooding of ROS can overwhelm the cellular antioxidant
defense capacity and further generate reactive oxidants, resulting in oxidative stress and
consequently oxidative photodamaging of the skin [62]. Therefore, regular supplementation
of antioxidants is a useful strategy to prevent adverse effects of solar UV radiation.

A battery of antioxidant enzymes plays a vital role in counteracting excessive ROS ac-
cumulation, thereby maintaining cellular redox homeostasis. Primary antioxidant enzymes,
including catalase (CAT), glutathione peroxidase (GPx), and superoxide dismutase (SOD)
are considered to be the most important antioxidant defense in the skin [62]. SOD acts as
the first line of defense that catalyzes the dismutation of superoxide anion into oxygen
and hydrogen peroxide, with the latter being further decomposed by CAT and GPx [63].
Earlier studies reported that chronic UV exposure reduced protein levels of activities of
primary antioxidant enzymes, resulting in a wide range of skin disorders such as sunburn,
erythema, photoaging, and even cancer [64–66].

To further investigate whether the protective effects of HSB and LSM sweet pepper
juices were linked to the enhancement of the antioxidant defense system, we examined the
expression of antioxidant enzymes in the mouse skin tissues. UVB irradiation abolished the
expression of primary antioxidant enzymes, including CAT, GPx, and SOD-2, suggesting
provoked oxidative stress in UVB-exposed mouse skin (Figure 4a). In contrast, both HSB
and LSM juices significantly restored the levels of these antioxidant enzymes. Although
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there was not a significant difference between HSB and LSM juices, LSM juice appeared to
be more effective in inducing the expression of antioxidant enzymes than HSB juice.

Figure 4. Antioxidant effects of HSB and LSM sweet pepper juices in UVB-irradiated SKH-1 hairless
mice. (a) Protein expression of CAT, GPx, and SOD-2 in skin tissues; (b) Immunostaining for 8-OHdG
in skin tissues. Data are expressed as the mean ±SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 values are
considered as statistically significant differences. HSB, high-speed blender; LSM, low-speed juicer;
VTMC, vitamin C.

DNA damage induced by UVB irradiation occurs mainly via oxidative processes
and 8-OHdG is the major mutagenic form of oxidative DNA damage [67]. The present
study hypothesizes that sweet pepper juice acts as an antioxidant capable of protecting
cells/tissues from DNA damage caused by UVB radiation. Immunohistochemical analysis
indicated a high level of 8-OHdG in the mouse skin chronically irradiated with UVB
radiation, compared to the normal control, HSB, or LSM juice-only group. However, both
HSB and LSM sweet pepper juices exerted a protective effect against UVB-induced DNA
damage, as indicated by a reduced level of 8-OHdG (Figure 4b). Taken together, these
findings suggest that sweet pepper juice exerts antioxidant activity to protect against
UVB-induced skin injury along with its anti-inflammatory property.

3. Conclusions

In conclusion, the regular intake of fresh vegetable/fruit juice containing various intact
phytonutrients without preservatives is believed to bring about health benefits, including
skin health improvement. Sweet orange pepper fruit with high levels of carotenoids, vita-
min C, and other bioactive components have the potential for use in a dietary supplement
for skin health. In this study, oral administration of sweet pepper juice exerted a protective
effect against UVB-induced skin aging in a hairless mouse model by inhibiting MMP expres-
sion and restoring collagen synthesis, thereby preventing skin wrinkles. UVB-induced skin
inflammation was suppressed by the consumption of sweet pepper juice. Simultaneously,
sweet pepper juice also maintained the antioxidant defense capacity of the skin and thus
prevented UVB-induced oxidative damage. In addition, juicing methods were considered
in the present study and sweet pepper juice prepared by an LSM juicer may exhibit pro-
nounced efficacies, compared to the juice by HSB. However, different experimental models
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with long-term consumption are required to compare the biological effects of HSB and
LSM juices.

4. Materials and Methods
4.1. Materials

Formalin, hematoxylin, and eosin were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Anti-Col1A1, p-p65, p65, COX-2, MMP-2, MMP-3, TNF-α, and peroxidase-
conjugated secondary anti-rabbit antibodies were obtained from Cell Signaling Technology
(Boston, MA, USA). Anti-catalase, GPx, SOD-2, IL-1β, Il-17, Il-23, MMP-9, and peroxidase-
conjugated secondary anti-mouse antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Anti-8-OHdG antibody was procured from Thermo Scientific
(Waltham, MA, USA). All other chemicals used in this study were of analytic grade.

4.2. Preparation of Orange Sweet Pepper Juice

Orange sweet pepper fruits (Capsicum annuum L.) were purchased from Hoengseong
Rainbow farm (Gangwon-do, South Korea) and processed right after arrival. For purpose
of this study, fresh orange sweet pepper juices were prepared daily using a high-speed
blender (HSB, HC-BL 2000, HappyCall, Gimhae, South Korea) and a low-speed masticating
juicer (LSM, H200-DBFA03, Hurom Co. Ltd. Gimhae, South Korea). The major bioactive
constituents in orange sweet pepper juices were analyzed. Total phenolic content in LSM
and HSN juices was 111.77 ± 1.88 mg/100 mL and 96.45 ± 3.56 mg/100 mL, respectively,
while total carotenoid content was 3.49 ± 0.01 mg/100 mL and 4.18 ± 0.1 mg/100 mL,
respectively. The level of total ascorbic acid was 119.80 ± 3.19 mg/100 mL for LSM juice
and 100.63 ± 1.10 mg/100 mL for HSB juice.

