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Abstract

Ultraviolet (UV) radiation is a primary environmental factor responsible for skin photodamage,
and exposure to UV rays is strongly linked to a variety of skin diseases. This study examined
the prophylactic and therapeutic effects of Seed Oil of Lycium barbarum L. from the Qaidam
basin (QLBSO) in a UV-induced skin photodamage model in BALB/ ¢ mice, exploring potential
mechanisms by analyzing the skin microbiota and metabolites using 165 rDNA sequencing and
metabolomics. The results showed that QLBSO effectively alleviated UV-induced histopatholog-
ical changes in mouse skin. It also significantly increased the activity of superoxide dismutase
(SOD) and catalase (CAT) in UV-damaged skin tissue, while reducing levels of inflammatory
cytokines, including interleukin-6 (IL-6), tumor necrosis factor-« (TNF-o), and interleukin-13
(IL-1B), as well as matrix metalloproteinases-1 (MMP-1) and MMP-3. Omics analysis revealed
that QLBSO successfully restored the balance of the skin microbiota and corrected disruptions
in amino acid metabolism caused by UV exposure. Notably, Firmicutes_A and Kineothrix, along
with cysteine, cystine, glycine, arginine, proline, and choline, were identified as key microbial
species and metabolites responsive to QLBSO’s prophylactic and therapeutic effects. In conclu-
sion, QLBSO likely protects against UV-induced skin photodamage by modulating the skin
microbiota and amino acid metabolism, providing a scientific foundation for its potential use in
skin health protection.

Keywords: seed oil of Lycium barbarum L. from Qaidam basin; ultraviolet skin photodamage;
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skin damage and disease. The World Health Organization has classified UV radiation
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conditions of the Creative Commons @S @ “known carcinogen” [2]. Prolonged or excessive exposure to UV radiation can
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leading to a range of skin issues. Research has shown that many skin diseases are
closely linked to UV exposure. In addition to various types of skin cancer, such as
melanoma, basal cell carcinoma, and squamous cell carcinoma, conditions like chronic
photodermatitis, photodermatitis prurigo, solar urticaria, and porphyria cutanea tarda
are often triggered or worsened by UV radiation [3,4]. Global statistics indicate that the
prevalence of skin diseases has increased by 46.8% since 1990, making them the fourth
most common disease category in the Global Burden of Disease (GBD) assessment [5].
Given this rising trend, strategies to mitigate UV-induced skin damage are crucial for
preventing the onset of these skin diseases.

The skin is a complex, multilayered organ comprising the epidermis, dermis, and
subcutaneous tissue. The epidermis functions as the skin’s primary physical barrier, while
the dermis provides elasticity and mechanical strength. The subcutaneous tissue stores
energy, cushions external impacts, regulates body temperature, and participates in various
metabolic processes [1]. Medium-wave UVB radiation (290-320 nm) is highly energetic but
has limited penetrating power, primarily affecting the epidermis. In contrast, long-wave
UVA radiation (320-400 nm) has lower intensity but can penetrate deeper into the skin,
causing damage to the dermis and subcutaneous tissue [6]. UV radiation generates a
substantial amount of reactive oxygen species (ROS), which oxidize lipids, proteins, and
DNA in skin cells. The excessive accumulation of ROS and peroxides disrupts the skin’s
antioxidant defense mechanisms, exacerbating oxidative stress and triggering multiple
intracellular signaling pathways. These processes induce apoptosis in skin cells and
compromise the skin’s physical barrier function [7,8]. Concurrently, increased oxidative
damage promotes the release of various inflammatory mediators, which activate matrix
metalloproteinases (MMPs) that degrade essential skin components, including collagen and
elastic fibers. This degradation diminishes the skin’s mechanical strength [9]. Therefore,
mitigating oxidative stress and controlling inflammatory responses are critical for reducing
UV-induced skin damage.

The skin microbiota is often referred to as the body’s “second barrier” due to its
essential role in regulating the skin’s immune system and maintaining the skin’s physical
barrier through various mechanisms. Maintaining the balance of the skin microbiota is
critical for overall skin health [10]. Dysbiosis, or microbial imbalance, is strongly associated
with the onset and progression of many skin diseases, particularly inflammatory conditions
such as atopic dermatitis, psoriasis, rosacea, and seborrheic dermatitis [11]. UV-induced
skin damage, primarily driven by oxidative stress and inflammation, is also linked to
reduced microbiota diversity and disruption of microbial balance. Studies show that UVB
radiation decreases the abundance of beneficial resident bacteria, such as Staphylococcus
and Streptococcus, while promoting the overgrowth of opportunistic pathogens like Staphy-
lococcus aureus and Propionibacterium acnes [12]. In regions with high-altitude UV exposure,
where UV radiation is more intense, individuals exhibit reduced «-diversity and increased
B-diversity in their skin microbiota. This shift is accompanied by a decrease in beneficial
bacteria and an increase in radiation-resistant species, further supporting the link between
UV exposure and skin microbiota dysbiosis [13]. This dysbiosis not only results from
UV-induced skin damage but also exacerbates the skin’s compromised barrier function,
thereby heightening the risk of skin infections. Thus, restoring microbial homeostasis is
essential for breaking this damaging cycle and promoting the repair of UV-damaged skin.

The skin microbiota and skin cells collaborate in various metabolic processes, pro-
ducing a range of metabolites that are essential for maintaining the skin’s barrier function,
regulating the microbiota, and modulating skin immunity [14]. Disruptions in these
metabolic processes are closely linked to skin damage. Lipids, for example, are crucial
for maintaining the integrity of the skin’s stratum corneum and act as key regulators of
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immune responses in the skin [15]. UV-induced alterations in lipid metabolism disrupt
lipid structure, increase epidermal permeability, and exacerbate conditions such as hy-
perpigmentation and inflammation [16]. Amino acids, fundamental for synthesizing skin
structural proteins, play an indispensable role in regulating skin function. UV-induced
disturbances in amino acid metabolism compromise the skin’s matrix structure, reducing its
mechanical strength [17]. Vitamins, with their antioxidant properties, help repair the skin
barrier and mitigate photoaging. However, UV exposure accelerates the degradation of
vitamins, triggering skin inflammation and further damage [18]. Consequently, regulating
skin metabolism is a critical strategy for alleviating UV-induced skin photodamage.

Lycium barbarum L. (L. barbarum) is a medicinal and edible berry with highly
nutritious properties. China is the world’s largest producer of L. barbarum berries,
which are widely cultivated in Qinghai, Gansu, and Ningxia provinces of China [19].
These berries are rich in polyphenols, polysaccharides, carotenoids, and other active
compounds, and possess numerous health benefits, including immune modulation,
anti-aging effects, antioxidant properties, blood pressure reduction, and blood sugar
control [20]. L. barbarum seed oil, a promising natural oil extracted from L. barbarum
berry seeds, which is rich in unsaturated fatty acids such as alpha-linolenic acid and
oleic acid, as well as micronutrients including vitamin E and Zeaxanthin. It exhibits
diverse pharmacological properties, including antioxidant, anti-inflammatory, hy-
polipidemic, hypoglycemic, and immunomodulatory effects [21]. Recent studies have
primarily focused on its extraction methods, component analysis, and bioactivity eval-
uation [22]. However, the potential protective effects of L. barbarum seed oil against
UV-induced skin photodamage, particularly regarding its influence on the skin micro-
biome and metabolism, have not yet been explored. The Qaidam Basin in Qinghai is
the second-largest production area of L. barbarum in China [23]. Compared to extracts
including polysaccharides and fruit oil, the Seed Oil of L. barbarum from Qaidam basin
(QLBSO) contains elevated levels of alpha-linolenic acid and vitamin E [24]. In addition
to fatty acids, such as y-linolenic acid, palmitoleic acid, linoleic acid, oleic acid, stearic
acid, and eicosenoic acid, QLBSO also contains «-linolenic acid and soft fatty acid,
which are absent in L. barbarum seed oil from Ningxia [25]. In our previous studies,
we also detected bioactive components in QLBSO. The contents of unsaturated fatty
acids linoleic acid and oleic acid were 67.4% and 19.2%, respectively, while the levels of
unsaturated fatty acids stearic acid and palmitic acid were 2.8% and 5.8% respectively.
Moreover, the levels of 3-carotene, zeaxanthin, and vitamin E were 0.087 mg/100 g,
680 ng/100 g, and 27.4 mg/100 g, respectively [26]. Our preliminary research has
shown that Seed Oil of L. barbarum cultivated in Qaidam basin (QLBSO) alleviates
UVB-induced photodamage in human immortalized keratinocytes (HaCaT) by regulat-
ing apoptosis and reducing inflammation. This initial evidence confirms its potential
in protecting the skin from UV-induced damage. This study further investigates the
prophylactic and therapeutic effects of QLBSO on UV-induced skin damage in a UV-
induced BALB/c mouse model. Using high-throughput 165 rDNA sequencing and
metabolomics, we identified key species within the skin microbiota and crucial skin
metabolites, shedding light on the potential mechanisms of QLBSO via the “skin mi-
crobiota metabolite” axis. The goal of this study is to provide a theoretical foundation
for exploring the functional properties of QLBSO and expanding its application po-
tential. Additionally, it aims to promote the comprehensive utilization of L. barbarum
berries from Qaidam resources and support the advancement of industrial applications
in this area.
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2. Results
2.1. Gas Chromatography-Mass Spectrometry (GC/MS) Component Analysis of QLBSO

As shown in Figure 1, separation and identification indicate that QLBSO contains
a high level of alkenes, acids, esters, and aromatic hydrocarbons. Biologically active
substances, such as Octadecanoic acid (2.33%) and carotene (0.45%), were also detected.
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Figure 1. GC/MS Total Ion Chromatogram of Seed Oil of Lycium barbarum L. from Qaidam basin.

2.2. Analysis of Acute Toxicity Test Results for QLBSO

No animal deaths or obvious toxic symptoms were found during the observation
period. The mice given QLBSO orally and locally on the skin showed normal behavior,
with no significant changes in skin or body weight. The cardiac structures of BALB/c mice
remained intact with no myocardial damage or hemorrhage. The mouse’s liver surfaces
appeared smooth and non-swollen, the spleen was normal, and the kidneys showed no
significant pathological changes. Therefore, we conclude that QLBSO has almost no toxicity.

2.3. Histopathological Changes in Skin Tissue

H&E staining (Figure 2a) revealed that skin from CON (control group) mice
displayed well-organized epidermal, dermal, and subcutaneous structures, with-
out fibrous tissue proliferation or inflammatory cell infiltration. In contrast, COP
(control positive group) mice exhibited clear pathological alterations, including epi-
dermal thickening, partial parakeratosis of the stratum corneum, moderate dermal
edema, inflammatory cell infiltration, and local hemorrhage. As shown in Figure 2¢,d,
both epidermal and dermal thickness were significantly greater in COP mice than in
CON mice (p < 0.01), indicating that UV irradiation induced hyperkeratosis and thick-
ening of the superficial skin layers. Compared with the COP group, topical treatment
with QLBSO or VE (Vitamin E) markedly reduced epidermal thickness and inflamma-
tory cell infiltration, demonstrating substantial histological improvement. Epidermal
and dermal thickness were both significantly lower after QLBSO and VE application
than in COP mice (p < 0.01). Among these treatments, QLBSOH-P (200 uL QLBSO
prophylactic group) and QLBSOH-T (200 pL QLBSO treatment group) produced
the most pronounced reduction in epidermal thickness. In comparison, QLBSOL-P
(50 uL QLBSO prophylactic group) and QLBSOH-T achieved the strongest decrease
in dermal thickness. Although epidermal thickness in QLBSO-treated mice remained
slightly higher than in the VE group, dermal thickness was marginally lower. Overall,
therapeutic topical administration was superior to prophylactic topical administration.
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Figure 2. Histopathological analyses of mouse dorsal skin tissue following different QLBSO treatments.
(a) Mouse skin H&E staining: epidermal thickening ( 1), hyperkeratosis ( 1), edema ( 1), hemorrhage (1),
and inflammatory cell infiltration (4). 100x and 400x magnification (scale bar = 200 and 50 pum). (b) Mouse
skin H&E staining: fibrous tissue proliferation (). 400x magnification (scale bar = 50 um); (c) Mouse
epidermal layer thickness; (d) Mouse dermal layer thickness. CON, control group; COP, control positive
group; QLBSOH-P: the prophylactic group topically administered 200 uL of QLBSO. QLBSOM-P: the
prophylactic group topically administered 100 uL of QLBSO. QLBSOL-P: the prophylactic group topically
administered 50 pL of QLBSO. RD-P: the prophylactic reference drug group topically administered
100 pL of VE. QLBSOH-T: the treatment groups topically administered 200 uL of QLBSO. QLBSOM-
T: the treatment groups topically administered 100 pL of QLBSO. QLBSOL-T: the treatment groups
topically administered 50 pL of QLBSO. RD-T: The treatment reference drug groups topically administered
100 uL of VE. Values are presented as mean =+ SD (1 = 3). Statistical analysis was performed using one-way
ANOVA followed by Tukey’s post hoc test for multiple comparisons. * indicate comparisons with the
CON group (p < 0.01); ** indicate comparisons with the COP group (p < 0.01).

