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Abstract

This study evaluated the protective effects of Citrus hystrix peel essential oil (EOCH) against UVB-induced skin damage in mice. The
mice were randomly divided into six groups: a normal control, a UVB-exposed group, a UVB+VAP group, and three EOCH-treated
groups receiving 1%, 5%, or 10% EOCH. UVB exposure was applied for 4 weeks to induce skin damage. Skin damage was assessed
by scoring lesions and measuring moisture levels, while oxidative stress was evaluated by determining malondialdehyde (MDA) and
hydrogen peroxide (H,0,) levels in the organs. The antioxidant defense was analyzed via the activities of glutathione peroxidase
(GPx), glutathione reductase (GR), and thioredoxin reductase (TRx), along with the GSH/GSSG ratio. Immune response was assessed
by measuring white blood cell (WBC) counts and evaluating phagocytic activity. UVB exposure increased skin damage scores to
3.6+0.55 and reduced moisture from 34.88+0.83% to 16.61+0.53% (p < 0.05). In contrast, the EOCH10 group restored damage
scores to O and moisture levels to 31.85+0.34% (p < 0.05 vs. UVB). EOCH10 also significantly lowered MDA and H,0, levels and
enhanced antioxidant enzyme activities. Moreover, immune parameters were improved, with WBC counts, PR, and Pl showing
significant recovery (p < 0.05). Overall, EOCH demonstrated comprehensive protective effects against UVB-induced skin damage,

supporting its potential as a natural therapeutic agent.
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1. INTRODUCTION

Sunlight plays a crucial role in various biological processes;
however, excessive exposure to ultraviolet B (UVB, 280-320
nm) radiation causes severe skin damage. Due to its high en-
ergy, UVB penetrates the epidermis and triggers a cascade
of biochemical reactions that compromise the structural and
functional integrity of the skin (Al-Sadek and Yusuf, 2024).
One of the primary mechanisms of UVB-induced skin dam-
age is the generation of reactive oxygen species (ROS), which
leads to oxidative stress and damage to essential cellular compo-
nents, including cell membranes, proteins, and DNA (Wei et al.,
2024). In parallel, UVB exposure stimulates an inflammatory
response by upregulating the production of pro-inflammatory
cytokines such as IL-1, IL-6, and TNF-«, disrupting local im-
mune homeostasis and weakening the skin barrier (Mardiyanto
et al., 2020). Recent studies have also linked UVB exposure
to ferroptosis-mediated cell death and lipid peroxidation, re-
vealing new pathways of photodamage in skin tissue (Zhang
et al., 2023). Additionally, UVB-induced immunosuppression
at local and systemic levels increases susceptibility to skin in-

fections and other dermatological disorders (Dourmishev and
Guleva, 2021). The consequences of UVB-induced skin dam-
age range from premature skin aging, dermatitis, and sunburn
to actinic keratosis and skin cancer (Al-Sadek and Yusuf, 2024).
Prolonged UVB exposure induces genetic mutations in skin
cells, increasing the risk of non-melanoma skin cancers such
as basal cell carcinoma (BCC) and squamous cell carcinoma
(SCC) (Fan et al., 2023). Emerging evidence also suggests that
UVB can disrupt skin microbiota composition, further com-
promising skin immunity and accelerating inflammation (Xu
etal.,, 2024). Given these detrimental effects, there is an urgent
need for effective skin protection strategies, particularly those
derived from natural compounds.

In this context, antioxidants and immunomodulatory com-
pounds play a crucial role in mitigating UVB-induced dam-
age. Antioxidants such as polyphenols, flavonoids, and ter-
penoids scavenge ROS, reducing oxidative stress and protecting
skin cells from damage (Chaudhary et al., 2028). Simultane-
ously, immunomodulatory compounds regulate inflammatory
responses, maintain the integrity of the skin barrier, and coun-
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teract UVB-induced immunosuppression (He et al., 2024).
Novel research has highlighted that plant-derived exosomes
and nano-formulated polyphenols exhibit superior bioavailabil-
ity and eflicacy in protecting the skin against UVB (Yang et al.,
2023b; Nunes et al., 2025). Consequently, the investigation
and development of natural compounds with antioxidant and
immunomodulatory properties present a promising approach
to safeguarding the skin against UVB-induced damage.

Citrus hystrix DC., a species belonging to the Rutaceae fam-
ily, is well known for its high essential oil content in the fruit
peel and has been widely utilized in traditional medicine and
the food industry (Siti et al., 2022). The major constituents
of Citrus hystrixz peel essential oil include limonene, citronellal,
flavonoids, polyphenols, and various monoterpenoids (L.ong
et al.,, 2023). Among these, limonene exhibits intense an-
tioxidant activity, effectively scavenging free radicals and pro-
tecting skin cells from oxidative stress. Citronellal possesses
anti-inflammatory and antimicrobial properties, contributing
to inflammation reduction and protection against skin infec-
tions. Additionally, flavonoids and polyphenols serve as key
antioxidants that safeguard cellular membranes and DNA from
UVB-induced damage. Furthermore, other monoterpenoids
present in the essential oil support tissue regeneration, mod-
ulate immune responses, and maintain skin barrier integrity
(Nuryandani et al., 2024). Previous studies have demonstrated
that essential oils from various Citrus species exhibit protective
effects against UVB-induced skin damage through antioxidant
and anti-inflammatory mechanisms. Li et al. (2024) reported
that Citrus paradisi, Fortunella crassifolia, Citrus sinensis, and Citrus
reticulata peel essential oils mitigate oxidative stress and UVB-
induced dermatitis by modulating the activity of antioxidant
enzymes such as superoxide dismutase (SOD) and catalase.
Similarly, research by Ghani et al. (2021) demonstrated that
grapefruit (Citrus X paradisi var. red blush) peel essential oil
protects human skin cells from UVB-induced DNA damage
by reducing malondialdehyde (MDA) levels and enhancing
glutathione (GSH) activity. Moreover, Ayubi et al. (2023) in-
vestigated lemon (Citrus limon) peel essential oil and found its
immunomodulatory and anti-inflammatory effects, which were
evidenced by the suppression of pro-inflammatory cytokines,
including IL-13, IL-6, and TNF-«, in a UVB-induced skin
damage model in mice. More recently, Fernando et al. (2024)
identified that nanoemulsions formulated from Citrus essential
oils not only enhance dermal penetration but also significantly
reduce UVB-induced erythema and histopathological alter-
ations in mouse skin.