4.3. Animal Experimental Design and UVB Irradiation

Six-week-old female SKH-1 hairless mice were purchased from Orient Bio (Seongnam,
South Korea) and housed in plastic cages at 25 ± 2 ◦C and 50 ± 5% relative humidity under
a 12–12 h light–dark cycle. All animals were allowed free access to standard food and
water ad libitum. All experiment protocols were approved by the Institutional Animal
Care and Use Committee of Kyungpook National University (No. KNU 2021-182). After
a week of acclimation, mice were randomly divided into seven groups (n = 10): Normal
control, HSB juice (10 mL/kg), LSM juice (10 mL/kg), UVB, UVB + HSB juice (10 mL/kg),
UVB + LSM juice (10 mL/kg), and UVB + Vitamin C (positive control, 100 mg/kg). HSB
juice, LSM juice, or Vitamin C were orally administered to the animals in each group daily
for 7 weeks, while the mice in the normal control and UVB groups were given an equal
amount of distilled water. Vitamin C is well-known to protect against UVB-induced skin
damage [68,69] and vitamin C (100 mg/kg) was used as a positive control according to
previous studies [70,71]. Food intake and body weight were regularly recorded throughout
the study. UVB irradiation was performed three times per week for 7 weeks using a BioLink
Crosslinker system (Vilber Lourmat, Paris, France) with peak emission at 312 nm. The UVB
dose was started at 100 mJ/cm2 in the first week and 150 mJ/cm2 in the following two
weeks and increased up to 200 mJ/cm2 in the last four weeks. At the end of the experiment,
the mice were sacrificed with CO2 and dorsal skin tissues were rapidly harvested. After
removing lipid and connective tissues, a part of skin tissues was cut and fixed in a 10%
formalin solution, and the rest of the tissue samples were snap-frozen in liquid nitrogen
and then stored at −80 ◦C for further analysis.

4.4. Histological and Immunohistochemical Analyses

Dorsal skin tissues of each group were fixed in 10% neutral formalin and embed-
ded in paraffin. Sections were stained with hematoxylin and eosin (H&E) for general
histopathology and Masson’s trichrome to examine epidermal thickness and collagen fiber,
respectively. For immunostaining, the sections were incubated with specific mouse anti-
8-OHdG primary antibody in a humidified chamber overnight at 4 ◦C and followed by
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incubation with horseradish-conjugated secondary antibody and 3,3’-diaminobenzidine.
Representative H&E, Masson’s trichrome, and immunostained images of sections were
captured using a digital microscope (Paxcam, Villa Park, IL, USA).

4.5. Measurement of Total Collagen Content

Dorsal skin tissues were homogenized in distilled water and total collagen content
was measured by total collagen assay kit (Biovision, Waltham, MA, USA) according to the
manufacturer’s instructions.

4.6. Western Blot Analysis

Dorsal skin tissues were homogenized in RIPA buffer containing protease and phos-
phatase inhibitors (Thermo Fisher Scientific, Waltham, MA, USA) using Precellys 14 tissue
homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France). The lysates were
then centrifuged at 13,000× g for 15 min at 4 ◦C to obtain supernatant. Protein samples
were aliquoted out and stored at −80 ◦C. The protein concentrations were measured using
a PierceTM BAC protein assay kit (Thermo Fisher Scientific). An equal amount of protein
samples was resolved on SDS-PAGE gel and then transferred to polyvinylidene fluoride
membrane using a semidry transfer system (Bio-rad, Hercules, CA, USA). After blocking
with 5% non-fat skim milk, the membranes were incubated with specific primary antibodies
overnight at 4 ◦C and followed by hybridization with proper secondary antibodies for 3 h
at 4 ◦C. Eventually, protein bands were visualized using Western Blotting Luminol reagent
(Santa Cruz Biotechnology).

4.7. Statistical Analysis

Data are presented as the mean ± standard deviation (SD) of at least three independent
experiments. Statistical analysis was performed using analysis of variance followed by the
Tukey’s post hoc test. The p-value < 0.05 was considered to be statistically significant.