Masson staining was performed to evaluate alterations in dermal fibrous tissue [27].
As shown in Figure 2b, skin from CON mice displayed well-organized collagen fibers with
no evidence of hyperplasia. In contrast, COP mice exhibited pronounced fibrous tissue
proliferation, indicating extensive UV-induced dermal remodeling. Topical application of
QLBSO and VE markedly reduced fibrous tissue hyperplasia compared with COP mice. In
the prophylactic dosing groups, QLBSOL-P mice showed higher levels of fibrous tissue
proliferation than RD-P (100 uL VE prophylactic reference drug group) mice. Under the
therapeutic strategy, QLBSOL-T (50 uL QLBSO treatment group) treatment produced
better outcomes than RD-P. Among all groups, QLBSOM-P (100 uL QLBSO prophylactic
group) and QLBSOM-T (100 uL QLBSO treatment group) achieved the most pronounced
improvement, with collagen organization closely resembling that of the CON group. No
statistically significant differences were detected between the prophylactic and therapeutic
dosing strategies.

Histopathological examination confirmed that UV irradiation caused substantial skin
thickening and fibrous tissue proliferation, validating the successful establishment of a
mouse skin photodamage model [28]. Both prophylactic and therapeutic applications of
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QLBSO effectively alleviated these UV-induced structural abnormalities. These results
indicate that QLBSO significantly mitigates UV-induced damage in mouse skin tissue.

2.4. Regulation of QLBSO on Oxidative Stress, Inflammatory Markers, and Matrix
Metalloproteinases in UV-Damaged BALB/c Mouse Skin

As shown in Figure 3a,b, SOD and CAT activities in the COP mouse skin were sig-
nificantly lower than those in the CON group (p < 0.01). Compared with COP, topical
application of QLBSO and VE markedly increased SOD and CAT activities in QLBSOH-P
and QLBSOL-T mice (p < 0.05), while other treatment groups showed even greater in-
creases (p < 0.01). SOD activity rose in a dose-dependent manner with increasing QLBSO
concentration. For CAT, QLBSOL-P and QLBSOM-T showed the strongest effects, while
the overall efficacy of QLBSO remained slightly below that of VE. These findings suggest
that QLBSO and VE mitigate UV-induced oxidative stress in mouse skin by enhancing
antioxidant enzyme activity.
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Figure 3. Effects of QLBSO on Oxidative Stress, Inflammatory Markers, and Matrix Metallopro-
teinases in UV-Damaged BALB/c Mouse Skin. (a,b) Effects of Different Concentrations and Durations
of QLBSO and VE on the Activity of Antioxidant Enzymes SOD and CAT; (c-e) Effects of Different
Concentrations and Durations of QLBSO and VE on the levels of inflammatory cytokines IL-13,
TNF-«, and IL-6. (f,g) Effects of Different Concentrations and Durations of QLBSO and VE on the
Levels of Inflammatory Cytokines MMP-1 and MMP-3. Mouse dermal layer thickness. CON, control
group; COP, control positive group; QLBSOH-P: the prophylactic group topically administered
200 pL of QLBSO. QLBSOM-P: the prophylactic group topically administered 100 uL of QLBSO.
QLBSOL-P: the prophylactic group topically administered 50 uL of QLBSO. RD-P: the prophylac-
tic reference drug group topically administered 100 puL of VE. QLBSOH-T: the treatment groups
topically administered 200 pL of QLBSO. QLBSOM-T: the treatment groups topically administered
100 pL of QLBSO. QLBSOL-T: the treatment groups topically administered 50 uL of QLBSO. RD-T:
the treatment reference drug group topically administered 100 uL of VE. Values are presented as
mean + SD (n = 8). Statistical analysis was performed using one-way ANOVA followed by Tukey’s
post hoc test for multiple comparisons. # indicate comparisons with the CON group (p < 0.01); * and
** indicate comparisons with the COP group (p < 0.05 and p < 0.01, respectively).

Inflammation is a key feature of UV-induced skin injury, with IL-1f3, IL-6, and TNF-«
serving as major pro-inflammatory mediators [29]. As shown in Figure 3c—e, IL-1§3, IL-6,
and TNF-« levels were significantly elevated in COP mice compared with CON (p < 0.01).
Topical application of QLBSO and VE significantly reduced the levels of these cytokines in
mouse skin (p < 0.01). In the prophylactic regimen, IL-13 and TNF-o levels in QLBSOM-P
mice were closest to those in CON, and IL-6 declined in a dose-dependent manner with
increasing QLBSO dosage. In the therapeutic regimen, IL-1f3 also decreased with higher
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QLBSO concentration, while IL-6 and TNF-« levels in QLBSOM-T mice approximated those
of CON. Notably, IL-13 levels in QLBSOM-P and QLBSOH-T were slightly lower than
in RD-P and RD-T (100 uL VE treatment reference drug group), respectively. In contrast,
TNEF-o and IL-6 levels were somewhat higher in both QLBSO treatment and prevention
groups than in the positive controls.

Matrix MMPs accelerate the breakdown of the extracellular matrix, leading to struc-
tural alterations in collagen and elastin, and play key roles in tissue remodeling, wound
healing, and inflammation. Pro-inflammatory cytokines such as IL-1§3, IL-6, and TNF-o
can upregulate MMP expression, thereby amplifying UV-induced structural damage to the
skin [30]. As shown in Figure 3f,g, MMP-1 and MMP-3 activities in the COP group mouse
skin were significantly elevated compared with those in the CON group (p < 0.01). Topical
application of QLBSO and VE markedly reduced MMP-1 and MMP-3 activities relative to
COP (control positive group), with significant reductions observed in all groups except
QLBSOL-P, which showed a moderate but significant decrease in MMP-1 (p < 0.05). In the
QLBSO prophylactic regimen, MMP-1 and MMP-3 levels declined in a dose-dependent
manner with increasing QLBSO concentration (p < 0.01). Similarly, in the therapeutic regi-
men, both MMP-1 and MMP-3 levels decreased progressively with higher QLBSO doses.
Among the treatment groups, MMP-3 levels were comparable between QLBSOM-T and
QLBSOH-T, suggesting a plateau in response at higher concentrations. Notably, MMP-1
and MMP-3 levels in QLBSO-treated mice remained slightly higher than those in the VE
positive control group.

These findings indicate that UV irradiation causes photodamage by inducing oxidative
stress, stimulating inflammatory pathways, and elevating matrix metalloproteinase expres-
sion. Both prophylactic and therapeutic applications of QLBSO effectively mitigated these
effects by reducing the activities of SOD, CAT, IL-13, TNF-«, IL-6, MMP-1, and MMP-3.
Collectively, these results demonstrate that QLBSO exerts both prophylactic and reparative
effects against UV-induced skin injury, with therapeutic application generally producing
stronger protective outcomes than prophylactic treatment.

2.5. Effects of QLBSO on UV-Induced Photodamage and Skin Surface Microbiota in Mice

We investigated the effects of QLBSO on the skin microbiota of UV-induced photodam-
aged mice using 16S rDNA high-throughput sequencing. Principal Component Analysis
(PCA) (Figure 4a) showed clear separation among CON, COP, QLBSOH-P, and QLBSOH-T
groups. UV irradiation caused significant disruption of the normal skin microbiota, while
the microbial composition in QLBSOH-P and QLBSOH-T mice more closely resembled
that of CON mice. Gene sequencing identified 22 bacterial phyla and 507 genera across
all samples. Accumulation plots were generated at both the phylum and genus levels,
displaying the top 10 most abundant taxa. As shown in Figure 4b, at the phylum level, the
relative abundances of Firmicutes_A and Bacteroidetes differed markedly between the CON
and COP groups. At the genus level (Figure 4c), COP group mice exhibited notable changes
in Streptococcus, Staphylococcus, and Kineothrix abundance. Following QLBSO treatment,
the relative abundance of these genera showed a clear downward trend, suggesting partial
restoration of microbial balance.
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Figure 4. Effects of QLBSO on Skin Microbiota of UV-Damaged Mice. (a) Principal component
analysis (PCA) of QLBSO on UV-damaged mouse skin microbiota; (b,c) Representing the relative
abundance at the phylum and genus family levels in UV-irradiated BALB/c mouse skin, respectively;
(d,e) LDA-based cladogram and distribution histograms, respectively; (f) Firmicutes_A box plot;
(g) Kineothrix box plot; CON, control group; COP, control positive group; QLBSOH-P, the prophy-
lactic group topically administered 200 pL of QLBSO. QLBSOH-T: the treatment groups topically
administered 200 uL of QLBSO. Values are presented as mean £ SD (n = 5). Statistical analysis
was performed using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons.

# indicate comparisons with the CON group (p < 0.01); ** indicate comparisons with the COP group
(p £0.01). “ns” indicate comparisons with the COP group (p > 0.05).

We conducted LEfSe (LDA Effect Size) analysis to identify microbial biomarkers
showing significant differences in skin surface abundance among mouse groups, using
thresholds of LDA > 4 and p < 0.05. As shown in Figure 4d,e, at the phylum level,
Actinobacteriota dominated the skin microbiota of CON mice, whereas Firmicutes_A
was enriched in COP and QLBSOH-T mice. QLBSOH-P mice showed enrichment in
Desulfobacterota_I. At the genus level, Corynebacterium and Streptococcus were enriched
in CON mice, while COP mice exhibited higher levels of unclassified__Lachnospiraceae,
Kineothrix, Mailhella, UBA3282, and COE1. QLBSOH-P mice were enriched in CAG-485,
Staphylococcus, and CAG-510, whereas QLBSOH-T mice showed enrichment in Kurthia,
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Acinetobacter, Sphingobacterium, Empedobacter_790298, and Jeotgalibaca. These taxa were
identified as major biomarkers differentiating the groups. Univariate ANOVA results
(Figure 4f,g) showed that Firmicutes_A and Kineothrix were significantly elevated in
COP mice (p < 0.01) but markedly decreased following QLBSO intervention. The
decrease was greater in QLBSOH-T mice (p < 0.01), whose microbiota composition
more closely resembled that of CON mice. These findings suggest that Firmicutes_A and
Kineothrix play key roles in the microbial response to QLBSO. Overall, both prophylactic
and therapeutic QLBSO treatments promoted recovery of the skin microbiota, with
therapeutic intervention producing a more pronounced restorative effect.

2.6. Effects of QLBSO on Metabolites in UV-Induced Photodamaged Skin Tissue of Mice

We performed non-targeted metabolomics to evaluate the effects of different QLBSO
intervention strategies on skin metabolites in mice. In total, we identified 1386 metabolites,
including 807 detected in positive ion mode and 579 in negative ion mode. Metabolite
classifications are presented in Figure 5a, with the top three categories being lipids and
lipid-like molecules (30.058%), organic acids and derivatives (21.46%), and Organohetero-
cyclic compounds (10.91%). Principal component analysis (PCA) and partial least squares—
discriminant analysis (PLS-DA) score plots (Figure 5b—e) showed clear separation between
CON and COP groups, indicating significant UV-induced metabolic disturbances in mouse
skin. Compared with COP mice, QLBSOH-P and QLBSOH-T samples exhibited metabolic
profiles more closely resembling those of CON mice, suggesting that topical QLBSO appli-
cation partially restored normal skin metabolism.