Despite evidence supporting the antioxidant and anti-infla-
mmatory effects of Citrus essential oils against UVB damage,
the protective potential of Citrus hystrix peel essential oil re-
mains unexplored. No studies have evaluated its effects on
UVB-induced skin damage in mice or its mechanisms of ac-
tion through oxidative stress balance and immune modulation.
This study investigates the protective effects of Citrus hystrix
peel essential oil against UVB-induced skin damage, focusing
on antioxidant and immunomodulatory mechanisms. Using a
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Swiss albino mouse model, it examines skin damage, oxidative
stress, inflammation, and cytokine expression. Findings will
provide scientific evidence for Citrus hystrixz as a natural skin
protectant, supporting its potential use in plant-based skincare
and cosmeceuticals for safe and effective UVB protection.

2. EXPERIMENTAL SECTION

2.1 Chemicals and Reagents

The study used high-quality reagents from reputable manu-
facturers. Citrus hystrix DC. peel essential oil was extracted via
steam distillation, while hexane (HPLC-grade, Sigma-Aldrich,
USA), ethanol (Merck, Germany), and methanol (Fisher Scien-
tific, USA) were used as solvents. Antioxidant assays employed
DPPH and ABTS (Sigma-Aldrich, USA) with Trolox and gallic
acid (Sigma-Aldrich, USA) as standards, and sodium carbon-
ate (Merck, Germany) with phosphate-buffered saline (Gibco,
USA) as buffers. For in vivo experiments, ketamine (Zoetis,
USA) and xylazine (Bayer, Germany) were used for anesthe-
sia, and 10% formalin (Merck, Germany) and H&E staining
(Sigma-Aldrich, USA) were used for tissue fixation and analy-
sis. Additional reagents included Triton X-100 and Tween-20
(Sigma-Aldrich, USA), 70% ethanol (Merck, Germany), and
ELISA kits for cytokines (R&D Systems, USA). Instrumenta-
tion comprised a UVB lamp (UV Products, USA), a UV-Vis
spectrophotometer (Shimadzu, Japan), and HPLC/GC-MS
systems (Agilent Technologies, USA).

2.2 Collection and Extraction of Essential Oil From Plant
Material

Citrus hystrix DC. fruits were harvested from Tinh Bien Dis-
trict, An Giang Province, Vietnam. The fruits, each weighing
approximately 50 - 52 grams, were collected at their optimal
ripeness, which is typically reached after a 8-month growth
period. For the extraction of essential oil, a steam distillation
method was employed due to its efficacy in producing pure oil
while preserving sensitive compounds that might be degraded
by other techniques. Only fruits with intact and undamaged
peels, free from insect infestation, were selected for process-
ing. Following a thorough cleaning, the fruits were air-dried
at ambient temperature, and the peels were carefully removed
and cut into small pieces. From approximately 24 - 25 kg of
fresh fruit, about 9 - 10 kg of peel was obtained, resulting in a
total batch yield of 58 - 60 kg of peel. The distillation process
was conducted at 100°C for 2 - 3 hours, yielding an essential
oil extraction efliciency of roughly 8.1%. The final product
designated EOCH, is stored in dark glass containers at room
temperature to maintain its quality.

2.3 Extraction and Processing of Peel Essential Oil

In this study, EOCH was prepared using the method described
by Long et al. (2023). Fresh fruit peels were subjected to
hydrodistillation following the detailed standard protocols out-
lined in their publication. The authors conducted a compre-
hensive analysis of the resulting oil, meticulously characterizing
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Table 1. The Draize Scoring System for Evaluating Skin Reactions Involves Separate Assessments for Erythema (Redness) and

Edema (Swelling), Each Rated On A Scale From 0 To 4

Score Erythema (Redness) Edema (Swelling)
0 No visible redness on the skin No noticeable swelling
1 Mild erythema (slightly visible, diffuse redness) Minor edema (barely detectable thickening of the skin)
2 Moderate erythema (distinct and localized redness) Moderate swelling (cle.arly evident increase in skin
thickness)
3 Severe erythema (markeq redness with noticeable Pronounced edema (skin visibly raised or swollen)
swelling)
n Extremely severe erythema (deep red, possibly with Intense edema (skin significantly distended and

tissue damage)

deformed)

Normal group

UVB group

UVB+VAP group

UVB+EOCH1
group

UVB+EOCHS5
group

UVB+EOCH10
group

Figure 1. Effects Of C. Hystrix DC. Peel Essential Oil on UVB-induced Skin Damage in Mice. (a) Normal Group with No UVB
Exposure. (b) UVB Group Showing Severe Erythema and Skin Damage. (c) UVB+VAP Group Exhibiting Partial Improv-ement.
(d-f) Groups Treated With EOCH At Different Concentrations (1%, 5%, and 10%), Showed Varying Degrees of Skin Recovery

its chemical profile - including the identification of volatile con-
stituents and key phytochemical groups. By employing the
same extraction procedure, we ensured consistency in the qual-
ity of the essential oil, which in turn allows for a direct and
meaningful comparison between our current findings and the
data reported by Long et al. (2028).