Author Contributions: Conceptualization, V.-L.T. and W.-S.J.; methodology, V.-L.T.; software,
R.H.G.R.; formal analysis, R.H.G.R.; investigation, V.-L.T. and R.H.G.R.; data curation, R.H.G.R.;
writing—original draft preparation, V.-L.T.; writing—review and editing, W.-S.J.; visualization, V.-L.T.;
supervision, W.-S.J.; project administration, W.-S.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of Kyungpook National University (No. KNU 2021-182; Date, 15 October 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References
1. Zhang, R.; Wei, Y.; Zhang, J.; Cai, M.; Lu, L.; Fang, L.; Qin, X.; Gu, R. Protection effects of rice protein hydrolysate on UVB-

irradiated photodamage in Hartley guinea pigs skin and human skin fibroblasts. J. Funct. Foods 2021, 82, 104504. [CrossRef]
2. Rittié, L.; Fisher, G.J. UV-light-induced signal cascades and skin aging. Ageing Res. Rev. 2002, 1, 705–720. [CrossRef]
3. Choi, S.-I.; Han, H.-S.; Kim, J.-M.; Park, G.; Jang, Y.-P.; Shin, Y.-K.; Ahn, H.-S.; Lee, S.-H.; Lee, K.-T. Eisenia bicyclis Extract Repairs

UVB-Induced Skin Photoaging In Vitro and In Vivo: Photoprotective Effects. Mar. Drugs 2021, 19, 693. [CrossRef]
4. Xiao, Z.; Yang, S.; Chen, J.; Li, C.; Zhou, C.; Hong, P.; Sun, S.; Qian, Z.-J. Trehalose against UVB-induced skin photoaging by

suppressing MMP expression and enhancing procollagen I synthesis in HaCaT cells. J. Funct. Foods 2020, 74, 104198. [CrossRef]
5. Fisher, G.J.; Wang, Z.; Datta, S.C.; Varani, J.; Kang, S.; Voorhees, J.J. Pathophysiology of Premature Skin Aging Induced by

Ultraviolet Light. N. Engl. J. Med. 1997, 337, 1419–1429. [CrossRef] [PubMed]
6. Fam, V.W.; Charoenwoodhipong, P.; Sivamani, R.K.; Holt, R.R.; Keen, C.L.; Hackman, R.M. Plant-Based Foods for Skin Health: A

Narrative Review. J. Acad. Nutr. Diet. 2022, 122, 614–629. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jff.2021.104504
http://doi.org/10.1016/S1568-1637(02)00024-7
http://doi.org/10.3390/md19120693
http://doi.org/10.1016/j.jff.2020.104198
http://doi.org/10.1056/NEJM199711133372003
http://www.ncbi.nlm.nih.gov/pubmed/9358139
http://doi.org/10.1016/j.jand.2021.10.024
http://www.ncbi.nlm.nih.gov/pubmed/34728412


Molecules 2022, 27, 6394 10 of 12

7. Działo, M.; Mierziak, J.; Korzun, U.; Preisner, M.; Szopa, J.; Kulma, A. The Potential of Plant Phenolics in Prevention and Therapy
of Skin Disorders. Int. J. Mol. Sci. 2016, 17, 160. [CrossRef] [PubMed]

8. Kim, J.-S.; An, C.G.; Park, J.-S.; Lim, Y.P.; Kim, S. Carotenoid profiling from 27 types of paprika (Capsicum annuum L.) with
different colors, shapes, and cultivation methods. Food Chem. 2016, 201, 64–71. [CrossRef] [PubMed]

9. Agarwal, R.; Hong, H.T.; Hayward, A.; Harper, S.; Mitter, N.; O’Hare, T.J. Carotenoid Profiling of Orange-Coloured Capsicums:
In Search of High-Zeaxanthin Varieties for Eye Health. Proceedings 2021, 70, 84. [CrossRef]

10. Park, S.-Y.; Choi, S.R.; Lim, S.-H.; Yeo, Y.; Kweon, S.J.; Bae, Y.-S.; Kim, K.W.; Im, K.-H.; Ahn, S.K.; Ha, S.-H.; et al. Identification
and quantification of carotenoids in paprika fruits and cabbage, kale, and lettuce leaves. J. Korean Soc. Appl. Biol. Chem. 2014,
57, 355–358. [CrossRef]

11. Guzman, I.; Hamby, S.; Romero, J.; Bosland, P.W.; O’Connell, M.A. Variability of carotenoid biosynthesis in orange colored
Capsicum spp. Plant Sci. 2010, 179, 49–59. [CrossRef] [PubMed]

12. Sun, T.; Xu, Z.; Wu, C.-T.; Janes, M.; Prinyawiwatkul, W.; No, H.K. Antioxidant Activities of Different Colored Sweet Bell Peppers
(Capsicum annuum L.). J. Food Sci. 2007, 72, S98–S102. [CrossRef] [PubMed]

13. Hernández-Ortega, M.; Ortiz-Moreno, A.; Hernández-Navarro, M.D.; Chamorro-Cevallos, G.; Dorantes-Alvarez, L.; Necoechea-
Mondragón, H. Antioxidant, Antinociceptive, and Anti-Inflammatory Effects of Carotenoids Extracted from Dried Pepper
(Capsicum annuum L.). J. Biomed. Biotechnol. 2012, 2012, 524019. [CrossRef] [PubMed]

14. Maoka, T.; Mochida, K.; Kozuka, M.; Ito, Y.; Fujiwara, Y.; Hashimoto, K.; Enjo, F.; Ogata, M.; Nobukuni, Y.; Tokuda, H.; et al.
Cancer chemopreventive activity of carotenoids in the fruits of red paprika Capsicum annuum L. Cancer Lett. 2001, 172, 103–109.
[CrossRef]