Using a screening threshold of p < 0.05, we identified 522 differential metabolites
among the CON, COP, QLBSOH-P, and QLBSOH-T groups—280 in positive ion mode
and 242 in negative ion mode (Figure 5f,g). Of these, twelve metabolites in positive ion
mode and seven in negative ion mode were shared across all four groups. Cluster heatmap
analysis of these common differential metabolites (Figure 5h,i) revealed that metabolites
such as ectoine, Trp-Gly-Trp, and 3-N-methylaminoalanine, which were initially abundant
in CON mice, decreased markedly after UV irradiation but increased again following
QLBSO intervention. These findings indicate that QLBSO treatment effectively counteracted
UV-induced metabolic disruptions in mouse skin.

Metabolites that were initially present at low levels in the CON group, such as an-
thralin, DL-valine, and N-methyl-L-glutamic acid, showed marked increases following UV
irradiation but decreased significantly after topical application of QLBSO. These findings
indicate that QLBSO effectively alleviates UV-induced metabolic disturbances in mouse
skin and helps restore metabolite levels in photodamaged tissue. Notably, among the
differentially expressed metabolites, four cations and three anions were classified as amino
acids, peptides, and analogs.

We further performed enrichment analysis of differentially expressed metabolites
across the four groups (CON, COP, QLBSOH-P, and QLBSOH-T) using p < 0.05 as the
significance threshold to identify metabolic pathways modulated by QLBSO under both
prophylactic and therapeutic conditions. As shown in Figure 5j, these metabolites were
primarily enriched in pathways associated with amino acid, nucleotide, and pyrimidine
metabolism. Within the amino acid-related pathways, two major routes were identi-
fied: Biosynthesis of amino acids and D-amino acid metabolism. Collectively, these
results suggest that QLBSO may exert its prophylactic and therapeutic effects against
UV-induced skin photodamage primarily by regulating amino acid metabolism in
the skin.
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Figure 5. Non-targeted metabolomic analysis of UV-damaged mouse skin treated with QLBSO.
(a) Metabolite classification in UV-damaged mouse skin; (b,c) Principal Component Analysis (PCA)
in Positive and Negative Ion Modes (PLS-DA); (d,e) Partial Least Squares Discriminant Analysis
in Positive and Negative Ion Modes; (f,g) Venn Diagram of Differential Metabolites in Positive
and Negative Ion Modes; (h,i) Heatmap of Differential Metabolites in Positive and Negative Ion
Modes; (j) KEGG enrichment pathway bubble chart. CON, control group; COP, control positive
group; QLBSOH-P, the prophylactic group topically administered 200 uL of QLBSO. QLBSOH-T: the
treatment groups topically administered 200 uL of QLBSO.

2.7. Effects of QLBSO on Amino Acid Metabolism in UV-Induced Photodamaged Skin Tissue of Mice

We further investigated the effects of QLBSO on amino acid metabolism in UV-
damaged mouse skin using targeted amino acid metabolomics. In total, 29 differentially
expressed amino acids were identified, and the top 10 ranked by ascending p-value were
selected for cluster heatmap analysis (Figure 6a). The results showed that amino acids
such as ornithine, tryptophan, phenylalanine, and tyrosine, which were present at high
levels in the CON group, decreased significantly after UV irradiation. Following both
prophylactic and therapeutic QLBSO interventions, their levels increased markedly, ap-
proaching those observed in the CON group. Conversely, amino acids and derivatives
initially present at low concentrations, such as cysteine, cystine, glycine, proline, arginine,
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and choline, showed pronounced elevation after UV exposure. However, their levels de-
clined following both QLBSO prevention and treatment, restoring them closer to baseline
values. These findings suggest that QLBSO effectively mitigates UV-induced disturbances
in amino acid metabolism and promotes metabolic homeostasis in skin tissue. One-way
ANOVA of these 10 amino acids and derivatives revealed that cysteine, cystine, glycine,
proline, arginine, and choline levels increased significantly (p < 0.01) in UV-irradiated skin.
After topical QLBSO application, their concentrations decreased dramatically (p < 0.01),
with the therapeutic regimen (QLBSO-T) producing a stronger effect than the prophylactic
regimen (QLBSO-P) (Figure 6b—g). Collectively, these results indicate that QLBSO not only
prevents but also more effectively reverses UV-induced metabolic imbalances in amino

acid pathways.
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Figure 6. Targeted metabolomic analysis of UV-damaged mouse skin by QLBSO. (a) Heatmap of
amino acids in UV-damaged mouse skin treated with QLBSO; (b—g) Boxplot of cysteine, cystine,
glycine, proline, arginine, and choline Content. CON, control group; COP, control positive group;
QLBSOH-P, the prophylactic group topically administered 200 uL of QLBSO. QLBSOH-T: the treat-
ment groups topically administered 200 L of QLBSO. Values are presented as mean + SD (1 = 4).
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test for mul-
tiple comparisons. ## indicate comparisons with the CON group (p < 0.01); ** indicate comparisons
with the COP group (p < 0.01).

2.8. Correlation Analyses

We analyzed the relationships among key differentially abundant bacteria (Firmi-
cutes_A and Kineothrix), amino acids (cysteine, cystine, glycine, proline, arginine), their
derivative choline, oxidative stress markers (SOD, CAT), inflammatory cytokines (IL-1f3,
IL-6, TNF-«), and matrix metalloproteinases (MMP-1, MMP-3) using Pearson correlation
hierarchical clustering. The results showed that Kineothrix was significantly positively corre-
lated with IL-6 in skin tissue (p < 0.05) (Figure 7a). Cysteine, cystine, and glycine exhibited
significant negative correlations with SOD (p < 0.05) and significant positive correlations
with IL-6 (p < 0.05). Notably, cysteine and glycine displayed highly significant positive
correlations with IL-6 (p < 0.01). Cysteine and cystine were also positively correlated with
IL-1p3, while glycine correlated positively with MMP-1, and arginine correlated negatively
with CAT. Importantly (Figure 7b), Kineothrix and the three amino acids—cysteine, cystine,
and glycine—all showed strong associations with IL-6 levels. Further analysis revealed
that cysteine and cystine were significantly positively correlated with both Kineothrix and
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Firmicutes_A (p < 0.05), suggesting that these microbial and metabolic changes may jointly
influence UV-induced skin inflammation (Figure 7c).
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Figure 7. Correlation Analyses. (a) Correlation between skin bacterial genera and skin indicators;
(b) Correlation between amino acids and skin indicators; (c) Correlation between amino acids and
skin bacterial genera. * and ** indicate comparisons p < 0.05 and p < 0.01, respectively.

3. Discussion

UV irradiation induces oxidative stress and inflammation in the skin, leading
to collagen fiber degradation and fragmentation of collagen bundles within the ex-
tracellular matrix. This damage compromises both the skin’s mechanical integrity
and immune barrier, manifesting as erythema, desquamation, hyperkeratosis, and
epidermal necrosis [7]. In this study, H&E and Masson staining demonstrated that
topical application of QLBSO effectively alleviated UV-induced epidermal thickening
and dermal fibrous tissue proliferation in both prophylactic and therapeutic models
(Figure 2). These findings align with previous reports showing that Chuanxiong oil mit-
igates UV-induced skin thickening and fibrous tissue hyperplasia in BALB/c mice [31].
Endogenous antioxidant enzymes protect the skin from oxidative injury through vari-
ous mechanisms, including free radical scavenging and metal ion chelation [32]. Under
UV-induced oxidative stress, SOD neutralizes ROS, such as the superoxide anion (O; ™),
the hydroxyl radical (-OH), and the peroxy radical (ROO-), converting them into less
reactive peroxides. CAT then catalyzes the breakdown of these peroxides into water
and oxygen, thereby maintaining redox homeostasis and protecting oxidative damage
to skin cells and extracellular structures [33]. Our results showed that topical QLBSO
application effectively restored the reduced SOD and CAT activities in UV-irradiated
mouse skin under both prophylactic and therapeutic conditions (Figure 3a,b). These
findings are consistent with previous observations in UV-induced BALB/c mice, where
zeaxanthin extracted from L. barbarum also reversed SOD and CAT depletion [34].

UV-induced oxidative stress produces large amounts of ROS, which activate signaling
pathways such as NF-kB and MAPK, leading to the upregulation of inflammatory medi-
ators, including IL-1p3, IL-6, and TNF-«, thereby amplifying inflammation [35]. TNF-«,
a major pro-inflammatory cytokine secreted by macrophages, lymphocytes, and other
immune cells, enhances the expression of adhesion molecules such as MHC-I, ICAM-1,
and VCAM-1, promoting inflammatory cell infiltration [36]. IL-1(3 is among the earliest
cytokines activated after UV exposure; it induces vasodilation, fever, and leukocytosis,
stimulates IL-6 production, and activates matrix metalloproteinase (MMPs) expression, con-
tributing to photoaging and extracellular matrix degradation [37]. IL-6, a multifunctional
cytokine secreted by monocytes, fibroblasts, and endothelial cells, further amplifies inflam-
matory signaling and promotes fibroblast-mediated expression of MMP-1 and MMP-9,
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leading to collagen breakdown and skin photodamage [38]. MMPs are zinc-dependent en-
dopeptidases responsible for degrading components of the extracellular matrix (ECM) [39].
Among them, MMP-1 primarily cleaves type I and type III collagen, while MMP-3 de-
grades multiple structural matrix proteins. Elevated expression of these enzymes disrupts
the skin’s supportive framework and accelerates tissue injury [40]. In this study, topical
application of QLBSO effectively reversed the UV-induced elevation of IL-1f3, IL-6, TNF-«,
MMP-1, and MMP-3 in mouse skin under both prophylactic and therapeutic conditions
(Figure 3c—g). These results are consistent with reports that Clerodendranthus spicatus sup-
presses UV-induced increases in IL-13, IL-6, TNF-oc, MMP-1, and MMP-3 in a BALB/c
mouse photodamage model [41], and with findings showing that polydopamine nanoparti-
cles downregulate IL-13, TNF-&, MMP-1, and MMP-3 expression in a similar model [42].
The above findings indicate that QLBSO exerts antioxidant effects by scavenging free radi-
cals and regulating antioxidant enzyme activity, and demonstrates anti-inflammatory effects
by inhibiting the release of pro-inflammatory cytokines and interfering with inflammatory
signal transduction. These actions are attributable to the numerous bioactive components
within QLBSO, which synergistically interact to exert antioxidant and anti-inflammatory ef-
fects. Among these, Octadecanoic Acid in QLBSO exerts antioxidant activity by enhancing
cellular superoxide dismutase (SOD) and catalase (CAT) activity [43]. Oleic acid effectively
neutralizes intracellular ROS production [44]. Additionally, 3-carotene neutralizes peroxy
radicals, interrupts radical chain reactions, and protects lipid structures, including those in
cell membranes, from peroxidation [45]. Vitamin E reacts with lipid peroxy radicals, inter-
rupting the chain reaction of lipid peroxidation, downregulating inflammatory responses,
and safeguarding the integrity of cell membranes and lipoproteins [46]. Alpha-linolenic
acid can reduce inflammation by inhibiting cyclooxygenase (COX) and 5-lipoxygenase
(5-LOX) [47]. Phytosterols regulate immune cell function and inhibit the production of pro-
inflammatory cytokines, exerting anti-inflammatory effects [48]. The therapeutic efficacy
of QLBSO in this study was notably greater than its prophylactic efficacy. This difference
may result from UV irradiation disrupting the skin’s physical barrier, thereby increas-
ing skin permeability [49] and facilitating deeper penetration of QLBSO into the tissue,
thereby sustaining its reparative effects. Additionally, studies have shown that UV-induced
acceleration of skin blood flow can enhance the distribution efficiency of topical medica-
tions [50], potentially contributing to the superior therapeutic performance observed with
QLBSO treatment.