2.4 Experimental Animals

Swiss albino mice with an average body weight of 28-30 g, were
obtained from the Pasteur Institute in Ho Chi Minh City, Viet-
nam. Upon arrival, the animals were housed in glass cages with
wood shavings that had been pre-treated with a biological agent
to effectively control odors and were allowed to acclimatize for
14 days. During this period, the mice were maintained un-
der strictly controlled environmental conditions, with ambient

© 2025 The Authors.

temperatures kept between 24 and 26°C, relative humidity at
60-62%, and a fixed 12-hour light/dark cycle. They were pro-
vided with a specially formulated rodent diet and filtered water
available ad libitum. All experimental procedures conformed
to the Cioms and Iclas (2012).

2.5 Experimental Design

The mice were randomly divided into six groups, each consist-
ing of five individuals. The Normal group was neither exposed
to UVB nor received any treatment, whereas the UVB group
was subjected to UVB irradiation without any intervention,
serving as the negative control. The UVB+VAP group under-
went UVB exposure followed by treatment with 2% vitamin
A palmitate, serving as the positive control. Meanwhile, the

UVB+EOCH groups were exposed to UVB and treated with
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Figure 2. EOCH Treatment Reduced Oxidative Stress in UVB-Induced Skin Damage in Mice. (A) Malondialdehyde (MDA)
Levels (Nmol/Ml): This Panel Evaluates Lipid Peroxidation. UVB Exposure Significantly Increased MDA Levels in All Tissues
Compared to The Normal Group. Treatment With EOCH (1, 5, and 10 Mg/Kg) or VAP Reduced MDA Levels In A
Dose-Dependent Manner, with EOCH10 Showing The Greatest Effect. All Treatment Groups Remained Significantly Different
From Both The UVB and Normal Groups (p < 0.05). (B) Hydrogen Peroxide (HgOg) Levels (Nmol/G Tissue): This Panel
Assesses Reactive Oxygen Species Accumulation. UVB Irradiation Elevated HyOy Levels Across All Tissues. Treatment Groups
Significantly Decreased HyOy Levels Compared To The UVB Group, Particularly EOCH10. A Dose-Dependent Trend Was
Observed, And Statistical Significance Is Indicated By Different Letters (a—f, p < 0.05).

Citrus hystrix peel essential oil (EOCH) at concentrations of
1%, 5%, and 10%, designated as UVB+EOCH1, UVB+EOCH),
and UVB+EOCH10, respectively. UVB irradiation was carried
out using a CL-1000 M UV lamp (UVP, Upland, CA, USA)
with a peak emission at 302 nm. The administered UVB dose
ranged from 80 mJ/cm?, corresponding to an exposure du-
ration of 80 seconds. The lamp was positioned 5 cm above
the platform to ensure uniform irradiation. Following UVB
exposure, 100 uL of the respective formulation was applied
topically once daily for 21 consecutive days.

Throughout the experimental period, weekly assessments
were performed that included Draize scoring, visual inspec-
tions, and measurements of skin moisture levels. After the
study, the mice were first anesthetized by administering an
intraperitoneal injection of sodium pentobarbital at a dose of
60 mg/kg, followed by euthanasia via COg inhalation. Subse-
quently, skin, liver, and kidney tissues were carefully excised,

© 2025 The Authors.

processed, and homogenized. These tissue homogenates were
then subjected to biochemical analyses designed to evaluate the
antioxidant and immunomodulatory properties of EOCH.

2.6 Procedure for Assessing Skin Irritation (Draize Test)

The evaluation procedure was conducted as described by Lin
et al. (2014), with minor modifications to suit the scope of
this study. The assessment criteria were based on the Draize
scoring system, a standardized method for measuring and eval-
uating skin irritation, including erythema (redness) and edema

(swelling) (Table 1).

2.7 Skin Moisture Measurement Method

Skin hydration was measured using a corneometer CM 825
(Courage + Khazaka, Germany) at predefined sites on the dor-
sal skin of the mice to ensure consistency. Before measurement,
the skin was gently cleansed and allowed to equilibrate at room
temperature for at least 10 minutes, minimizing external in-
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Table 2. Draize Score Assessment in The Study on The Effectiveness of Citrus hystrix Peel Essential Oil in Reducing UVB-induced

Skin Damage in Mice

) UVB+VAP UVB+EOCH1  UVB+EOCH5 UVB+EOCHI10
Time Normal group UVB group
group group group group

“rp"e 0.00£0.00*  3.00+0.71° 3.00+0.71P 3.00+0.71P 3.00+0.71P 3.00+0.71P
1h 0.00£0.00*  8.00+0.00¢ 2.40+0.55> 2.60+0.55" 2.60+0.55" 2.40+0.55"
2h 0.00+£0.00*  3.00+0.00¢ 2.40+0.55P 2.60+0.55" 2.40+0.55P 2.40+0.55P
24 h 0.00£0.00*  8.00+0.00¢ 2.00+0.00P 2.40+0.55" 2.40+0.55 2.20+0.45"
48 h 0.00£0.00*  3.00+0.009 2.00+0.00P 2.40+0.55¢ 2.20+0.45" 2.00+0.00P
72 h 0.00+£0.00*  8.00+0.00¢ 1.60+0.55P 2.20+0.84P 1.80+0.45P 1.60+0.55P
5 days 0.00+0.00°  8.20+0.45" 1.40+0.55P 1.80+0.45P 1.60+0.55" 1.40+0.55P
7 days 0.00£0.00*  3.40+0.559 0.80+0.45" 1.40£0.55¢ 1.20+0.45P¢ 0.80+0.45"
2 weeks  0.00£0.00°  8.40+0.55¢ 0.40+0.55% 1.20+0.45¢ 1.00+0.00P 0.40+0.55%
4 weeks  0.00£0.00°  8.60+0.55¢ 0.00+0.00? 1.00+0.00¢ 0.60+0.55" 0.00+0.00*

Values are expressed as Mean+SD, and letters (a, b, ¢, and d) represent the difference between groups (p < 0.05).