15. Aizawa, K.; Inakuma, T. Dietary capsanthin, the main carotenoid in paprika (Capsicum annuum), alters plasma high-density
lipoprotein-cholesterol levels and hepatic gene expression in rats. Br. J. Nutr. 2009, 102, 1760–1766. [CrossRef]

16. Choi, E.-Y.; Kim, E.-S.; Lee, Y.-E. Anti-inflammatory effects of paprika fruit and leaf through heme oxygenase-1 induction in
RAW264. 7 macrophages. J. Korean Soc. Food Sci. Nutr. 2020, 49, 578–585. [CrossRef]

17. Kim, H.-R.; Kim, S.; Lee, S.-W.; Sin, H.-S.; Kim, S.-Y. Protective Effects of Fermented Paprika (Capsicum annuum L.) on Sodium
Iodate-Induced Retinal Damage. Nutrients 2020, 13, 25. [CrossRef]

18. Thuphairo, K.; Sornchan, P.; Suttisansanee, U. Bioactive Compounds, Antioxidant Activity and Inhibition of Key Enzymes
Relevant to Alzheimer’s Disease from Sweet Pepper (Capsicum annuum) Extracts. Prev. Nutr. Food Sci. 2019, 24, 327–337.
[CrossRef]

19. Nishino, A.; Sugimoto, K.; Sambe, H.; Ichihara, T.; Takaha, T.; Kuriki, T. Effects of Dietary Paprika Xanthophylls on Ultraviolet
Light-Induced Skin Damage: A Double-Blind Placebo-Controlled Study. J. Oleo Sci. 2018, 67, 863–869. [CrossRef]

20. Yatsuhashi, H.; Takumi, H.; Terada, Y.; Kuriki, T. Effects of Oral Supplementation with Paprika Xanthophylls on Human Skin
Moisture. J. Oleo Sci. 2022, 71, 735–745. [CrossRef]

21. Agarwal, S.; Fulgoni Iii, V.L.; Welland, D. Intake of 100% Fruit Juice Is Associated with Improved Diet Quality of Adults:
NHANES 2013-2016 Analysis. Nutrients 2019, 11, 2513. [CrossRef] [PubMed]

22. Khaksar, G.; Assatarakul, K.; Sirikantaramas, S. Effect of cold-pressed and normal centrifugal juicing on quality attributes of fresh
juices: Do cold-pressed juices harbor a superior nutritional quality and antioxidant capacity? Heliyon 2019, 5, e01917. [CrossRef]
[PubMed]

23. Kim, M.-J.; Jun, J.-G.; Park, S.-Y.; Choi, M.-J.; Park, E.; Kim, J.-I.; Kim, M.-J. Antioxidant activities of fresh grape juices prepared
using various household processing methods. Food Sci. Biotechnol. 2017, 26, 861–869. [CrossRef] [PubMed]

24. Gouws, C.A.; Georgouopoulou, E.; Mellor, D.D.; Naumovski, N. The Effect of Juicing Methods on the Phytochemical and
Antioxidant Characteristics of the Purple Prickly Pear (Opuntia ficus indica)—Preliminary Findings on Juice and Pomace. Beverages
2019, 5, 28. [CrossRef]

25. Baswan, S.M.; Klosner, A.E.; Weir, C.; Salter-Venzon, D.; Gellenbeck, K.W.; Leverett, J.; Krutmann, J. Role of ingestible carotenoids
in skin protection: A review of clinical evidence. Photodermatol. Photoimmunol. Photomed. 2021, 37, 490–504. [CrossRef]

26. Lee, J.; Jiang, S.; Levine, N.; Watson, R.R. Carotenoid supplementation reduces erythema in human skin after simulated solar
radiation exposure. Proc. Soc. Exp. Biol. Med. 2000, 223, 170–174. [CrossRef]

27. Heinrich, U.; Gärtner, C.; Wiebusch, M.; Eichler, O.; Sies, H.; Tronnier, H.; Stahl, W. Supplementation with β-Carotene or a Similar
Amount of Mixed Carotenoids Protects Humans from UV-Induced Erythema. J. Nutr. 2003, 133, 98–101. [CrossRef]

28. Garmyn, M.; Ribaya-Mercado, J.D.; Russel, R.M.; Bhawan, J.; Gilchrest, B.A. Effect of beta-carotene supplementation on the
human sunburn reaction. Exp. Dermatol. 1995, 4, 104–111. [CrossRef]

29. Baswan, S.M.; Marini, A.; Klosner, A.E.; Jaenicke, T.; Leverett, J.; Murray, M.; Gellenbeck, K.W.; Krutmann, J. Orally administered
mixed carotenoids protect human skin against ultraviolet A-induced skin pigmentation: A double-blind, placebo-controlled,
randomized clinical trial. Photodermatol. Photoimmunol. Photomed. 2020, 36, 219–225. [CrossRef]

30. Obana, A.; Gohto, Y.; Gellermann, W.; Ermakov, I.V.; Sasano, H.; Seto, T.; Bernstein, P.S. Skin Carotenoid Index in a large Japanese
population sample. Sci. Rep. 2019, 9, 9318. [CrossRef]