The skin functions as a dynamic and complex ecosystem inhabited by trillions of mi-
croorganisms that together constitute the skin microbiome [51]. This microbial community
is crucial for maintaining skin homeostasis, modulating immune responses, and defending
against pathogenic invasion. Numerous studies have demonstrated that disturbance of
microbial balance on the skin surface leads to impaired physiological functions and compro-
mised skin health [52]. Under normal conditions, Actinobacteria, Firmicutes, Proteobacteria,
and Bacteroidetes represent the dominant bacterial phyla of healthy skin. UV irradiation
disrupts this balance by decreasing the relative abundance of Actinobacteria and Bacteroidetes
while increasing that of Firmicutes [53,54]. In our study, LEfSe analysis revealed that UV
irradiation significantly altered the abundance of Actinobacteriota, Firmicutes_A, and Desul-
fobacterota_I on the mouse skin surface (Figure 4d,e), with Firmicutes_A showing a marked
elevation in the COP group. Following intervention with both QLBSO treatment methods,
Firmicutes_A levels declined substantially, particularly in the QLBSH-T group, where a
significant reduction was observed (Figure 4f). Actinobacteria, a group of Gram-positive
bacteria, represent one of the most abundant phyla within a healthy skin microbiome and
rely on the skin as a key ecological niche [55].
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Members of the genus Corynebacterium utilize skin and sweat-derived lipids as nu-
trient sources and help maintain microbiome stability by producing antimicrobial com-
pounds [56]. Firmicutes_A, a subclass of Firmicutes, includes genera such as Streptococcus,
Kineothrix, and Staphylococcus. Among these, Streptococcus is typically regarded as a core
and beneficial component of the skin microbiota. In contrast, Staphylococcus is strongly
linked to inflammatory skin disorders such as atopic dermatitis and can exacerbate cuta-
neous inflammatory responses [57]. Multiple studies have shown that various common
inflammatory skin diseases feature a pronounced decrease in the relative abundance of
Actinobacteria and a concurrent increase in Firmicutes. For example, acne lesions display a
marked reduction in Actinobacteria and an elevated proportion of Firmicutes compared with
unaffected skin [58]. Similarly, the skin microbiome of psoriasis patients shows a consistent
pattern of decreased Actinobacteria and increased Firmicutes abundance [59]. Desulfobac-
terota_I comprise sulfur-reducing bacteria capable of promoting inflammation through the
production of hydrogen sulfide (H,S) and lipopolysaccharides (LPS). Previous research
suggests that sulfates produced by these bacteria can damage intestinal epithelial cells and
trigger inflammatory responses [60]. In this study, we identified Firmicutes and Kineothrix
(a genus within Firmicutes) as key skin surface microbes associated with QLBSO-mediated
alleviation of UV-induced skin photodamage in mice (Figure 4f,g). Correlation analysis
revealed a significant positive relationship between Kineothrix and IL-6 expression. Notably,
Firmicutes has also been shown to correlate positively with serum IL-6 levels in a type 2 dia-
betic rat model (Figure 7a) [61]. Therefore, QLBSO may attenuate inflammatory responses
in UV-induced skin photodamage by reducing the relative abundance of Kineothrix on
the skin surface of mice. UV radiation disrupts the skin’s microbiome structure, altering
skin homeostasis. Unsaturated fatty acids, including palmitic acid and linoleic acid, can
reduce the proportion of Firmicutes in the gut microbiota while increasing the level of
Bacteroidetes [62]. Phytosterols have natural surfactant properties that interfere with the
colonization of harmful bacteria (Propionibacterium acnes) on the skin surface. Beta-carotene,
zeaxanthin, and vitamin E protect the beneficial skin microbiota (Staphylococcus epidermidis)
and safeguard the skin microbiome [63,64]. These components provide the foundation for
QLBSO to regulate microbial communities.

Amino acids play essential roles in skin physiology, including maintaining hydration,
promoting collagen synthesis, facilitating tissue repair, and strengthening immune defense.
The hydrophilic functional groups in their molecular structures, such as amino (-NHy),
carboxyl (-COOH), and thiol (-SH) groups, form hydrogen bonds with water molecules,
allowing amino acids to attract and retain moisture and thereby sustain optimal skin
hydration [65]. When the skin is injured, amino acids stimulate the proliferation and
differentiation of skin cells, accelerating tissue repair and regeneration [66]. In addition,
several amino acids, including cysteine, exhibit potent antioxidant activity. By scavenging
excess free radicals, they minimize oxidative damage to skin cells, preserve structural
integrity, and maintain the function of the skin’s physical barrier [67]. Research suggests
that UV irradiation disrupts the skin’s antioxidant system, leading to oxidative stress. This
intense oxidative environment leads to carbonylation or direct degradation of proteins
in the dermis and epidermis, releasing free amino acids into the interstitial spaces and
elevating amino acid levels [68]. In this study, metabolomic analysis showed that QLBSO
significantly reversed the UV-induced abnormal elevation of five amino acids, cysteine,
cystine, glycine, proline, and arginine, as well as their derivative choline in mouse skin
(Figure 6). These findings suggest that these amino acids contribute critically to QLBSO’s
protective and therapeutic effects against UV-induced skin injury. Cysteine is a sulfur-
containing amino acid and a precursor for glutathione (GSH). Reactive oxygen species
(ROS) induce structural changes in Keapl, causing Nrf2 accumulation and enhanced
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intracellular GSH synthesis. This process scavenges ROS and mitigates oxidative damage to
the skin. However, excessive cysteine inhibits Keap1’s conformational changes, enhancing
Keap1 binding to Nrf2. This blocks downstream antioxidant gene expression, exacerbating
oxidative stress in the skin [69]. Cystine, composed of two cysteine molecules linked by a
disulfide bond, reinforces keratin fibers and provides additional antioxidant protection [70].

Consistent with these findings, we observed that UV irradiation markedly increased
the levels of both cysteine and cystine in mouse skin, a pattern similar to the elevated
Cysteine content previously reported in UV-exposed HeLa cells [71]. Further correlation
analysis demonstrated that cysteine and cystine exhibited strong positive associations with
Firmicutes and Kineothrix on the mouse skin surface (Figure 7c). In a mouse adenomyosis
model, Firmicutes, particularly Lactobacillus, were shown to synthesize or release cysteine
through metabolic enzymes such as cysteine 3-synthase and cysteine y-lyase, thereby
increasing cysteine concentrations in the host gut [72]. Studies using U937 monocytes
have also shown that cysteine and cystine upregulate IL-1(3 expression [73], which in turn
activates downstream signaling cascades leading to IL-6 production. This observation
aligns with our findings that cysteine and cystine levels were significantly and positively
correlated with the inflammatory mediators IL-1 and IL-6 (Figure 7b). Glycine, the most
abundant amino acid in skin collagen, directly participates in collagen fiber assembly,
maintaining dermal structural integrity [65]. Beyond its structural role, Glycine contributes
to skin hydration, enhances immune defense, and exhibits anti-inflammatory properties.
Notably, in the BV2 microglial cell inflammation model, Glycine markedly promoted IL-6
secretion [74], consistent with our results showing a significant increase in glycine lev-
els in UV-irradiated mouse skin and a strong positive correlation with IL-6 (Figure 7b).
Correlation analysis further revealed that glycine, cysteine, and cystine were significantly
negatively correlated with SOD levels in mouse skin (Figure 7b). This finding agrees with
previous reports showing that mixtures of multiple amino acids, including glycine and
cysteine, can markedly suppress SOD expression [75]. HydroxyProline (HYP), a character-
istic amino acid unique to collagen, serves as a reliable biochemical marker for assessing
collagen content and skin matrix integrity [76]. UV-induced oxidative stress disrupts the
conversion of proline to HYP by directly damaging or depleting prolyl hydroxylase. This in-
hibition leads to proline accumulation and reduced HYP synthesis, ultimately contributing
to collagen degradation and loss of skin structural integrity [77].

Our results are consistent with this mechanism, as we observed a highly significant increase
in proline levels in mouse skin following UV irradiation (Figure 6e). Arginine, a key constituent
of the Natural Moisturizing Factor (NMF), plays an important role in enhancing skin hydration
and reducing transepidermal water loss (TEWL), thereby reinforcing the skin’s barrier func-
tion [78]. In addition, Arginine exerts proliferative and anti-apoptotic effects on skin fibroblasts,
supporting wound repair and maintaining dermal structure and resilience [79]. In this study,
Arginine levels in mouse skin rose significantly after UV irradiation and exhibited a strong
negative correlation with CAT activity (Figures 6f and 7b). This observation aligns with prior
reports showing elevated arginine levels in UV-exposed human skin and a marked decrease
in CAT activity in a hyperargininemia rat model following arginine supplementation [80,81].
Phosphatidyl choline (PC), a principal component of the phospholipid bilayer, is essential for
preserving the integrity and fluidity of skin cell membranes. Choline serves as the fundamental
precursor for PC synthesis [82]. Research indicates that UV exposure increases cross-linking
of choline metabolites with proteins within cells [83], which is consistent with our findings.
We observed that UV irradiation markedly increased choline levels in mouse skin, whereas
both prophylactic and therapeutic topical administration of QLBSO effectively reversed this
elevation (Figure 6g). This is closely related to unsaturated fatty acids and VE. QLBSO is rich in
unsaturated fatty acids (linoleic acid and oleic acid), polyphenols, and vitamin E derivatives
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that directly neutralize ROS, interrupt the oxidative chain reaction, and protect cell membranes
from lipid peroxidation. Inhibiting ROS production reduces the skin’s demand for amino acids
such as cysteine and arginine, allowing their levels to return to normal [84].

In summary, QLBSO mitigates oxidative stress and inflammatory responses in mouse
skin by modulating specific microbial populations on the skin surface and regulating
amino acid metabolism. Through these coordinated effects, QLBSO promotes collagen
synthesis, alleviates UV-induced photodamage, and accelerates skin repair. The primary
limitation of this study lies in its scope: although we identified key microbial species
and amino acids responsive to QLBSO in the prevention and treatment of UV-induced
skin photodamage and established correlations among major skin bacteria, amino acids,
oxidative stress markers, and inflammatory mediators using Pearson correlation analysis,
the overall mechanism remains complex. Skin health depends on multifaceted interactions
among the skin microbiota, resident cells, and a wide array of metabolic products, all of
which dynamically influence one another. Thus, this study provides only a preliminary
mechanistic explanation of QLBSO’s protective and reparative effects against UV-induced
photodamage from the perspective of microbiome-metabolite interactions. Future studies
should explore in greater depth the intricate relationships among key microbial taxa, amino
acid metabolites, and skin cellular processes involved in QLBSO-mediated photoprotection.

4. Materials and Methods
4.1. Gas Chromatography-Mass Spectrometry (GC/MS) Analysis of QLBSO

A total of 20 pL of QLBSO was dissolved in 0.5 mL of n-hexane. A gas chromatograph
(TRACE 1310, Thermo Fisher Scientific Inc., Waltham, MA, USA) coupled with a mass
spectrometer (TSQ 8000 EVO, Thermo Fisher Scientific Inc., Waltham, MA, USA) was
utilized with a VF50 column (30 m long, 0.32 mm inner diameter, 0.25 pm film thickness).
Analysis conditions were as follows: Hj gas was used as the carrier gas at a flow rate of
1 mL/min with a split ratio of 1:50. The column temperature program was set as follows:
initial temperature of 60 °C held for 1 min, followed by a ramp of 10 °C/min to 180 °C. The
temperature was increased at 4 °C/min to 280 °C and held for 20 min. The temperature
was raised at 20 °C/min to 300 °C and held for 2 min. The mass spectrometry detection
range was 30-600 Da.

4.2. Materials and Animal Husbandry

BALB/c mice (8 weeks old, female, license number SCXK(Jing)2019-0008) were obtained
from Beijing Huafukang Biological Technology Co., Ltd. (Beijing, China). All animal experiments
were conducted in accordance with international ethical standards. The research protocol was
reviewed and approved by the Qinghai University Science and Technology Ethics Committee
(approval number: SL202501-70). Mice were housed in an SPF-grade animal facility maintained
at 23-24 °C with 50 & 15% relative humidity under a 12 h light/dark cycle. Seed oil of Lycium
barbarum L. cultivated in Qaidam basin (designated QLBSO, KPGQZY-23-05) was provided by
Qinghai Kangpu Biotechnology Co., Ltd. (Xining, China). Vitamin E (designated VE, s13017) is
provided by Shanghai Yuanye (Shanghai, China).