Table 3. Skin Moisture Evaluation in Citrus hystriz Peel Essential Oil Treatment for UVB-Induced Skin Damage in Mice

Experimental

group 0 1 day 3 days 5 days 7 days 2 weeks 4 weeks
Normal group  85.09+0.30* 84.97+0.29" 34.88+0.80" 85.04+0.60" 84.92+0.59" 35.06+0.45" 85.02+0.61F
UVB group  84.88+0.83* 21.80+0.56° 20.52+0.64* 19.38+0.42* 18.36+0.26° 17.44+0.45* 16.61+0.53
UV;QQAP 35.07+0.30° 26.98+0.48¢ 928.06+0.28¢ 29.28+0.27¢ 80.50+0.29¢ 31.88+0.86¢ 83.40+0.61¢
UVB;E%CHl 34.92+0.61* 29.53+0.82> 23.928+0.27" 24.08+0.34> 94.94+0.47> 25.87+0.86" 26.86+0.48P
Uvzifl)pcm 84.98+0.71° 24.12+0.70¢ 24.99+0.45¢ 25.91+0.88° 26.91+0.44¢ 27.98+0.29° 29.15+0.31¢
UVB;EquCHm 35.04+0.82" 95.96+0.201 96.95:0.471 28.03+0.871 929.90+0.27¢ 80.47+0.92 81.85+0.34¢

Values are expressed as Mean+SD, and letters (a, b, ¢, d, e, and ) represent the difference between groups (p < 0.05).

fluences. The probe was then applied perpendicularly with
light pressure, and three consecutive readings were taken for
each mouse. The final hydration value was calculated as the
average of these readings to enhance measurement reliability.
These measurements were performed weekly throughout the
experiment to track changes resulting from UVB exposure and
treatment interventions (Fauzi et al., 2022).

2.8 Oxidative Stress and Antioxidant Parameter Analysis

At the end of the experiment, skin, liver, and kidney tissues
were collected and immediately stored at =80°C until analy-
sis. The tissues were homogenized in an appropriate buffer
using a tissue homogenizer, then centrifuged at 10 000 rpm
for 15 minutes at 4°C in a Beckman Coulter Allegra X-12R
centrifuge (Beckman Coulter, USA) to obtain the supernatant
for biochemical assays. Oxidative stress markers and antiox-
idant parameters were quantified using standard calibration

© 2025 The Authors.

curves. Lipid peroxidation was measured by assessing mal-
ondialdehyde (MDA, nmol/mL) via the TBARS assay, with
absorbance recorded at 532 nm using a Shimadzu UV-1800
spectrophotometer (Shimadzu, Japan). Hydrogen peroxide
(H9Oy, nmol/g tissue) levels were determined using a colori-
metric reaction with xylenol orange under acidic conditions.
The glutathione system was evaluated by measuring reduced
glutathione (GSH, pmol/mL) through its reaction with DTNB,
producing a yellow chromophore detected at 412 nm. Oxi-
dized glutathione (GSSG, nmol/mg protein) was quantified
via enzymatic reduction using NADPH and glutathione reduc-
tase, and the GSH/GSSG ratio was calculated to assess redox
balance. Enzymatic antioxidant activities were determined
by measuring glutathione peroxidase (GPx, U/mg protein)
based on NADPH oxidation in a GSH-dependent reaction
with H9Oyg, and glutathione reductase (GR, U/mg protein)
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Figure 3. The Effects Of EOCH on Phagocytic Ratio (PR) and Phagocytic Index (PI) in The Blood and Skin Of UVB-Damaged
Mice are Shown Below. (A) Phagocytic Ratio (PR, %): UVB Exposure Significantly Reduced The Phagocytic Ratio In Both
Blood And Skin, Indicating A Suppressed Immune Response. Treatment with VAP And EOCH At All Tested Doses (1, 5, And
10 Mg/Kg) Improved PR Compared To The UVB Group. The EOCH10 Group Showed The Most Notable Effect, Nearly
Restoring PR to Normal Levels. Statistical Significance is Indicated by Different Letters (a—f, p < 0.05). (B) Phagocytic Index (PI,
Particles/Cell): UVB Irradiation Markedly Decreased The Phagocytic Index In Both Tissues. All Treatment Groups Showed
Significant Increases in PI, With EOCH10 Again Demonstrating The Strongest Effect. A Clear Dose-Dependent Improvement
Was Observed Across EOCH-Treated Groups. Statistical Differences are Represented by Different Letters (a—f, p < 0.05).

by monitoring NADPH consumption during the reduction
of GSSG to GSH. Thioredoxin (TRx, ng/mg protein) levels
were quantified using an ELISA assay with specific antibodies

(Nhung and Quoc, 2024a).

2.9 Immunomodulatory Assessment

At the end of the experiment, blood and skin samples were
collected to evaluate immune responses. Blood was drawn
from the tail vein and anticoagulated with heparin. Skin sam-
ples were excised from UVB-exposed areas, minced, and di-
gested with collagenase or trypsin to isolate infiltrating immune
cells for further analysis. Systemic immune responses were as-
sessed by measuring the white blood cell (WBC) count (x103

cells/mm?) using either a Neubauer hemocytometer or an
automated hematology analyzer. Phagocytic activity was de-
termined by incubating immune cells with fluorescent-labeled
latex beads or fluorophore-stained dead bacteria, followed by
flow cytometry or fluorescence microscopy to calculate the
phagocytic ratio (PR, %) and phagocytic index (PI, particles/-

© 2025 The Authors.

cell). Neutrophil oxidative burst was evaluated using the ni-
troblue tetrazolium (NBT) reduction test. Leukocytes were
incubated with NBT and phorbol myristate acetate (PMA),
and the percentage of cells reducing NBT to formazan was
measured via microscopy or spectrophotometry at 620 nm.
Total immunoglobulin (T1, mg/mL) levels in plasma were de-
termined using polyethylene glycol precipitation or ELISA.
For skin-infiltrating immune cell analysis, isolated cells were
stained with antibodies against markers such as CD45 (leuko-
cytes), CD4 and CD8 (T lymphocytes), and F4/80 (macrophages),
and then quantified by flow cytometry. T lymphocytes were fur-
ther purified using density gradient separation, stimulated with
mitogens (ConA or PHA), and their proliferation was assessed

using MTT or BrdU incorporation assays (Nhung and Quoc,
2024b).