31. Ribaya-Mercado, J.D.; Garmyn, M.; Gilchrest, B.A.; Russell, R.M. Skin Lycopene Is Destroyed Preferentially over β-Carotene
during Ultraviolet Irradiation in Humans. J. Nutr. 1995, 125, 1854–1859. [CrossRef] [PubMed]

32. Biesalski, H.K.; Obermueller-Jevic, U.C. UV Light, Beta-carotene and Human Skin—Beneficial and Potentially Harmful Effects.
Arch. Biochem. Biophys. 2001, 389, 1–6. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms17020160
http://www.ncbi.nlm.nih.gov/pubmed/26901191
http://doi.org/10.1016/j.foodchem.2016.01.041
http://www.ncbi.nlm.nih.gov/pubmed/26868549
http://doi.org/10.3390/foods_2020-07717
http://doi.org/10.1007/s13765-014-4081-5
http://doi.org/10.1016/j.plantsci.2010.04.014
http://www.ncbi.nlm.nih.gov/pubmed/20582146
http://doi.org/10.1111/j.1750-3841.2006.00245.x
http://www.ncbi.nlm.nih.gov/pubmed/17995862
http://doi.org/10.1155/2012/524019
http://www.ncbi.nlm.nih.gov/pubmed/23091348
http://doi.org/10.1016/S0304-3835(01)00635-8
http://doi.org/10.1017/S0007114509991309
http://doi.org/10.3746/jkfn.2020.49.6.578
http://doi.org/10.3390/nu13010025
http://doi.org/10.3746/pnf.2019.24.3.327
http://doi.org/10.5650/jos.ess17265
http://doi.org/10.5650/jos.ess21427
http://doi.org/10.3390/nu11102513
http://www.ncbi.nlm.nih.gov/pubmed/31635292
http://doi.org/10.1016/j.heliyon.2019.e01917
http://www.ncbi.nlm.nih.gov/pubmed/31286079
http://doi.org/10.1007/s10068-017-0120-4
http://www.ncbi.nlm.nih.gov/pubmed/30263614
http://doi.org/10.3390/beverages5020028
http://doi.org/10.1111/phpp.12690
http://doi.org/10.1046/j.1525-1373.2000.22323.x
http://doi.org/10.1093/jn/133.1.98
http://doi.org/10.1111/j.1600-0625.1995.tb00231.x
http://doi.org/10.1111/phpp.12541
http://doi.org/10.1038/s41598-019-45751-6
http://doi.org/10.1093/jn/125.7.1854
http://www.ncbi.nlm.nih.gov/pubmed/7616301
http://doi.org/10.1006/abbi.2001.2313
http://www.ncbi.nlm.nih.gov/pubmed/11370660


Molecules 2022, 27, 6394 11 of 12

33. Misawa, E.; Tanaka, M.; Saito, M.; Nabeshima, K.; Yao, R.; Yamauchi, K.; Abe, F.; Yamamoto, Y.; Furukawa, F. Protective effects
of Aloe sterols against UVB-induced photoaging in hairless mice. Photodermatol. Photoimmunol. Photomed. 2017, 33, 101–111.
[CrossRef] [PubMed]

34. El-Abaseri, T.B.; Putta, S.; Hansen, L.A. Ultraviolet irradiation induces keratinocyte proliferation and epidermal hyperplasia
through the activation of the epidermal growth factor receptor. Carcinogenesis 2006, 27, 225–231. [CrossRef] [PubMed]

35. Lee, J.K.; Kim, J.H.; Nam, K.T.; Lee, S.H. Molecular events associated with apoptosis and proliferation induced by ultraviolet-B
radiation in the skin of hairless mice. J. Dermatol. Sci. 2003, 32, 171–179. [CrossRef]

36. Ouhtit, A.; Muller, H.K.; Davis, D.W.; Ullrich, S.E.; McConkey, D.; Ananthaswamy, H.N. Temporal events in skin injury and the
early adaptive responses in ultraviolet-irradiated mouse skin. Am. J. Pathol. 2000, 156, 201–207. [CrossRef]

37. Moon, J.-M.; Park, S.-H.; Jhee, K.-H.; Yang, S.-A. Protection against UVB-Induced Wrinkle Formation in SKH-1 Hairless Mice:
Efficacy of Tricin Isolated from Enzyme-Treated Zizania latifolia Extract. Molecules 2018, 23, 2254. [CrossRef]

38. Kim, S.Y.; Lamichhane, S.; Ju, J.-H.; Yun, J. Protective Effect of Octylmethoxycinnamate against UV-Induced Photoaging in
Hairless Mouse via the Regulation of Matrix Metalloproteinases. Int. J. Mol. Sci. 2018, 19, 1836. [CrossRef]

39. Zhang, J.-A.; Yin, Z.; Ma, L.-W.; Yin, Z.-Q.; Hu, Y.-Y.; Xu, Y.; Wu, D.; Permatasari, F.; Luo, D.; Zhou, B.-R. The Protective Effect of
Baicalin against UVB Irradiation Induced Photoaging: An In Vitro and In Vivo Study. PLoS ONE 2014, 9, e99703. [CrossRef]