4.3. Acute Toxicity Study of QLBSO in BALB/c Mice

Following an adaptation period, 40 BALB/c mice (8 weeks old, equal numbers
of males and females, 16-20 g) were randomly separated into four groups of 10 mice
each: a local intervention blank control group, a QLBSO local intervention group, an
oral intervention blank control group, and a QLBSO oral intervention group. Mice
were fasted for 12 h before the experiment with access to water. Hair on the dorsal
region was removed. The “maximum tolerated dose test” was conducted. For the
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topical intervention group, a single uniform application of 0.4 mL of QLBSO was
applied to the dorsal skin. The oral intervention group received a single gavage dose
of 20 mL/kg. The topical and oral intervention blank control groups received equal
volumes of saline via the corresponding routes. This was repeated once every 8 h,
3 times a day, for 7 consecutive days, and behavioral, body weight, and skin condition
changes in mice were continuously monitored over 7 days [85]. Mice were anesthetized
with isoflurane (3%) [86] and euthanized by cervical dislocation. Dissect the mice
and carefully examine for any obvious pathological changes in the heart, liver, spleen,
and kidneys.

4.4. Animal Grouping and Model Establishment

We investigated the photoprotective effects of QLBSO in a UV-induced BALB/c mouse skin
photodamage model using two approaches: Prophylactic topical administration (Prophylactic)
and treatment topical administration (treatment). BALB/c mice were randomly assigned to
ten groups, with eight mice per group. The formal experiment employed three doses of QLBSO:
high (QLBSOH, 200 uL), medium (QLBSOM, 100 puL), and low (QLBSOL, 50 uL). A 100 uL. VE
solution aliquot served as the reference drug group (RD). Specific groupings and intervention
methods are outlined in Table 1 and Figure 8. To prepare the mice for UV exposure, hair was
shaved from the mid dorsal region to create an exposed area of approximately 2 x 3 cm?,
with regular hair removal throughout the study. The irradiation protocol followed methods
from the literature with minor adjustments [26]. All mice, except those in the control group
(CON), were exposed to mixed UVA and UVB radiation every other day for 15 min sessions,
for a total of 15 sessions (UV Accelerated Weathering Test Chamber, Guangdong Aipei Test
Equipment Co., Ltd., Dongguan, Guangdong, China). The UVA dose per session was 1.6 J/cm?,
with a cumulative dose of 24.0 J/cm?, while the UVB dose per session was 0.2 J/ cm?, with a
cumulative dose of 3.0 J/cm?. For both prophylactic and therapeutic interventions, QLBSO and
VE were locally applied at varying volumes 30 min before UV exposure (for prevention) and
immediately following UV exposure (for treatment).

CON |
n=8
cop |
n=8 | [00%
\
QLBSOH-P 200 pL n=8
. Topical application QLBSOM-P 100 pL n=8
prophylactic prior to irradiation QLBSOL-P 50 pL n=8
3 RD-P 100 pL1 n=8 sacrifice
Qi
I UV > mouse
BALB/c
QLBSOH-T 200 pL n=8
Treatment | Topical administration  QLBSOM-T 100 L. n=8
after irradiation QLBSOL-T 50 pL n=8
RD-T 100 pL n=8
| v >

0 1 Week 2 Week 3 Week 4 Week

Irradiate once daily for 15 consecutive days. Total UVA dose: 24.0 J/cm?. Total UVB dose: 3.0 J/cm?

Figure 8. Experimental Design for Photodamaging in BALB/c Mouse Skin.
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Table 1. Mouse Groups and Intervention Methods.
Topical Administration Time Grouping Processing  Topical Dose Dose/uL

/ Control (CON) / / 0
/ Control positive (COP) uv / 0

QLBSO High-Dose prophylactic Group (QLBSOH-P) uv QLBSO 200

Prophylactic QLBSO Medium-Dose prophylactic Group (QLBSOM-P) uv QLBSO 100

(30 min before irradiation) QLBSO Low-Dose prophylactic Group (QLBSOL-P) uv QLBSO 50

Prophylactic Reference Drug Group (RD-P) uv VE 100

Treatment Reference Drug Group (RD-T) uv VE 100

Treatment QLBSO High-Dose therapeutic Group (QLBSOH-T) uv QLBSO 200

(after irradiation) QLBSO Medium-Dose therapeutic Group (QLBSOM-T) uv QLBSO 100
QLBSO Low-Dose therapeutic Group (QLBSOL-T) uv QLBSO 50

4.5. Animal Handling and Sample Collection

After the final UV irradiation, we collected skin surface microbiota samples by gently
swabbing the dorsal skin of the mice with cotton swabs. The swabs were immediately placed
into cryogenic tubes and stored at —80 °C for subsequent microbiota analysis. Mice were fasted
for 12 h, with free access to water, and then anesthetized with isoflurane (3%) [86]. Following
anesthesia, they were euthanized by cervical dislocation. We quickly harvested dorsal skin
tissue, removed any adherent adipose tissue, and thoroughly rinsed the samples with phosphate-
buffered saline (PBS, Qinghai Rhein Bio Technology Co., Ltd., China) to remove residual
blood. Dorsal skin samples (approximately 1 x 1 cm?) were fixed in 4% paraformaldehyde for
histopathological analysis. The remaining skin tissue was stored at —80 °C for future studies.

4.6. Histopathological Evaluation of Skin Tissue

After tissue dehydration, embedding, sectioning, and washing, we stained the mouse skin
tissue with hematoxylin and eosin (H&E). A microscopic imaging system was used to assess
skin tissue thickness and keratinization at 100x magnification. Inflammatory cell infiltration
and hemorrhagic symptoms were examined at 400 x magnification. Using a glass slide scanning
imaging system (SQS-600P, Shenzhen Shengqiang Technology Co., Ltd., Shenzhen, China),
the epidermal thickness and dermal thickness of the skin were measured in parallel 10 times,
followed by intergroup statistical analysis. Additionally, we performed Masson’s trichrome
staining using alizarin red and aniline blue to assess fibrous tissue proliferation in the skin,
which was then observed under a microscope at 400 x magnification.

4.7. Determination of Oxidative Stress Markers, Inflammatory Markers, and Matrix
Metalloproteinases in Skin Tissue

We prepared skin tissue homogenates by adding nine volumes of PBS to mouse
skin samples and homogenizing to yield a 10% (w/v) tissue suspension using a cryo-
genic homogenizer (CBCL-24; Shanghai Cebo Biotechnology Development Centre,
Shanghai, China). We centrifuged the homogenates at 10,000 rpm for 10 min at 4 °C
and collected the supernatant for analysis. We measured SOD and CAT activities using
a microplate visible-light assay (Nanjing Jiancheng Biotechnology Institute, Nanjing,
China) [33]. We quantified interleukin-13 (IL-1f), interleukin-6 (IL-6), and tumor
necrosis factor-a (TNF-«) using ELISA kits (Proteintech Group, Inc., Wuhan, China),
and measured Matrix Metalloproteinase-1 (MMP-1) and Matrix Metalloproteinase-3
(MMP-3) by ELISA (Elabscience Biotechnology Co., Ltd., Wuhan, China) [40].

4.8. Skin Microbiome Analysis

We analyzed microbial differences on the skin surfaces of four mouse groups (CON, COP,
QLBSOH-P, and QLBSOH-T) using 16S rDNA high-throughput sequencing. The procedures
were as follows. We extracted whole-genome DNA from mouse skin microbiota samples
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and quantified the DNA concentration using a NanoDrop (Thermo Fisher Scientific, Waltham,
MA, USA) spectrophotometer. We assessed DNA integrity by agarose gel electrophoresis. To
characterize microbial composition and diversity, we amplified target sequences corresponding
to microbial ribosomal RNA or specific gene fragments. Primers were designed from conserved
regions of these sequences and incorporated sample-specific barcode identifiers. PCR amplifica-
tion targeted variable regions—single or consecutive—of rRNA genes or other taxonomically
informative gene fragments. We quantified PCR products fluorometrically using the Quant-iT
PicoGreen dsDNA Assay Kit and a microplate reader (BioTek, FLx800, Winooski, VT, USA).
Based on the fluorescence quantification results, we pooled samples in appropriate ratios to meet
sequencing depth requirements. We constructed sequencing libraries using Illumina’s TruSeq
Nano DNA LT Library Prep Kit (San Diego, CA, USA). For raw sequences with sequencing
library concentrations > 2 nM, library and sample classification were performed according
to index and barcode information [87]. We trimmed barcode sequences and processed reads
by denoising clustering using the QIIME2 dada2 (2019.4) workflow. We visualized microbial
composition at multiple taxonomic levels to describe the overall community structure. At
the ASV level, we calculated distance matrices for each sample. We applied several unsuper-
vised ordination and clustering methods, along with corresponding statistical tests, to evaluate
-diversity differences and their significance across groups. At the species composition level,
we applied both unsupervised and supervised ranking, clustering, and modeling approaches,
integrated with statistical analyses, to assess differences in species abundance among groups.
Finally, we identified microbial biomarkers using the LEfSe algorithm.

4.9. Non-Targeted Metabolomics Analysis

We conducted non-targeted metabolomics to identify metabolites in skin tissue from four
mouse groups: CON, COP, QLBSOH-P, and QLBSOH-T. The procedure was as follows. After
slowly thawing the samples at 4 °C, we added each to prechilled methanol/acetonitrile/water
(2:2:1, v/v/v). Samples were vortexed, sonicated at low temperature for 30 min, and incubated
at —20 °C for 10 min. We centrifuged at 14,000 rpm for 20 min at 4 °C, collected the supernatant,
and vacuum-dried it. For mass spectrometry, we resuspended the dried extract in 100 pL of
acetonitrile/water (1:1, v/v), vortexed, centrifuged at 14,000 rpm for 15 min at 4 °C, and injected
the supernatant for analysis. Chromatographic separation was performed on a Vanquish LC
ultra-high-performance liquid chromatography (UHPLC Agilent/Thermo Scientific, Waltham,
MA, USA) system equipped with a HILIC column. The column temperature was maintained at
25 °C, with a flow rate of 0.5 mL/min and an injection volume of 2 pL.. The mobile phase con-
sisted of (A) water containing 25 mM ammonium acetate and 25 mM ammonium hydroxide and
(B) acetonitrile. Mass spectrometry was carried out using an Orbitrap Exploris™ 480 instrument
(AB SCIEX/Thermo Scientific, Waltham, MA, USA) operated in both positive and negative
ion modes. We used XCMS software (v4.2.3) for peak alignment, retention time correction,
and peak area extraction. Processed data underwent metabolite identification and preprocess-
ing. Metabolite structures were confirmed by matching retention times, molecular weights
(mass errors < 10 ppm), fragmentation patterns, and collision energies. Multivariate statistical
analyses, including Principal Component Analysis (PCA) and Partial Least Squares Discriminant
Analysis (PLS-DA), were applied to identify differentially expressed metabolites.

4.10. Amino Acid-Targeted Metabolomics Analysis

We performed targeted metabolomics to quantify amino acid alterations in skin tissues
from four mouse groups: CON, COP, QLBSOH-P, and QLBSOH-T. Differentially expressed
amino acids were screened as follows. After thawing the skin tissue samples (as described
in Section 4.9), we mixed an appropriate amount of each sample with a solution containing
isotope-labeled internal standards and pre-chilled methanol/acetonitrile/water (2:2:1, v/v/v).
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The mixture was vortexed and incubated at —20 °C for 1 h to precipitate proteins. We then
centrifuged the samples at 14,000 rpm for 20 min at 4 °C and collected the supernatant, which
was vacuum-dried. For mass spectrometry, we resuspended the dried extract in 100 pL of
acetonitrile/water (1:1, v/v), vortexed, centrifuged at 14,000 rpm for 15 min at 4 °C, and injected
the supernatant for analysis. We prepared a mixed standard stock solution from multiple amino
acid standards and diluted it in serial steps to generate a calibration curve with a concentration
gradient. Each gradient solution was processed in parallel using the same sample preparation
protocol. Mass spectrometric analysis was performed on a 6500+ QTRAP system (SCIEX)
operated in positive ion mode. We used Multiquant 3.0.2 software to extract chromatographic
peak areas and retention times. Retention times were corrected and verified using standard
reference compounds corresponding to the target metabolites. We identified differentially
expressed amino acids through cluster analysis and one-way analysis of variance (ANOVA).