2.10 Statistical Analysis
Results are presented as the mean + standard deviation (SD).
Statistical evaluations were carried out using Statgraphics Cen-
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Table 4. Effects of C. hystrix Peel Essential Oil on Glutathione (GSH), Glutathione Disulfide (GSSG), and GSH/GSSG Ratio in

UVB-Induced Skin Damage in Mice

. GSH level (umol/mL) GSSG level (nmol/mg protein) GSH/GSSG ratio
Experimental group
Skin  Liver Kidney  Skin Liver Kidney Skin Liver  Kidney
Normal group 4.34+ 8.61x 697+ 039+ 0.74« 0.57+ 11.16x 11.85+ 12.31+
0.12f  0.13"  0.30f  0.059 0.11° 0.07¢ 1.122 2.102 1.95%
UVB group 241+ 4.78+ 38.87+ 0.292+ 041+ 0.32+ 11.87+ 12.12+ 12.44+
0.04* 0.14* 0.17*  0.07*  0.07? 0.072 4.29* 2923 296
UVB+VAP group 3.95+ 7.83+ 6.34x 035+ 0.67+ 0.52+ 12.13+  11.82+ 12.72+
0.14¢ 0.10¢ 0.11¢  0.11°  0.06° 0.11¢ 4.06% 1.05* 2912
UVB+EOCHI1 group  2.89+ 5.74+ 4.65+ 0.26+ 0.49+ 0.38+ 12.02+ 12.04+ 12.97+
0.18>  0.24> 0.18  0.07°" 0.08 0.11%0 3.55° 2.04°  4.01°
UVB+EOCHS5 group  8.10+  6.15+ 4.98+ 0.28+ 0.53+ 0.41x 1140+ 11.70+ 12.83+
0.09¢  0.13°  0.12>  0.05%¢  0.04P 0.04° 2.622 0.802 1.292
UVB+EOCHI10 group 8.62+ 7.18+ 5.81+ 0.33+ 0.62+ 0.48+ 11.28+ 11.62+ 12.34+
0.114  0.08* 0.18¢  0.06> 0.064 0.06" 2.55% 1.97% 1.602

Values are expressed as Mean+SD; and letters (a, b, ¢, d, €, and ) represent the difference between groups (p < 0.05).

turion XX software. Group comparisons were performed by
one-way analysis of variance (ANOVA), with p-values less than
0.05 considered statistically significant.

3. RESULTS AND DISCUSSION

3.1 Phytochemical Composition of Citrus hystrix Peel Es-
sential Oil
Based on the findings of Long et al. (2023), the phytochemical
profile of Citrus hystrix peel essential oil (EOCH) comprises
22 volatile compounds, accounting for 99.98% of the total oil
content. EOCH is predominantly composed of monoterpenes
(both hydrocarbons and monoterpenoids), with a smaller frac-
tion of sesquiterpenes. Notable bioactive constituents identified
include germacrene D, camphene, and caryophyllene, which
underscore EOCH’s potential for applications in food, health-
care, and dermatological products. These compounds play
key roles in protecting the skin against UVB-induced damage.
Specifically, they can neutralize free radicals generated dur-
ing UVB exposure, reduce oxidative stress by lowering levels
of malondialdehyde (MDA) and hydrogen peroxide (HyOy),
and support skin integrity by restoring the activities of en-
dogenous antioxidant enzymes such as glutathione peroxidase
(GPx), glutathione reductase (GR), and thioredoxin reductase
(TRx) (Basholli-Salihu et al., 2017). Moreover, certain ter-
penes in EOCH have demonstrated immunomodulatory ef-
fects (Stasilowicz-Krzemien et al., 2024). Caryophyllene, a
sesquiterpene known for its anti-inflammatory activity, reduces
excessive leukocyte infiltration and improves immune parame-
ters such as the phagocytic ratio (PR) and phagocytic index (PI)
(Gushiken et al., 2022). Additionally, camphene and germa-
crene D exhibit antimicrobial and skin-conditioning properties,
which help preserve skin hydration and barrier function, mit-
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igating the dehydrating effects of UVB exposure (Kim and
Hong, 2024).

Several international studies have also demonstrated the
skin-protective properties of herbal essential oils against UVB-
induced damage, consistent with the findings observed for
EOCH. For instance, a study by Kaur and Saraf (2010) eval-
uated the UV absorption abilities of various volatile and non-
volatile oils, revealing that olive oil had the highest SPF among
fixed oils, while peppermint oil ranked highest among essential
oils. A review by Li et al. (2023) emphasized that aromatic-
ring-containing compounds, such as flavonoids and polyphe-
nols, not only act as natural UV filters but also exert antioxi-
dant and anti-inflammatory activities that reduce the risk of
sunburn. Furthermore, Lohani and Morganti (2022) demon-
strated that formulations containing geranium and calendula
essential oils preserved the skin’s antioxidant system by main-
taining superoxide dismutase, catalase, total protein, ascorbic
acid, and hydroxyproline levels while decreasing MDA levels
after UVB exposure. Collectively, these studies confirm the
therapeutic potential of EOCH and other botanical essential
oils in preventing UVB-induced skin damage.

3.2 Assessment of the Protective Effects of EOCH on UVB-
induced Skin Damage in Mice Using Draize Scoring
and Visual Evaluation

Table 2 summarizes the draize scores for UVB-induced skin

damage in mice and the protective effects of EOCH over time.