40. Darawsha, A.; Trachtenberg, A.; Levy, J.; Sharoni, Y. The Protective Effect of Carotenoids, Polyphenols, and Estradiol on Dermal
Fibroblasts under Oxidative Stress. Antioxidants 2021, 10, 2023. [CrossRef]

41. Yum, H.-W.; Park, J.; Park, H.-J.; Shin, J.W.; Cho, Y.-Y.; Kim, S.-J.; Kang, J.X.; Surh, Y.-J. Endogenousω-3 Fatty Acid Production by
fat-1 Transgene and Topically Applied Docosahexaenoic Acid Protect against UVB-induced Mouse Skin Carcinogenesis. Sci. Rep.
2017, 7, 11658. [CrossRef]

42. Tripp, C.S.; Blomme, E.A.G.; Chinn, K.S.; Hardy, M.M.; LaCelle, P.; Pentland, A.P. Epidermal COX-2 Induction Following
Ultraviolet Irradiation: Suggested Mechanism for the Role of COX-2 Inhibition in Photoprotection. J. Investig. Dermatol. 2003,
121, 853–861. [CrossRef]

43. Rundhaug, J.E.; Mikulec, C.; Pavone, A.; Fischer, S.M. A role for cyclooxygenase-2 in ultraviolet light-induced skin carcinogenesis.
Mol. Carcinog. 2007, 46, 692–698. [CrossRef] [PubMed]

44. Kundu, J.K.; Surh, Y.-J. Breaking the relay in deregulated cellular signal transduction as a rationale for chemoprevention with
anti-inflammatory phytochemicals. Mutat. Res. Fundam. Mol. Mech. Mutagen. 2005, 591, 123–146. [CrossRef] [PubMed]

45. Fischer, S.M.; Pavone, A.; Mikulec, C.; Langenbach, R.; Rundhaug, J.E. Cyclooxygenase-2 expression is critical for chronic
UV-induced murine skin carcinogenesis. Mol. Carcinog. 2007, 46, 363–371. [CrossRef]

46. Wilgus, T.A.; Koki, A.T.; Zweifel, B.S.; Kusewitt, D.F.; Rubal, P.A.; Oberyszyn, T.M. Inhibition of cutaneous ultraviolet light
B–mediated inflammation and tumor formation with topical celecoxib treatment. Mol. Carcinog. 2003, 38, 49–58. [CrossRef]
[PubMed]

47. Rundhaug, J.E.; Fischer, S.M. Cyclo-oxygenase-2 Plays a Critical Role in UV-induced Skin Carcinogenesis. Photochem. Photobiol.
2008, 84, 322–329. [CrossRef] [PubMed]

48. Buckman, S.Y.; Gresham, A.; Hale, P.; Hruza, G.; Anast, J.; Masferrer, J.; Pentland, A.P. COX-2 expression is induced by UVB
exposure in human skin: Implications for the development of skin cancer. Carcinogenesis 1998, 19, 723–729. [CrossRef]

49. Bermudez, Y.; Stratton, S.P.; Curiel-Lewandrowski, C.; Warneke, J.; Hu, C.; Bowden, G.T.; Dickinson, S.E.; Dong, Z.; Bode, A.M.;
Saboda, K.; et al. Activation of the PI3K/Akt/mTOR and MAPK Signaling Pathways in Response to Acute Solar-Simulated Light
Exposure of Human Skin. Cancer Prev. Res. 2015, 8, 720–728. [CrossRef]

50. Ha, S.J.; Lee, J.; Kim, H.; Song, K.-M.; Lee, N.H.; Kim, Y.E.; Lee, H.; Kim, Y.H.; Jung, S.K. Preventive effect of Rhus javanica extract
on UVB-induced skin inflammation and photoaging. J. Funct. Foods 2016, 27, 589–599. [CrossRef]

51. Martinez, R.M.; Fattori, V.; Saito, P.; Melo, C.B.P.; Borghi, S.M.; Pinto, I.C.; Bussmann, A.J.C.; Baracat, M.M.; Georgetti, S.R.;
Verri, W.A.; et al. Lipoxin A4 inhibits UV radiation-induced skin inflammation and oxidative stress in mice. J. Dermatol. Sci. 2018,
91, 164–174. [CrossRef] [PubMed]

52. Martinez, R.M.; Pinho-Ribeiro, F.A.; Steffen, V.S.; Caviglione, C.V.; Vignoli, J.A.; Barbosa, D.S.; Baracat, M.M.; Georgetti, S.R.;
Verri, W.A.; Casagrande, R. Naringenin Inhibits UVB Irradiation-Induced Inflammation and Oxidative Stress in the Skin of
Hairless Mice. J. Nat. Prod. 2015, 78, 1647–1655. [CrossRef] [PubMed]

53. Sharma, M.R.; Mitrani, R.; Werth, V.P. Effect of TNFα blockade on UVB-induced inflammatory cell migration and collagen loss in
mice. J. Photochem. Photobiol. B Biol. 2020, 213, 112072. [CrossRef]

54. Pillai, S.; Oresajo, C.; Hayward, J. Ultraviolet radiation and skin aging: Roles of reactive oxygen species, inflammation and
protease activation, and strategies for prevention of inflammation-induced matrix degradation—A review. Int. J. Cosmet. Sci.
2005, 27, 17–34. [CrossRef]