4.11. Statistical Analysis

We analyzed all experimental data using GraphPad Prism 9.5.1 software. ANOVA
was applied to assess statistical differences, and results are expressed as mean =+ standard
deviation (SD). We considered differences statistically significant at p < 0.05 or p < 0.01.
Bioinformatics analyses were performed using the OmicStudio platform on the Lianchuan
Bio Cloud Platform (https://www.omicstudio.cn/tool, accessed on 22 June 2025).

5. Conclusions

Both prophylactic and therapeutic topical administration of QLBSO could improve UV-
induced photodamage in mouse skin by enhancing antioxidant enzyme activity and reducing
levels of inflammatory factors and matrix metalloproteinases in skin tissue. Furthermore,
QLBSO alleviates oxidative stress and inflammatory responses in the skin by modulating the
skin microbiota, including Kineothrix, and amino acid metabolites of cysteine, cystine, glycine,
and choline. This study not only provides new directions for the utilization of QLBSO and
expands its application scope, but also offers novel insights into QLBSO’s role in protecting
against and treating UV-induced photodamage. This work lays a theoretical foundation for
subsequent related research.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms27020731/s1.

Author Contributions: Conceptualization, L.H. and Y.Y.; methodology, YJ.; software, S.D.; validation,
L.H. and YJ.; formal analysis, Y.W.; investigation, Y.Z.; resources, Y.Z. and Y.Y.; data curation, YW. and L.H.;
writing—original draft preparation, L.H.; writing—review and editing, L.H., B.Z. and Y.Y,; visualization,
S.D.; project administration, Y.Z. and B.Z.; funding acquisition, Y.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Central Government-Guided Local Science and Technology
Development Fund Project in Qinghai Province (Grant No. 2025Z2Y011).

Institutional Review Board Statement: The Animal Research Plan was approved by the Qinghai
University Scientific Research Ethics Committee (Approval Document No. SL.202501-70). Approval Date:
13 March 2025.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data supporting the reported results are contained within the article.
For specific data, please refer to Table S1. The 16S rDNA gene high-throughput sequencing data have
been uploaded to the NCBI database (PRJNA1369097).

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

https://doi.org/10.3390/ijms27020731


https://www.omicstudio.cn/tool
https://www.mdpi.com/article/10.3390/ijms27020731/s1
https://www.mdpi.com/article/10.3390/ijms27020731/s1
https://doi.org/10.3390/ijms27020731

Int. J. Mol. Sci. 2026, 27, 731 21 of24

References

1. Pistone, D.; Meroni, G.; Panelli, S.; D"Auria, E.; Acunzo, M.; Pasala, A.R.; Zuccotti, G.V.; Bandi, C.; Drago, L. A Journey on the
Skin Microbiome: Pitfalls and Opportunities. Int. . Mol. Sci. 2021, 22, 9846. [CrossRef]

2. Digifico, E.; Balinzo, S.; Belgiovine, C. The Dark Side of the Force: When the Immune System Is the Fuel of Tumor Onset. Int. |.
Mol. Sci. 2021, 22, 1224. [CrossRef]

3. Tang, X,; Yang, T.; Yu, D.; Xiong, H.; Zhang, S. Current insights and future perspectives of ultraviolet radiation (UV) exposure:
Friends and foes to the skin and beyond the skin. Environ. Int. 2024, 185, 108535. [CrossRef] [PubMed]

4. Burfield, L.; Rutter, K.J.; Thompson, B.; Marjanovic, E.J.; Neale, R.E.; Rhodes, L.E. Systematic review of the prevalence and
incidence of the photodermatoses with meta-analysis of the prevalence of polymorphic light eruption. J. Eur. Acad. Dermatol.
Venereol. 2023, 37, 511-520. [CrossRef] [PubMed]

5. Flohr, C.; Hay, R. Putting the burden of skin diseases on the global map. Br. |. Dermatol. 2021, 184, 189-190. [CrossRef]

6. Souak, D.; Barreau, M.; Courtois, A.; André, V.; Duclairoir Poc, C.; Feuilloley, M.G.].; Gault, M. Challenging Cosmetic Innovation:
The Skin Microbiota and Probiotics Protect the Skin from UV-Induced Damage. Microorganisms 2021, 9, 936. [CrossRef] [PubMed]

7. Wei, M.; He, X.; Liu, N.; Deng, H. Role of reactive oxygen species in ultraviolet-induced photodamage of the skin. Cell Div. 2024,
19, 1. [CrossRef]

8. Vats, K.; Kruglov, O.; Mizes, A.; Samovich, S.N.; Amoscato, A.A.; Tyurin, V.A,; Tyurina, Y.Y.; Kagan, V.E.; Bunimovich, Y.L.
Keratinocyte death by ferroptosis initiates skin inflammation after UVB exposure. Redox Biol. 2021, 47, 102143. [CrossRef]

9. Cui, B.; Wang, Y,; Jin, J.; Yang, Z.; Guo, R;; Li, X.; Yang, L.; Li, Z. Resveratrol Treats UVB-Induced Photoaging by Anti-MMP
Expression, through Anti-Inflammatory, Antioxidant, and Antiapoptotic Properties, and Treats Photoaging by Upregulating
VEGE-B Expression. Oxid. Med. Cell. Longev. 2022, 2022, 6037303. [CrossRef]

10. De Almeida, C.V.; Antiga, E.; Lulli, M. Oral and Topical Probiotics and Postbiotics in Skincare and Dermatological Therapy:
A Concise Review. Microorganisms 2023, 11, 1420. [CrossRef]

11. Zhang, X.E.; Zheng, P; Ye, S.Z.; Ma, X.; Liu, E.; Pang, Y.B.; He, Q.Y.; Zhang, Y.X.; Li, W.Q.; Zeng, ] H.; et al. Microbiome: Role in
Inflammatory Skin Diseases. J. Inflamm. Res. 2024, 17, 1057-1082. [CrossRef]

12. Yang, Y.; Qu, L.; Mijakovic, I.; Wei, Y. Advances in the human skin microbiota and its roles in cutaneous diseases. Microb. Cell
Fact. 2022, 21, 176. [CrossRef] [PubMed]

13. Wang, Y.; Yu, Q.; Zhou, R;; Feng, T.; Hilal, M.G.; Li, H. Nationality and body location alter human skin microbiome. Appl.
Microbiol. Biotechnol. 2021, 105, 5241-5256. [CrossRef]

14. Swaney, M.H.; Kalan, L.R. Living in Your Skin: Microbes, Molecules, and Mechanisms. Infect. Immun. 2021, 89, e00695-20.
[CrossRef] [PubMed]

15. Wu, S,; Zhang, X.; Wang, Y.; Zheng, H.; Zhu, M. Lipid Metabolism Reprogramming of Immune Cells in Acne: An Update. Clin.
Cosmet. Investig. Dermatol. 2023, 16, 2391-2398. [CrossRef] [PubMed]

16. Tu, Y,;Gu, H,; Li, N, Sun, D.; Yang, Z; He, L. Identification of Key Genes Related to Immune-Lipid Metabolism in Skin Barrier
Damage and Analysis of Immune Infiltration. Inflammation 2025, 48, 2051-2068. [CrossRef]

17.  Xu, M.R; Lin, C.H.; Lee, H.H.; Wang, S.Y. Cedrol prevents UVB-induced photoaging by restoring mitochondrial function,
metabolic homeostasis, and skin barrier integrity in HaCaT cells. Pharm. Biol. 2025, 63, 859-876. [CrossRef]

18. Iorio, E.L.; Amuso, D. Skin, oxidative stress, and nutraceuticals. From the basic research to the clinical practice. Eur. J. Aesthet.
Med. Dermatol. 2017, 7, 6.

19. Gong, H.; Rehman, F; Yang, T.; Li, Z.; Zeng, S.; Pan, L.; Li, Y.; Wang, Y. Construction of the first high-density genetic map and
QTL map for photosynthetic traits in Lycium barbarum L. Mol. Breed. 2019, 39, 106. [CrossRef]

20. Li, D, Jin, J. Regulatory effects of Lycium barbarum polysaccharides on immune function and their application prospects. Front.
Immunol. 2025, 16, 1671971. [CrossRef]

21. Zhang, Y; Li, X;; Xu, Y.; Wang, M.; Wang, F. Comparison of chemical characterization and oxidative stability of Lycium barbarum
seed oils: A comprehensive study based on processing methods. . Food Sci. 2022, 87, 3888-3899. [CrossRef]

22. Rajkowska, K.; Siminiska, D.; Kunicka-Styczyniska, A. Bioactivities and Microbial Quality of Lycium Fruits (Goji) Extracts Derived
by Various Solvents and Green Extraction Methods. Molecules 2022, 27, 7856. [CrossRef]

23. Feng, Z.; Xiao, Y,; Li, N.; Gao, Q.; Wang, J.; Chen, S.; Xing, R. Effects of root rot on microbial communities associated with goji
berry (Lycium barbarum) in the Qaidam Basin, China. Eur. J. Plant Pathol. 2023, 167, 853-866. [CrossRef]

24. Li, G.;Shi, J.; Suo, Y.; Sun, Z.; Xia, L.; Zheng, ].; You, J.; Liu, Y. Supercritical CO, cell breaking extraction of Lycium barbarum seed
oil and determination of its chemical composition by HPLC/APCI/MS and antioxidant activity. LWT-Food Sci. Technol. 2011, 44,
1172-1178.

25. Li, G.;Shi, J.; Sun, Z.; Wang, H.; Suo, Y.; Liu, Y. Study on the process and composition of Chaidamu goji berry seed oil extracted
by supercritical CO,. Food Ind. Sci. Technol. 2010, 31, 257-259.

26. Wang, X,;Yin, X,; Lu, J.; Zhang, J.; Yang, Y. Protective effect of Lycium barbarum seed oil on ultraviolet B-induced photodamage in

human immortalized keratinocyte cells. Food Ferment. Ind. 2024, 50, 47-55.

https:/ /doi.org/10.3390/ijms27020731


https://doi.org/10.3390/ijms22189846
https://doi.org/10.3390/ijms22031224
https://doi.org/10.1016/j.envint.2024.108535
https://www.ncbi.nlm.nih.gov/pubmed/38428192
https://doi.org/10.1111/jdv.18772
https://www.ncbi.nlm.nih.gov/pubmed/36433668
https://doi.org/10.1111/bjd.19704
https://doi.org/10.3390/microorganisms9050936
https://www.ncbi.nlm.nih.gov/pubmed/33925587
https://doi.org/10.1186/s13008-024-00107-z
https://doi.org/10.1016/j.redox.2021.102143
https://doi.org/10.1155/2022/6037303
https://doi.org/10.3390/microorganisms11061420
https://doi.org/10.2147/JIR.S441100
https://doi.org/10.1186/s12934-022-01901-6
https://www.ncbi.nlm.nih.gov/pubmed/36038876
https://doi.org/10.1007/s00253-021-11387-8
https://doi.org/10.1128/IAI.00695-20
https://www.ncbi.nlm.nih.gov/pubmed/33468585
https://doi.org/10.2147/CCID.S424478
https://www.ncbi.nlm.nih.gov/pubmed/37675181
https://doi.org/10.1007/s10753-024-02174-4
https://doi.org/10.1080/13880209.2025.2583837
https://doi.org/10.1007/s11032-019-1000-9
https://doi.org/10.3389/fimmu.2025.1671971
https://doi.org/10.1111/1750-3841.16280
https://doi.org/10.3390/molecules27227856
https://doi.org/10.1007/s10658-023-02723-x
https://doi.org/10.3390/ijms27020731

Int. J. Mol. Sci. 2026, 27, 731 22 0f 24

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.
49.

50.

51.

52.