The normal group maintained a constant score of 0, indicating

no irritation. In contrast, the UVB group experienced progres-

sive skin damage, with scores rising to 3.60+0.55 at 4 weeks

(» < 0.05 vs. normal). The UVB + VAP group showed im-

provement, with scores declining from 8.00+0.71 initially to

0.00+0.00 at 4 weeks (p < 0.05 vs. UVB). Similarly, EOCH
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treatment led to dose-dependent recovery: EOCHI1 (1%) re-
duced scores to 1.00+£0.00, EOCHJ5 (6%) to 0.60+0.55, and
EOCHI10 (10%) achieved near-complete recovery with scores
of 0.00+0.00 at 4 weeks (all p < 0.05 vs. UVB).

Figure 1 visually confirms these findings. The normal group
(Figure 1a) displays smooth, intact skin, while the UVB group
(Figure 1b) shows severe erythema, inflammation, and lesions.
The UVB + VAP group (Figure 1¢) exhibits moderate improve-
ment with reduced redness. Among the EOCH-treated groups,
EOCH]1 (Figure 1d) shows mild improvement, EOCHJ (Fig-
ure le) demonstrates a more pronounced reduction in inflam-
mation and lesions, and EOCHI10 (Figure 1f) reveals near-
complete skin recovery, closely resembling the normal group.

The evaluation of EOCH against UVB-induced skin dam-
age in mice, using Draize scoring and visual assessment, reveals
its strong, dose-dependent protective effects. UVB exposure
caused severe erythema, inflammation, and lesions (Yang et al.,
2023a), while EOCH treatment gradually reduced these symp-
toms; the highest concentration nearly restored the skin to its
normal appearance. This protective effect is largely attributed
to EOCH’s rich phytochemical profile - particularly monoter-
penes and sesquiterpenes such as germacrene D, camphene,
and caryophyllene - which possess potent antioxidant and anti-
inflammatory properties. These compounds help neutralize
reactive oxygen species (ROS), reduce pro-inflammatory cy-
tokine release, and promote collagen synthesis and epidermal
regeneration, thereby mitigating UVB-induced oxidative stress
and inflammatory responses (Budiman et al., 2024). These
findings are consistent with previous studies on herbal essential
oils. For example, Zyburtowicz et al. (2024) demonstrated
that lavender essential oil reduces oxidative stress and DNA
damage from UVB exposure, while Xu et al. (2025) reported
that rosemary essential oil suppresses pro-inflammatory cy-
tokines and enhances epidermal recovery. Similarly, Carson
et al. (20006) found that tea tree essential oil downregulates
collagen-degrading enzymes like MMP-1, and Perna et al.
(2019) confirmed the anti-inflammatory and antioxidant ef-
fects of bergamot essential oil. Overall, EOCH shows com-
parable protective effects to standard treatments (e.g., VAP),
underscoring its potential for use in dermatological and cosme-
ceutical products aimed at UV protection and skin repair.

8.8 Skin Moisture Analysis in EOCH-treated UVB-damaged
Mice
Table 3 shows skin moisture percentages over time, highlight-
ing the effects of EOCH on UVB-induced damage. The nor-
mal group maintained stable moisture levels (35.02+0.61% to
35.09+0.30%). In contrast, the UVB group’s moisture dropped
significantly from 34.88+0.83% at day 0 to 16.61+0.58% at
week 4 (p < 0.05 vs. normal). The UVB + VAP group exhibited
moderate recovery, with moisture rising from 26.98+0.48%
on day 1 to 33.40+0.61% at week 4 (p < 0.05 vs. UVB), al-
though still below normal levels. EOCH treatment improved
hydration in a dose-dependent manner: the EOCH]1 group in-
creased from 22.53+0.32% on day 1 to 26.86+0.43% on week
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4; the EOCHS group from 24.12+0.70% to 29.15+0.31%;
and the EOCH10 group from 25.96+0.29% to 31.85+0.34%
at week 4, approaching normal values (all p < 0.05 vs. UVB).
The analysis of skin moisture levels in EOCH-treated UVB-
damaged mice highlights EOCH’s protective and restorative
effects. UVB exposure disrupts the skin barrier, leading to ex-
cessive transepidermal water loss (TEWL) and impaired hydra-
tion, as evidenced by significant moisture depletion in untreated
mice due to oxidative stress and inflammation (Herndndez et al.,
2019). In contrast, EOCH treatment improves hydration in
a dose-dependent manner, with higher concentrations offer-
ing greater moisture restoration. This effect is attributed to
EOCH’s antioxidant and anti-inflammatory properties. By
neutralizing reactive oxygen species (ROS), EOCH prevents
lipid peroxidation and degradation of key skin barrier compo-
nents such as ceramides and collagen, thereby reducing TEWL
and supporting structural integrity (Jaflri, 2028). Additionally,
its anti-inflammatory action suppresses pro-inflammatory cy-
tokines that contribute to skin dryness and irritation (Pezantes-
Orellana et al., 2024). These findings align with previous stud-
ies on herbal essential oils with skin-protective properties. For
instance, research on Taif rose oil revealed its ability to amelio-
rate UVB-induced oxidative damage and skin inflammation,
highlighting its antioxidant and anti-inflammatory properties
(Abdallah et al., 2023). Similarly, a study on the photopro-
tective potential of geranium and calendula essential oils en-
capsulated in vesicular cream formulations found that these
oils helped maintain the skin’s natural antioxidant defense sys-
tem and protected against UVB-induced damage (I.ohani and
Morganti, 2022). Additionally, research on Artemisia sieversiana
essential oil demonstrated its efficacy in reducing UVB-induced
photoaging in mice, attributed to its antioxidant activity and
ability to inhibit collagen degradation (Zhou et al., 2021).

