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ABSTRACT
Objective: Acne vulgaris is one of the most common chronic inflammatory dermatological disorders, affecting 85%–100% of ado-
lescents and persisting into adulthood for a significant portion of the population. Litchi chinensis, a subtropical fruit originating from 
Southern China and famously associated with the Guangzhou region, is commercially significant worldwide. Recent studies have 
highlighted the diverse bioactivities of it and its potential for skin health. However, its oil-control properties remain unexplored.
Methods: Herein, total polyphenols, flavonoids, and polysaccharides were extracted and enriched from L. chinensis using var-
ious extraction processes. Their effect on skin inflammation and water–oil imbalance was subsequently evaluated in a mouse 
model of seborrheic dermatitis.
Results: Litchi chinensis flavonoids (LCFs) markedly mitigated inflammatory symptoms and restored water–oil homeostasis in 
mice with mixed contact dermatitis. Then we detected LCFs by high performance liquid chromatography (HPLC) and found that 
it mainly contains rutin, quercitrin, luteoloside, naringin, isoquercitrin, and phroridzin. Sebaceous gland cell transcriptomics 
revealed that LCFs modulated key genes involved in fatty acid metabolism and degradation, insulin resistance, PI3K-Akt and 
AMPK signaling, and triglyceride metabolism in linoleic acid-stimulated sebaceous gland cells. Based on the results of transcrip-
tion group, we tested the function and found that the inhibition rate of LCFs group on oil secretion was 32.162%, which had an 
obvious oil control effect.
Conclusion: These findings indicate that L. chinensis flavonoids suppress excessive sebum secretion through multiple molecular 
pathways, offering novel mechanistic insights and a promising basis for developing oil-control skincare products.

1   |   Introduction

The skin, as the largest organ of the human body, is coated by a 
physiological lipid film primarily composed of sebum secreted 

by sebaceous glands, epidermal lipids, and sweat [1]. This lipid 
layer plays a pivotal role in preserving the integrity of the skin 
barrier, maintaining epidermal hydration, and providing protec-
tion against microbial colonization, thereby serving as the first 
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line of defense for cutaneous homeostasis [2]. Sebum consists 
mainly of triglycerides and free fatty acids (~57%), wax esters 
(26%), squalene (12%), and cholesterol (2%). Under physiologi-
cal conditions, sebum lubricates both the skin and hair shafts, 
while its metabolic byproducts—particularly free fatty acids—
contribute to maintaining the mildly acidic pH of the skin sur-
face, which is crucial for antimicrobial defense [3, 4].

In adults, the normal sebum secretion rate is approximately 
1 mg/10 cm2/3 h; rates exceeding this threshold result in oily 
skin [5]. Hypersecretion of sebum, or seborrhea, leads to oily 
skin, enlarged pores, and increased adhesion of environmen-
tal pollutants and is closely associated with the pathogenesis 
of multiple skin disorders [6]. The accumulation of sebum ob-
structs pilosebaceous ducts, fostering an anaerobic environment 
that facilitates the proliferation of microorganisms, including 
Cutibacterium acnes. This stimulates inflammatory responses, 
leading to the development of comedones, acne vulgaris, and 
seborrheic dermatitis [7–9].

These conditions are most common among adolescents aged 
10–19 years, whose endocrine fluctuations, especially increased 
androgen levels, markedly enhance sebaceous gland activ-
ity [10–12]. The interplay of dietary and lifestyle factors with this 
hyperactivity significantly increases the prevalence of sebum-
related skin problems, adversely affecting mental health and so-
cial well-being [13–15]. Therefore, the development of safe and 
effective methods to regulate sebum secretion without disrupt-
ing physiological development holds considerable clinical and 
commercial importance.

Recently, bioactive compounds derived from natural plants 
have garnered significant interest in dermatological and cos-
metic research due to their abundant availability, diverse bio-
logical activities, and acceptable safety profiles. The functional 
components of plant extracts include polyphenols (flavonoids 
and phenolic acids), polysaccharides, terpenoids, alkaloids, and 
organic acids [16, 17]. Flavonoids, including anthocyanins and 
resveratrol, exhibit potent antioxidant and anti-inflammatory 
effects, alongside antiaging, whitening, and microcirculation-
enhancing activities by modulating angiogenesis and inhibit-
ing matrix metalloproteinase (MMP) activity [18, 19]. Phenolic 
acids, including tea polyphenols, inhibit tyrosinase activity, 
stimulate collagen and elastin synthesis, and provide antimicro-
bial and photoprotective benefits [20–22]. Plant polysaccharides, 
including those sourced from peach gum and Astragalus, have 
demonstrated efficacy in mitigating ultraviolet B-induced pho-
toaging by regulating oxidative stress and inflammatory path-
ways, as well as in facilitating wound healing through increased 
collagen deposition and angiogenesis [23–26]. In addition to its 
anti-inflammatory, antiaging, and whitening effects, Youyun 
Liu et  al. [27] also found that Ludwigia adscendens (L.) Hara 
extract can regulate the PPAR γ/LXR α/SREBP1 pathway and 
inhibit the production of excessive sebum. Polyphenols in green 
tea and apples inhibit targets such as SREBP1 to reduce sebum 
to varying degrees [28, 29]. Polysaccharide from Prinsepia utilis 
Royle was found to enhance skin barrier integrity by promoting 
keratinocyte differentiation, lipid metabolism, and tight junc-
tions [30]. Lu Cheng et al. [31] also found in clinical research that 
Lotus corniculatus seed extract immediately and permanently 
reduced the sebum content and area of oily skin. These findings 

show that plants and the ingredients contained in plants have a 
certain effect on sebum secretion, which is a valuable reservoir 
for novel skin health-promoting ingredients.