55. Truong, V.-L.; Jeong, W.-S. Cellular Defensive Mechanisms of Tea Polyphenols: Structure-Activity Relationship. Int. J. Mol. Sci.
2021, 22, 9109. [CrossRef] [PubMed]

56. Rahman, M.M.; Kundu, J.K.; Shin, J.-W.; Na, H.-K.; Surh, Y.-J. Docosahexaenoic Acid Inhibits UVB-Induced Activation of NF-κB
and Expression of COX-2 and NOX-4 in HR-1 Hairless Mouse Skin by Blocking MSK1 Signaling. PLoS ONE 2011, 6, e28065.
[CrossRef] [PubMed]

57. Lewis, D.A.; Spandau, D.F. UVB activation of NF-κB in normal human keratinocytes occurs via a unique mechanism. Arch.
Dermatol. Res. 2007, 299, 93–101. [CrossRef]

http://doi.org/10.1111/phpp.12286
http://www.ncbi.nlm.nih.gov/pubmed/27995657
http://doi.org/10.1093/carcin/bgi220
http://www.ncbi.nlm.nih.gov/pubmed/16123117
http://doi.org/10.1016/S0923-1811(03)00094-X
http://doi.org/10.1016/S0002-9440(10)64720-7
http://doi.org/10.3390/molecules23092254
http://doi.org/10.3390/ijms19071836
http://doi.org/10.1371/journal.pone.0099703
http://doi.org/10.3390/antiox10122023
http://doi.org/10.1038/s41598-017-11443-2
http://doi.org/10.1046/j.1523-1747.2003.12495.x
http://doi.org/10.1002/mc.20329
http://www.ncbi.nlm.nih.gov/pubmed/17443745
http://doi.org/10.1016/j.mrfmmm.2005.04.019
http://www.ncbi.nlm.nih.gov/pubmed/16102784
http://doi.org/10.1002/mc.20284
http://doi.org/10.1002/mc.10141
http://www.ncbi.nlm.nih.gov/pubmed/14502644
http://doi.org/10.1111/j.1751-1097.2007.00261.x
http://www.ncbi.nlm.nih.gov/pubmed/18194346
http://doi.org/10.1093/carcin/19.5.723
http://doi.org/10.1158/1940-6207.CAPR-14-0407
http://doi.org/10.1016/j.jff.2016.10.011
http://doi.org/10.1016/j.jdermsci.2018.04.014
http://www.ncbi.nlm.nih.gov/pubmed/29731194
http://doi.org/10.1021/acs.jnatprod.5b00198
http://www.ncbi.nlm.nih.gov/pubmed/26154512
http://doi.org/10.1016/j.jphotobiol.2020.112072
http://doi.org/10.1111/j.1467-2494.2004.00241.x
http://doi.org/10.3390/ijms22179109
http://www.ncbi.nlm.nih.gov/pubmed/34502017
http://doi.org/10.1371/journal.pone.0028065
http://www.ncbi.nlm.nih.gov/pubmed/22140508
http://doi.org/10.1007/s00403-006-0729-2


Molecules 2022, 27, 6394 12 of 12

58. Adhami, V.M.; Afaq, F.; Ahmad, N. Suppression of ultraviolet B exposure-mediated activation of NF-κB in normal human
keratinocytes by resveratrol. Neoplasia 2003, 5, 74–82. [CrossRef]

59. Chang, E.-J.; Kundu, J.K.; Liu, L.; Shin, J.-W.; Surh, Y.-J. Ultraviolet B radiation activates NF-κB and induces iNOS expression in
HR-1 hairless mouse skin: Role of IκB kinase-β. Mol. Carcinog. 2011, 50, 310–317. [CrossRef] [PubMed]

60. Yin, S.; Wang, Y.; Liu, N.; Yang, M.; Hu, Y.; Li, X.; Fu, Y.; Luo, M.; Sun, J.; Yang, X. Potential skin protective effects after UVB
irradiation afforded by an antioxidant peptide from Odorrana andersonii. Biomed. Pharmacother. 2019, 120, 109535. [CrossRef]
[PubMed]

61. Fu, Y.; Li, C.; Wang, Q.; Gao, R.; Cai, X.; Wang, S.; Zhang, Y. The protective effect of collagen peptides from bigeye tuna (Thunnus
obesus) skin and bone to attenuate UVB-induced photoaging via MAPK and TGF-β signaling pathways. J. Funct. Foods 2022,
93, 105101. [CrossRef]

62. Filip, A.; Daicoviciu, D.; Clichici, S.; Bolfa, P.; Catoi, C.; Baldea, I.; Bolojan, L.; Olteanu, D.; Muresan, A.; Postescu, I.D. The effects
of grape seeds polyphenols on SKH-1 mice skin irradiated with multiple doses of UV-B. J. Photochem. Photobiol. B Biol. 2011,
105, 133–142. [CrossRef] [PubMed]