3.4 Antioxidant Effects of Citrus hystrix Peel Essential Oil
in UVB-induced Skin Damage in Mice
Figure 2 demonstrates that EOCH treatment alleviates ox-
idative stress in UVB-damaged mice by lowering malondi-
aldehyde (MDA, nmol/mL) and hydrogen peroxide (HyO,,
nmol/g tissue) levels in the skin, liver, and kidney. UVB ex-
posure significantly increased MDA (1.85 nmol/mL in skin,
2.79 in liver, 2.12 in kidney) and HyOy (2.01 nmol/g in skin,
3.11 in liver, 2.25 in kidney) compared to normal controls
(» < 0.05), indicating severe oxidative damage. EOCH treat-
ment reduced both markers in a dose-dependent manner; the
EOCH10 group showed the most pronounced effect by de-
creasing MDA to 1.24 nmol/mL (skin), 1.86 nmol/mL (liver),
and 1.42 nmol/mL (kidney) and HyOq to 1.33 nmol/g (skin),
2.08 nmol/g (liver), and 1.50 nmol/g (kidney) (p < 0.05).
Table 4 shows that UVB exposure significantly decreased
glutathione (GSH) levels while increasing glutathione disulfide
(GSSG) levels in the skin, liver, and kidney, thereby reducing
the GSH/GSSG ratio and indicating oxidative stress. For in-
stance, in the UVB group, GSH levels dropped to 2.41 pumol/mL
(skin), 4.78 umol/mL (liver), and 3.87 umol/mL (kidney)
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Table 5. Effects of C. hystrix DC. Peel Essential Oil on Glutathione Peroxidase (GPx), Glutathione Reductase (GR), and Thioredoxin

(TRx) Levels in UVB-Induced Skin Damage in Mice

Experimental group GPxlevel (U/mg protein)

GR level (U/mg protein)

TRx levels (ug/mg protein)

Skin Liver  Kidney  Skin Liver  Kidney  Skin Liver Kidney

Normal group 992.66+ 48.33+ 34.82+ 924.75+ 98.43+ 5531+ 216+ 8.95+  4.87+
0.19"  0.839" 081" 0.14" 041" 044" 0.100  0.05 0.06"

UVB group 12.08+ 26.85+ 19.84x 13.75+ 54.68+ 30.78+ 1.20+ 4.97+ 2.71+
0.21°  0.837*°  1.05* 0.24* 0.88* 0.67° 0.12*0 0.04* 0.07

UVB+VAP group 19.69+ 43.94+ 81.65+ 22.50+ 89.48+ 50.28+ 1.96+ 8.14+  4.43+
: 0.42°  0.25° 0.12°  0.06° 0.72° 0.44°  0.10°  0.11¢ 0.05¢
UVB+EOCH]1 1444+ 3222+ 92321+ 16.50x 65.62+ 86.87+ 144+ 5.97+ 3.25+
group 048> 1.08> 0.24> 049> 035> 062" 0.07> 0.05 0.07"
UVB+EOCH5 1547+ 84.52+ 94.87+ 17.68+ 70.81+ 39.51+ 1.54+ 6.39+ 3.48+
group 0.22¢  0.77¢  0.88°  0.60° 0.52° 0.80° 0.05° 0.08° 0.11¢
UVB+EOCHI10  18.05+ 40.28+ 29.02+ 20.63+ 82.08+ 46.09+ 1.80+ 7.46x  4.06+
group 0.78¢ 0579 0.199  0.62¢ 0524  0.481 0.08¢ 0.044 0.104

Values are expressed as Mean+SD; and letters (a, b, ¢, d, e, and ) represent the difference between groups (p < 0.05).

compared to 4.34, 8.61, and 6.97 in the normal group (p <
0.05), while GSSG levels rose significantly (0.22 nmol/mg in
skin, 0.41 in liver, and 0.32 in kidney; p < 0.05). EOCH treat-
ment restored GSH levels, reduced GSSG accumulation, and
improved the GSH/GSSG ratio in a dose-dependent manner.
The EOCH10 group, for example, increased GSH to 3.62
(skin), 7.18 (liver), and 5.81 (kidney) and decreased GSSG to
0.33 (skin), 0.62 (liver), and 0.48 (kidney), normalizing the
GSH/GSSG ratio to 11.28 (skin), 11.62 (liver), and 12.34
(kidney) (p < 0.05).

Table 5 shows that UVB exposure significantly reduced the
levels of glutathione peroxidase (GPx), glutathione reductase
(GR), and thioredoxin reductase (TRx) in the skin, liver, and
kidney compared to normal controls (p < 0.05). For example,
GPx levels in the UVB group were 12.03 U/mg (skin), 26.85
U/mg (liver), and 19.34 U/mg (kidney), versus 22.66, 48.33,
and 34.82 U/mg in the normal group. Similarly, GR and TRx
levels were significantly lower in UVB-exposed tissues. EOCH
treatment restored these enzyme levels in a dose-dependent
manner. The EOCHI10 group showed the most significant
recovery, with GPx increasing to 18.05 U/mg (skin), 40.28
U/mg (liver), and 29.02 U/mg (kidney); GR rising to 20.63
U/mg (skin), 82.08 U/mg (liver), and 46.09 U/mg (kidney);
and TRx improving to 1.80 pg/mg (skin), 7.46 pg/mg (liver),
and 4.06 pg/mg (kidney) (p < 0.05).

The findings confirm that EOCH exhibits strong antioxi-
dant potential in mitigating UVB-induced oxidative stress and
skin damage. UVB exposure increases reactive oxygen species
(ROS) such as hydrogen peroxide (HyOy), superoxide anion
(Og:-), and hydroxyl radicals (OH-), which trigger lipid perox-
idation, protein oxidation, and DNA damage - contributing
to skin barrier dysfunction, inflammation, and premature ag-
ing Nhung and Quoc (2024¢). EOCH treatment significantly
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reduces oxidative stress markers, including malondialdehyde
(MDA) and HyOq levels, thereby protecting cellular structures
by scavenging ROS and preventing further oxidative damage.
This effect is largely attributed to its bioactive compounds, par-
ticularly monoterpenes and sesquiterpenes (Kim and Hong,
2024). Moreover, UVB exposure disrupts the glutathione
(GSH) system by depleting GSH levels and increasing glu-
tathione disulfide (GSSG), resulting in a decreased GSH/GSSG
ratio that reflects impaired redox balance. EOCH effectively
restores GSH levels, reduces GSSG accumulation, and im-
proves the GSH/GSSG ratio—possibly through activation of
the Nrf2-Keap1 signaling pathway, which regulates antioxidant
enzyme expression and glutathione metabolism (Nhung and
Quoc, 2024b). Supporting its efficacy further, EOCH signifi-
cantly enhances the activities of key antioxidant enzymes such
as glutathione peroxidase (GPx), glutathione reductase (GR),
and thioredoxin reductase (TRx), which are crucial for detox-
ifying HyOg and maintaining cellular redox balance. These
results are consistent with previous studies on rosemary, tea
tree, and bergamot essential oils, all of which have demon-
strated similar benefits, including upregulation of glutathione
metabolism, enhanced enzymatic antioxidant activity, and re-
duced lipid peroxidation (Carson et al., 2006; Perna et al.,
2019; Xu et al., 2025). Overall, EOCH shows promise as a
natural photoprotective agent for managing oxidative stress
and preventing UVB-induced skin damage.