Van De Vlekkert, D.; Machado, E.; d’Azzo, A. Analysis of Generalized Fibrosis in Mouse Tissue Sections with Masson’s Trichrome
Staining. Bio Protoc. 2020, 10, e3629. [CrossRef] [PubMed]

Hong, J.; Mu, T.; Sun, H.; Blecker, C.; Richel, A. Photoprotective effects of sweet potato leaf polyphenols and caffeic acid against
UV-induced skin-damage in BALB/C nude mice. Food Funct. 2022, 13, 7075-7087. [CrossRef] [PubMed]

Wu, X,; Zhang, Y,; Yi, E; Geng, Z.; Guo, M,; Ling, X,; Li, J.; Li, L. Anti-inflammatory and barrier repair mechanisms of active
components in Daemonorops draco Bl. for UVB-induced skin damage. Sci. Rep. 2025, 15, 17124. [CrossRef]

Gao, D.; Cho, CW,; Kim, C.T.; Jeong, W.S.; Kang, ].S. Evaluation of the Antiwrinkle Activity of Enriched Isatidis Folium Extract
and an HPLC-UV Method for the Quality Control of Its Cream Products. Plants 2020, 9, 1586. [CrossRef] [PubMed]

He, X.; Hu, Y.; Wu, Y,; Luo, Y;; Feng, H.; Wu, Q.; Liu, H.; Gao, L.; Yang, H.; Long, Y.; et al. Hyaluronic acid modified chuanxiong
oil liposomes as a novel therapeutic agent for photoaging prevention. Sci. Rep. 2025, 15, 12237. [CrossRef]

Karampinis, E.; Nechalioti, PM.; Georgopoulou, K.E.; Goniotakis, G.; Roussaki Schulze, A.V.; Zafiriou, E.; Kouretas, D. Systemic
oxidative stress parameters in skin cancer patients and patients with benign lesions. Stresses 2023, 3, 785-812. [CrossRef]
Demir, R.; Diraman, E. Investigation of the effect of sildenafil citrate on flap survival and SOD, GPx antioxidant enzymes in
random pattern skin flaps. Tokai . Exp. Clin. Med. 2025, 42, 26-31.

Zhu, L.; Shen, Q.; Xu, Y,; Li, C. Protective Effect of Zeaxanthin from Lycium barbarum L. on Ultraviolet B-Induced Skin Photodamage
in Mice Through Nrf2-Related Pathway. Antioxidants 2025, 14, 632. [CrossRef] [PubMed]

Xu, H.; Yang, J.; Wei, Z.; Bao, S.; Liu, Z. Oxidative stress in vascular surgical diseases: Mechanisms, impacts and therapeutic
perspectives. Front. Pharmacol. 2025, 16, 1527684. [CrossRef] [PubMed]

Ren, X.; Manzanares, L.D.; Piccolo, E.B.; Urbanczyk, ].M.; Sullivan, D.P; Yalom, L.K,; Bui, TM.; Lantz, C.; Najem, H.; Dulai, PS,; et al.
Macrophage-endothelial cell crosstalk orchestrates neutrophil recruitment in inflamed mucosa. J. Clin. Investig. 2023, 133, e170733.
[CrossRef]

Mai, W.; Liao, Y. Targeting IL-1f3 in the Treatment of Atherosclerosis. Front. Immunol. 2020, 11, 589654. [CrossRef] [PubMed]
Jin, J.; Sundararaj, K.P.; Samuvel, D.J.; Zhang, X.; Li, Y.; Lu, Z.; Lopes-Virella, M.F; Huang, Y. Different signaling mechanisms
regulating IL-6 expression by LPS between gingival fibroblasts and mononuclear cells: Seeking the common target. Clin. Immunol.
2012, 143, 188-199. [CrossRef]

Pittayapruek, P.; Meephansan, J.; Prapapan, O.; Komine, M.; Ohtsuki, M. Role of Matrix Metalloproteinases in Photoaging and
Photocarcinogenesis. Int. |. Mol. Sci. 2016, 17, 868. [CrossRef]

Kim, HM.; Byun, K.A,; Oh, S.; Yang, ].Y,; Park, H.J.; Chung, M.S.; Son, K.H.; Byun, K. A Mixture of Topical Forms of
Polydeoxyribonucleotide, Vitamin C, and Niacinamide Attenuated Skin Pigmentation and Increased Skin Elasticity by Modulating
Nuclear Factor Erythroid 2-like 2. Molecules 2022, 27, 1276. [CrossRef]

Wang, L.; Zhang, X,; Li, Y.X,; Xu, L.Q.; Li, C.L,; Zhang, Z.B; Liang, J.L.; Su, Z.R.; Zeng, H.F,; Li, Y.C. Aqueous Extract of
Clerodendranthus spicatus Exerts Protective Effect on UV-Induced Photoaged Mice Skin. Evid. Based Complement. Altern. Med. 2016,
2016, 9623957.

Zhang, ].; Zhou, Y.; Jiang, Z.; He, C.; Wang, B.; Wang, Q.; Wang, Z.; Wu, T.; Chen, X.; Deng, Z.; et al. Bioinspired polydopamine
nanoparticles as efficient antioxidative and anti-inflammatory enhancers against UV-induced skin damage. J. Nanobiotechnol.
2023, 21, 354. [CrossRef] [PubMed]

Wang, Z.].; Liang, C.L.; Li, G.M.; Yu, C.Y.; Yin, M. Stearic acid protects primary cultured cortical neurons against oxidative stress.
Acta Pharmacol. Sin. 2007, 28, 315-326. [CrossRef]

Hatanaka, E.; Dermargos, A.; Hirata, A.E.; Vinolo, M.A.; Carpinelli, A.R.; Newsholme, P.; Armelin, H.A.; Curi, R. Oleic, linoleic
and linolenic acids increase ros production by fibroblasts via NADPH oxidase activation. PLoS ONE 2013, 8, 58626. [CrossRef]
Burton, G.W.; Ingold, K.U. beta-Carotene: An unusual type of lipid antioxidant. Science 1984, 224, 569-573. [CrossRef]
Yarahmadji, S.; Mehrjoo, M.; Asgharzadeh, S.; Pakravan, S.; Ahmadvand, H.; Babaeenezhad, E. The combination effects of sodium
selenite and vitamin E on renal ischemia-reperfusion injury in rats. J. Ren. Inj. Prev. 2024, 14, e38400. [CrossRef]

Kaplan, HM,; Singirik, E.; Erdogan, K.E.; Doran, F. Protective effect of alpha-linolenic acid on gentamicin-induced ototoxicity in
mice. Somat. Mot. Res. 2017, 34, 145-150. [CrossRef]

Ostlund, R.E., Jr. Phytosterols in human nutrition. Annu. Rev. Nutr. 2002, 22, 533-549. [CrossRef]

Cao, Y.; Zhang, X.; He, X.; Wang, W.; Yi, Y.; Ai, Y. Efficacy of ceramide-containing sunscreen on skin barrier. J. Cosmet. Dermatol.
2024, 23, 525-528. [CrossRef]

Yang, ].W,; Fan, G.B.; Tan, F; Kong, HM.; Liu, Q.; Zou, Y.; Tan, Y.M. The role and safety of UVA and UVB in UV-induced skin
erythema. Front. Med. 2023, 10, 1163697. [CrossRef]

Deng, T.; Zheng, H.; Zhu, Y.; Liu, M.; He, G.; Li, Y,; Liu, Y,; Wu, J.; Cheng, H. Emerging Trends and Focus in Human Skin
Microbiome Over the Last Decade: A Bibliometric Analysis and Literature Review. Clin. Cosmet. Investig. Dermatol. 2023, 16,
2153-2173. [CrossRef]

Guet-Revillet, H.; Dompmartin, A.; Join-Lambert, O. Microbiote cutané: Role physiologique et pathologique [Skin microbiome:
Role in human health and skin inflammatory diseases]. Rev. Prat. 2020, 70, 653—-656.

https:/ /doi.org/10.3390/ijms27020731


https://doi.org/10.21769/BioProtoc.3629
https://www.ncbi.nlm.nih.gov/pubmed/33659302
https://doi.org/10.1039/D2FO00425A
https://www.ncbi.nlm.nih.gov/pubmed/35695741
https://doi.org/10.1038/s41598-025-01289-4
https://doi.org/10.3390/plants9111586
https://www.ncbi.nlm.nih.gov/pubmed/33207681
https://doi.org/10.1038/s41598-025-97450-0
https://doi.org/10.3390/stresses3040054
https://doi.org/10.3390/antiox14060632
https://www.ncbi.nlm.nih.gov/pubmed/40563267
https://doi.org/10.3389/fphar.2025.1527684
https://www.ncbi.nlm.nih.gov/pubmed/40271068
https://doi.org/10.1172/JCI170733
https://doi.org/10.3389/fimmu.2020.589654
https://www.ncbi.nlm.nih.gov/pubmed/33362770
https://doi.org/10.1016/j.clim.2012.01.019
https://doi.org/10.3390/ijms17060868
https://doi.org/10.3390/molecules27041276
https://doi.org/10.1186/s12951-023-02107-7
https://www.ncbi.nlm.nih.gov/pubmed/37775761
https://doi.org/10.1111/j.1745-7254.2007.00512.x
https://doi.org/10.1371/journal.pone.0058626
https://doi.org/10.1126/science.6710156
https://doi.org/10.34172/jrip.2025.38400
https://doi.org/10.1080/08990220.2017.1356283
https://doi.org/10.1146/annurev.nutr.22.020702.075220
https://doi.org/10.1111/jocd.15977
https://doi.org/10.3389/fmed.2023.1163697
https://doi.org/10.2147/CCID.S420386
https://doi.org/10.3390/ijms27020731

Int. J. Mol. Sci. 2026, 27, 731 23 of 24

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Smythe, P.; Wilkinson, H.N. The Skin Microbiome: Current Landscape and Future Opportunities. Int. J. Mol. Sci. 2023, 24, 3950.
[CrossRef]

Bosman, E.S.; Albert, A.Y.; Lui, H.; Dutz, J.P.,; Vallance, B.A. Skin Exposure to Narrow Band Ultraviolet (UVB) Light Modulates
the Human Intestinal Microbiome. Front. Microbiol. 2019, 10, 2410. [CrossRef] [PubMed]

Kim, H.B.; Alexander, H.; Um, J.Y.; Chung, B.Y.; Park, C.W.; Flohr, C.; Kim, H.O. Skin Microbiome Dynamics in Atopic Dermatitis:
Understanding Host-Microbiome Interactions. Allergy Asthma Immunol. Res. 2025, 17, 165-180. [CrossRef] [PubMed]

Lai, X.; Huang, J.; Li, Y.; Dong, L. Symbiotic bacteria-mediated imbalance and repair of immune homeostasis: Exploring novel
mechanisms of microbiome-host interactions in atopic dermatitis. Front. Immunol. 2025, 16, 1649857. [CrossRef] [PubMed]
Karagounis, T.; Podkowik, M.; Shenderovich, J.; Arguelles, N.; Srivastava, A.; Needle, C.; Putzel, G.; Oza, V.; Pironi, A.; Torres,
V.; et al. Gastrointestinal colonization as a source of Staphylococcus aureus in atopic dermatitis. J. Investig. Dermatol. 2023, 143,
171-176. [CrossRef]

Scharschmidt, T.C.; Segre, J.A. Skin microbiome and dermatologic disorders. . Clin. Investig. 2025, 135, €184315. [CrossRef]
Yan, D.; Issa, N.; Afifi, L.; Jeon, C.; Chang, H.W.; Liao, W. The Role of the Skin and Gut Microbiome in Psoriatic Disease. Curr.
Dermatol. Rep. 2017, 6, 94-103. [CrossRef]

Liu, C; Su, W,; Tan, Z.; Zhang, J.; Dong, W. The interaction between microbiota and immune in intestinal inflammatory diseases:
Global research status and trends. Front. Cell. Infect. Microbiol. 2023, 13, 1128249. [CrossRef]

Zhu, L.; Sha, L,; Li, K.; Wang, Z.; Wang, T.; Li, Y.; Liu, P; Dong, X.; Dong, Y.; Zhang, X.; et al. Dietary flaxseed oil rich in omega-3
suppresses the severity of type 2 diabetes mellitus via anti-inflammation and modulating gut microbiota in rats. Lipids Health Dis.
2020, 19, 20. [CrossRef] [PubMed]