63. Chen, L.; Kang, Y.-H. Anti-inflammatory and antioxidant activities of red pepper (Capsicum annuum L.) stalk extracts: Comparison
of pericarp and placenta extracts. J. Funct. Foods 2013, 5, 1724–1731. [CrossRef]

64. Ahn, J.H.; Kim, D.W.; Park, C.W.; Kim, B.; Sim, H.; Kim, H.S.; Lee, T.-K.; Lee, J.-C.; Yang, G.E.; Her, Y.; et al. Laminarin Attenuates
Ultraviolet-Induced Skin Damage by Reducing Superoxide Anion Levels and Increasing Endogenous Antioxidants in the Dorsal
Skin of Mice. Mar. Drugs 2020, 18, 345. [CrossRef] [PubMed]

65. Jo, K.; Bae, G.Y.; Cho, K.; Park, S.S.; Suh, H.J.; Hong, K.-B. An Anthocyanin-Enriched Extract from Vaccinium uliginosum Improves
Signs of Skin Aging in UVB-Induced Photodamage. Antioxidants 2020, 9, 844. [CrossRef]

66. Kwak, C.S.; Yang, J.; Shin, C.-Y.; Chung, J.H. Topical or oral treatment of peach flower extract attenuates UV-induced epidermal
thickening, matrix metalloproteinase-13 expression and pro-inflammatory cytokine production in hairless mice skin. Nutr. Res.
Pract. 2018, 12, 29–40. [CrossRef]

67. Yin, Y.; Li, W.; Son, Y.-O.; Sun, L.; Lu, J.; Kim, D.; Wang, X.; Yao, H.; Wang, L.; Pratheeshkumar, P.; et al. Quercitrin protects skin
from UVB-induced oxidative damage. Toxicol. Appl. Pharmacol. 2013, 269, 89–99. [CrossRef] [PubMed]

68. Kawashima, S.; Funakoshi, T.; Sato, Y.; Saito, N.; Ohsawa, H.; Kurita, K.; Nagata, K.; Yoshida, M.; Ishigami, A. Protective effect of
pre- and post-vitamin C treatments on UVB-irradiation-induced skin damage. Sci. Rep. 2018, 8, 16199. [CrossRef] [PubMed]

69. McArdle, F.; Rhodes, L.E.; Parslew, R.; Jack, C.I.A.; Friedmann, P.S.; Jackson, M.J. UVR-induced oxidative stress in human skin
in vivo: Effects of oral vitamin C supplementation. Free Radic. Biol. Med. 2002, 33, 1355–1362. [CrossRef]

70. Han, J.-H.; Bang, J.S.; Choi, Y.J.; Choung, S.-Y. Oral administration of oyster (Crassostrea gigas) hydrolysates protects against wrinkle
formation by regulating the MAPK pathway in UVB-irradiated hairless mice. Photochem. Photobiol. Sci. 2019, 18, 1436–1446.
[CrossRef]

71. Lim, J.-Y.; Kim, O.-K.; Lee, J.; Lee, M.-J.; Kang, N.; Hwang, J.-K. Protective effect of the standardized green tea seed extract on
UVB-induced skin photoaging in hairless mice. Nutr. Res. Pract. 2014, 8, 398–403. [CrossRef] [PubMed]

http://doi.org/10.1016/S1476-5586(03)80019-2
http://doi.org/10.1002/mc.20646
http://www.ncbi.nlm.nih.gov/pubmed/21465579
http://doi.org/10.1016/j.biopha.2019.109535
http://www.ncbi.nlm.nih.gov/pubmed/31610428
http://doi.org/10.1016/j.jff.2022.105101
http://doi.org/10.1016/j.jphotobiol.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21925895
http://doi.org/10.1016/j.jff.2013.07.018
http://doi.org/10.3390/md18070345
http://www.ncbi.nlm.nih.gov/pubmed/32629814
http://doi.org/10.3390/antiox9090844
http://doi.org/10.4162/nrp.2018.12.1.29
http://doi.org/10.1016/j.taap.2013.03.015
http://www.ncbi.nlm.nih.gov/pubmed/23545178
http://doi.org/10.1038/s41598-018-34530-4
http://www.ncbi.nlm.nih.gov/pubmed/30385817
http://doi.org/10.1016/S0891-5849(02)01042-0
http://doi.org/10.1039/C9PP00036D
http://doi.org/10.4162/nrp.2014.8.4.398
http://www.ncbi.nlm.nih.gov/pubmed/25110559

	Introduction 
	Results and Discussion 
	HSB and LSM Sweet Pepper Juices Inhibit UVB-Induced Photoaging in SKH-1 Hairless Mice 
	HSB and LSM Sweet Pepper Juices Attenuate Inflammatory Response in UVB-Irradiated SKH-1 Hairless Mice 
	HSB and LSM Sweet Pepper Juices Enhance Antioxidant Defense Systems in UVB-Irradiated SKH-1 Hairless Mice 

	Conclusions 
	Materials and Methods 
	Materials 
	Preparation of Orange Sweet Pepper Juice 
	Animal Experimental Design and UVB Irradiation 
	Histological and Immunohistochemical Analyses 
	Measurement of Total Collagen Content 
	Western Blot Analysis 
	Statistical Analysis 

	References