3.5 Immunomodulatory Effects of Citrus hystrix Peel Es-
sential Oil in UVB-induced Skin Damage

Table 6 demonstrates that EOCH significantly mitigates UVB-

induced inflammation and immune overactivation in a dose-

dependent manner (p < 0.05). UVB exposure increased white

blood cell (WBC) counts, neutrophil oxidative activity (NBT
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Table 6. Effects of C. hystrix DC. Peel Essential Oil on White Blood Cell Count (WBC), Nitroblue Tetrazolium (NBT), and Total
Immunoglobulin (T1) Levels in UVB-induced Skin Damage in Mice

Experimental group WBC (x103 cell mm™2) NBT (%) TI (mg mL~1)
Blood Skin Blood Skin Blood Skin

Normal group 5.85£0.07  0.78+0.04° 15.61£0.16* 8.67+0.06°  14.86+0.09° 3.72+0.04¢
UVB group 10.53+0.22/ 1.41+0.06/ 28.25+0.53/ 15.61+£0.54/ 26.75+0.48/ 6.69+0.81/
UVB+VAP group 6.44+0.12°  0.86+0.02"° 17.17+0.14*  9.54+0.26"  16.85+0.28" 4.09+0.04°
UVB+EOCH]1 group 8.78+0.51¢  1.17+0.09¢ 23.42+0.95° 13.01+0.45° 22.29+0.34¢ 5.57+0.20°
UVB+EOCHS5 group 8.19+0.24¢  1.09+0.04¢ 21.85+0.28¢ 12.14+0.88¢ 20.95+0.18¢ 5.24+0.32¢
UVB+EOCH10 group ~ 7.02+0.20°  0.94+0.04¢  18.73+0.42° 10.41+0.82¢ 17.83+0.69° 4.46+0.07°

Values are expressed as Mean+SD; and letters (a, b, ¢, d, €, and ) represent the difference between groups (p < 0.05).

reduction), and total immunoglobulin (TT) levels, contributing
to skin damage and chronic inflammation. For instance, the
UVB group showed WBC counts of 10.53x103 cells/mm? in
blood and 1.41x102 cells/mm? in skin, compared to 5.85x103
cells/mm? and 0.78x102 cells/mm? in the normal group. EO-
CH treatment reduced these counts, with the EOCH10 group
showing the greatest decrease (7.02x103 cells/mm? in blood
and 0.94x102 cells/mm? in skin). Similarly, NBT reduction
was elevated in UVB-exposed mice (28.25% in blood and
15.61% in skin) versus normal (15.61% in blood and 8.67%
in skin), but EOCH10 reduced these values to 18.73% and
10.41%, respectively. TI levels were also significantly higher
in the UVB group (26.75 mg/mL in blood and 6.69 mg/mL
in the skin) compared to the normal group (14.86 mg/mL in
blood and 8.72 mg/mL in the skin), and EOCH10 lowered
them to 17.88 mg/mL and 4.46 mg/mL.

The results demonstrate that EOCH significantly enhances
phagocytic activity by restoring both the phagocytic ratio (PR)
and phagocytic index (PI) that are suppressed by UVB expo-
sure (Figure 3). In the UVB group, PR decreased to 34.08% in
blood and 22.57% in skin compared to 61.35% and 40.63% in
normal controls (p < 0.05). EOCH treatment improved PR in
a dose-dependent manner, with the EOCH10 group reaching
51.13% in blood and 33.86% in skin (p < 0.05). Similarly, the
PI was significantly reduced in the UVB group (825 particles/-
cell in blood and 216 particles/cell in skin versus 584 and 389
particles/cell in normals; p < 0.05. Additionally, UVB exposure
induced excessive immune activation-evidenced by increased
white blood cell counts, heightened neutrophil oxidative activ-
ity (NBT reduction), and elevated total immunoglobulin (TT)
levels - which exacerbate.

These findings are consistent with previous studies. For
instance, Pandur et al. (2021) showed that Lavandula angus-
tifolia oil reduced UVB-induced inflammation by inhibiting
IL-6 and TNF-a@ production; Pomi et al. (2023) reported
that Rosmarinus officinalis oil enhanced antioxidant defenses and
minimized DNA damage and Nova et al. (2024) demonstrated
that Melaleuca alternifolia oil protected the epidermal barrier
and maintained skin hydra.

© 2025 The Authors.

4. CONCLUSIONS

In conclusion, Citrus hystrix peel essential oil (EOCH) effec-
tively protects against UVB-induced damage in mice through
multiple mechanisms. It improves skin condition and moisture
retention while reducing oxidative stress by lowering MDA and
HqgOq levels and restoring antioxidant enzyme activities (GPx,
GR, TRx) and the GSH/GSSG ratio. Additionally, EOCH
modulates the immune response by decreasing inflammation
markers and enhancing phagocytic function, particularly at
higher doses (EOCH10). These results support EOCH’s po-
tential as a natural therapeutic agent for preventing and treating

UVB-induced skin damage.
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