Fan, L.; Xia, Y.; Wang, Y.; Han, D.; Liu, Y,; Li, J.; Fu, J.; Wang, L.; Gan, Z.; Liu, B.; et al. Gut microbiota bridges dietary nutrients
and host immunity. Sci. China Life Sci. 2023, 66, 2466-2514. [CrossRef]

J6zsa, L.; Ujhelyi, Z.; Vasvari, G.; Sinka, D.; Nemes, D.; Fenyvesi, F; Varadi, J.; Vecsernyés, M.; Szab¢, J.; Kallo, G.; et al.
Formulation of Creams Containing Spirulina Platensis Powder with Different Nonionic Surfactants for the Treatment of Acne
Vulgaris. Molecules 2020, 25, 4856. [CrossRef] [PubMed]

Byrd, A.L.; Belkaid, Y.; Segre, ].A. The human skin microbiome. Nat. Rev. Microbiol. 2018, 16, 143-155. [CrossRef]

He, X.; Gao, X.; Guo, Y.; Xie, W. Research Progress on Bioactive Factors against Skin Aging. Int. J. Mol. Sci. 2024, 25, 3797.
[CrossRef] [PubMed]

Du, W,; Dong, Y.; Wang, Z.; Yao, S.; Wang, M.; Ji, ].; Ruan, H.; Quan, R. Study on the mechanism of cadmium chloride pollution
accelerating skin tissue metabolism disorder, aging, and inhibiting hair regeneration. Front. Public Health 2022, 10, 1035301.
[CrossRef]

Abualhasan, M.; Hawash, M.; Agel, S.; Al-Masri, M.; Mousa, A.; Issa, L. Biological Evaluation of Xanthene and Thioxanthene
Derivatives as Antioxidant, Anticancer, and COX Inhibitors. ACS Omega 2023, 8, 38597-38606. [CrossRef]
Rogowska-Wrzesinska, A.; Wojdyla, K.; Nedi¢, O.; Baron, C.P.; Griffiths, H.R. Analysis of protein carbonylation--pitfalls and
promise in commonly used methods. Free Radic. Res. 2014, 48, 1145-1162. [CrossRef]

Zhang, D.D.; Hannink, M. Distinct cysteine residues in Keap1 are required for Keap1l-dependent ubiquitination of Nrf2 and for
stabilization of Nrf2 by chemopreventive agents and oxidative stress. Mol. Cell. Biol. 2003, 23, 8137-8151. [CrossRef]

Zeng, X.; Sarkar, A. Density functional theory study of the functionalization of BC,N nanotubes with cysteine amino acid. J. Mol.
Model. 2021, 27, 72. [CrossRef]

Isor, A.; Chartier, B.V.; Abo, M.; Currens, E.R.; Weerapana, E.; McCulla, R.D. Identifying cysteine residues susceptible to oxidation
by photoactivatable atomic oxygen precursors using a proteome-wide analysis. RSC Chem. Biol. 2021, 2, 577-591. [CrossRef]
Chen, P; Wang, K.; Zhuang, M.; Fu, X; Liu, S.; Chen, M,; Lei, Y. An insight into gut microbiota and metabolites in the mice with
adenomyosis. Front. Cell. Infect. Microbiol. 2023, 13, 1075387. [CrossRef]

Iyer, S.S.; Accardi, C.J.; Ziegler, T.R.; Blanco, R.A.; Ritzenthaler, ].D.; Rojas, M.; Roman, J.; Jones, D.P. Cysteine redox potential
determines pro-inflammatory IL-1beta levels. PLoS ONE 2009, 4, e5017. [CrossRef] [PubMed]

Egger, F; Jakab, M.; Fuchs, J.; Oberascher, K.; Brachtl, G.; Ritter, M.; Kerschbaum, H.H.; Gaisberger, M. Effect of Glycine on BV-2
Microglial Cells Treated with Interferon-y and Lipopolysaccharide. Int. . Mol. Sci. 2020, 21, 804. [CrossRef] [PubMed]

Teixeira, W.F,; Fagan, E.B.; Soares, L.H.; Umburanas, R.C.; Reichardt, K.; Neto, D.D. Foliar and Seed Application of Amino Acids
Affects the Antioxidant Metabolism of the Soybean Crop. Front. Plant Sci. 2017, 8, 327. [CrossRef] [PubMed]

Liu, T.; Hao, J.; Lei, H.; Chen, Y,; Liu, L, Jia, L.; Gu, J.; Kang, H.; Shi, ].; He, J.; et al. Recombinant collagen for the repair of skin
wounds and photo-aging damage. Regen. Biomater. 2024, 11, rbae108. Correction in Regen. Biomater. 2025, 12, rbaf064. [CrossRef]
Ahmadi Ashtiani, H.R.; Rastegar, H.; Salarian, A.A.; Rahmani, F; Rezazadeh, S.H.; Sedghi Zadeh, H. Study the effect of silymarin
and vitamin c in skin aging induced by UVB rays on the mice skin redox system. J. Med. Plants 2019, 18, 130-144. [CrossRef]
Zhang, Y. Study of the Efficacy of a New Topical Skin Formulation Rich in Antioxidants In Patients with Mild to Moderate Atopic
Dermatitis. Ph.D. Thesis, Charité-Universitdtsmedizin Berlin, Berlin, Germany, 2024.

https:/ /doi.org/10.3390/ijms27020731


https://doi.org/10.3390/ijms24043950
https://doi.org/10.3389/fmicb.2019.02410
https://www.ncbi.nlm.nih.gov/pubmed/31708890
https://doi.org/10.4168/aair.2025.17.2.165
https://www.ncbi.nlm.nih.gov/pubmed/40204503
https://doi.org/10.3389/fimmu.2025.1649857
https://www.ncbi.nlm.nih.gov/pubmed/40771817
https://doi.org/10.1016/j.jid.2023.03.1010
https://doi.org/10.1172/JCI184315
https://doi.org/10.1007/s13671-017-0178-5
https://doi.org/10.3389/fcimb.2023.1128249
https://doi.org/10.1186/s12944-019-1167-4
https://www.ncbi.nlm.nih.gov/pubmed/32028957
https://doi.org/10.1007/s11427-023-2346-1
https://doi.org/10.3390/molecules25204856
https://www.ncbi.nlm.nih.gov/pubmed/33096785
https://doi.org/10.1038/nrmicro.2017.157
https://doi.org/10.3390/ijms25073797
https://www.ncbi.nlm.nih.gov/pubmed/38612608
https://doi.org/10.3389/fpubh.2022.1035301
https://doi.org/10.1021/acsomega.3c05695
https://doi.org/10.3109/10715762.2014.944868
https://doi.org/10.1128/MCB.23.22.8137-8151.2003
https://doi.org/10.1007/s00894-021-04685-5
https://doi.org/10.1039/D0CB00200C
https://doi.org/10.3389/fcimb.2023.1075387
https://doi.org/10.1371/journal.pone.0005017
https://www.ncbi.nlm.nih.gov/pubmed/19325908
https://doi.org/10.3390/ijms21030804
https://www.ncbi.nlm.nih.gov/pubmed/31991850
https://doi.org/10.3389/fpls.2017.00327
https://www.ncbi.nlm.nih.gov/pubmed/28377778
https://doi.org/10.1093/rb/rbae108
https://doi.org/10.29252/jmp.3.71.130
https://doi.org/10.3390/ijms27020731

Int. J. Mol. Sci. 2026, 27, 731 24 of 24

79.

80.

81.

82.

83.

84.

85.

86.

87.

Bibi, C.; Nigar, Z. Clinical Evaluation of a Topical Unani Polyherbal Formulation in the Management of Photodamaged Facial
skin: An open-label Standard Controlled Trial. Altern. Ther. Health Med. 2024, 30, 16-23.

Mowbray, M. Nitric oxide as a regulator of apoptosis and inflammation in human skin following ultraviolet irradiation. In Annexe
Thesis Digitisation Project 2018 Block 19; The University of Edinburgh: Edinburgh, Scotland, 2009.

Delwing, D.; Delwing, D.; Dutra-Filho, C.S.; Wannmacher, C.M.; Wajner, M.; Wyse, A.T. Arginine administration reduces catalase
activity in midbrain of rats. Neuroreport 2002, 13, 1301-1304. [CrossRef] [PubMed]

Gosenca Matjaz, M.; Skarabot, M.; Gasperlin, M.; Jankovi¢, B. Lamellar liquid crystals maintain keratinocytes” membrane fluidity:
An AFM qualitative and quantitative study. Int. |. Pharm. 2019, 572, 118712. [CrossRef]

Dixit, A.; Jose, G.P.,; Shanbhag, C.; Tagad, N.; Kalia, ]. Metabolic Labeling-Based Chemoproteomics Establishes Choline Metabolites
as Protein Function Modulators. ACS Chem. Biol. 2022, 17, 2272-2283. [CrossRef] [PubMed]

Hussen, N.H.A.; Abdulla, S.K.; Ali, N.M.; Ahmed, V.A.; Hasan, A.H.; Qadir, E.E. Role of antioxidants in skin aging and the
molecular mechanism of ROS: A comprehensive review. Asp. Mol. Med. 2025, 5, 100063. [CrossRef]

Abdulahi, S.K.; Dada, E.O.; Adebayo, R.O. Histopathological effects of seed oil of Moringa oleifera Lam. on albino mice infected
with Plasmodium berghei (NK65). Adv. J. Grad. Res. 2022, 11, 71-79. [CrossRef]

Olivier, D.W.,; Eksteen, C.; Plessis, M.D.; de Jager, L.; Engelbrecht, L.; McGregor, N.W.; Shridas, P; de Beer, E.C.; de Villiers, W.J.S,;
Pretorius, E.; et al. Inflammation and Tumor Progression: The Differential Impact of SAA in Breast Cancer Models. Biology 2024,
13, 654. [CrossRef] [PubMed]

Qiao, H.; Song, Y.; Shi, H.; Bian, C. Fermented Astragalus in diet altered the composition of fecal microbiota in broiler chickens.
AMB Express 2018, 8, 151. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ijms27020731


https://doi.org/10.1097/00001756-200207190-00017
https://www.ncbi.nlm.nih.gov/pubmed/12151791
https://doi.org/10.1016/j.ijpharm.2019.118712
https://doi.org/10.1021/acschembio.2c00400
https://www.ncbi.nlm.nih.gov/pubmed/35802552
https://doi.org/10.1016/j.amolm.2025.100063
https://doi.org/10.21467/ajgr.11.1.71-79
https://doi.org/10.3390/biology13090654
https://www.ncbi.nlm.nih.gov/pubmed/39336082
https://doi.org/10.1186/s13568-018-0682-4
https://www.ncbi.nlm.nih.gov/pubmed/30255211
https://doi.org/10.3390/ijms27020731

	Introduction 
	Results 
	Gas Chromatography-Mass Spectrometry (GC/MS) Component Analysis of QLBSO 
	Analysis of Acute Toxicity Test Results for QLBSO 
	Histopathological Changes in Skin Tissue 
	Regulation of QLBSO on Oxidative Stress, Inflammatory Markers, and Matrix Metalloproteinases in UV-Damaged BALB/c Mouse Skin 
	Effects of QLBSO on UV-Induced Photodamage and Skin Surface Microbiota in Mice 
	Effects of QLBSO on Metabolites in UV-Induced Photodamaged Skin Tissue of Mice 
	Effects of QLBSO on Amino Acid Metabolism in UV-Induced Photodamaged Skin Tissue of Mice 
	Correlation Analyses 

	Discussion 
	Materials and Methods 
	Gas Chromatography-Mass Spectrometry (GC/MS) Analysis of QLBSO 
	Materials and Animal Husbandry 
	Acute Toxicity Study of QLBSO in BALB/c Mice 
	Animal Grouping and Model Establishment 
	Animal Handling and Sample Collection 
	Histopathological Evaluation of Skin Tissue 
	Determination of Oxidative Stress Markers, Inflammatory Markers, and Matrix Metalloproteinases in Skin Tissue 
	Skin Microbiome Analysis 
	Non-Targeted Metabolomics Analysis 
	Amino Acid-Targeted Metabolomics Analysis 
	Statistical Analysis 

	Conclusions 
	References