Litchi (Litchi chinensis Sonn.), a subtropical evergreen fruit tree 
belonging to the Sapindaceae family, originates from Southern 
China and is now cultivated widely in tropical and subtropical 
regions globally [32, 33]. The pulp is the primary edible com-
ponent, although large quantities of byproducts, including peri-
carp (peel) and seeds, are frequently discarded [34, 35]. Recent 
phytochemical studies have demonstrated that litchi byproducts, 
especially the pericarp, are abundant in bioactive compounds, 
including polysaccharides, polyphenols, flavonoids, and sapo-
nins. For instance, Gao et al. reported that litchi pericarp poly-
saccharides exhibit significant in vitro antioxidant activity [36]. 
Phenolic compounds, including proanthocyanidins and epicat-
echin, possess potent antioxidant, antiaging, and whitening ef-
fects through free radical scavenging, metal ion chelation, and 
inhibition of collagenase and tyrosinase [37–40]. Furthermore, 
flavonoids from litchi leaf extract exhibit photoprotective activ-
ity by absorbing ultraviolet radiation and alleviating oxidative 
stress and DNA damage [41, 42].

Despite increased evidence supporting the antioxidant, an-
tiaging, and whitening properties of litchi extracts, their 
potential role in modulating sebaceous gland activity and re-
ducing excessive sebum secretion remains unexplored. This 
knowledge gap indicates a need for systematic investigation. 
Sebum hypersecretion is a key pathogenic factor implicated 
in various skin disorders. Given the well-documented anti-
inflammatory and antioxidant properties of litchi-derived bio-
active compounds, this study aimed to evaluate the regulatory 
effects of litchi extracts on sebum secretion and clarify the 
associated molecular mechanisms. Specifically, we prepared 
fraction-enriched samples from crude litchi extracts using a 
murine model of seborrheic dermatitis to determine the most 
effective fraction for restoring skin oil–water balance and mit-
igating inflammation in  vivo. To further explore the under-
lying biological mechanisms, we conducted transcriptomic 
profiling and fluorescence intensity test of oil secretion using 
immortalized human sebocytes (SZ95) as an in  vitro model. 
This approach will facilitate the identification of key signaling 
pathways and molecular targets involved in the regulation of 
sebum synthesis and secretion. Collectively, the findings from 
this study are expected to provide a scientific basis for devel-
oping litchi extract as a novel sebum-regulating ingredient for 
dermatological and cosmetic applications.

2   |   Materials and Methods

2.1   |   Litchi chinensis Extraction Technology

Litchi chinensis procured from Zengcheng, Guangzhou, 
Guangdong Province, was crushed into small fragments and 
extracted using 30% ethanol under reduced pressure and ultra-
sonic reflux for 1.5 h. The resultant concentrated solution was 
extracted to yield 100% crude drug (ultrasonic reflux extraction 
equipment, Shanghai Haochu Machinery Equipment Co. Ltd., 
China). The mixture was filtered with a 0.45 μm filter mem-
brane until it was clear, and the filtrate was concentrated under 
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reduced pressure to obtain 200% crude drug (rotary evapora-
tor, Xi'an Yuhui Experimental Instrument Co. Ltd., China) and 
molecularly imprinted polymer. The sample loading ratio was 
converted into medicinal material mass: molecular imprinted 
polymer mass = 4:3, and the sample loading permeate was ul-
trafiltered with a 10 000 Da ultrafiltration membrane. The per-
meate was concentrated and depressurized to a total phenol 
content of 0.6%, and butanediol (Crasua Chemical Inc., China) 
and glycerol (SWAN BRAND, China) were added to formu-
late a solution comprising 45% butanediol and 15% glycerol, 
resulting in litchi extract 1 (ZY1). The retentate was concen-
trated and depressurized until the total sugar content reached 
0.2%. Subsequently, we added 0.5% of p-hydroxyacetophenone 
(Nantong Dezhixin Fragrance Co. Ltd., China) and 0.6% of 
1,2-hexanediol (Xincheng Materials Co. Ltd., Japan) to obtain 
litchi extract 3 (ZY3). The molecularly imprinted material used 
for extract adsorption was washed with pure water (twice the 
mass of the molecularly imprinted polymer) and eluted with 
95% ethanol (four times the molecularly imprinted polymer 
mass). The eluate was concentrated to 0.6% of total flavonoids, 
and a solution containing 45% butanediol and 15% glycerol 
was prepared by adding butanediol and glycerol. The perme-
ate was ultrafiltered through an ultrafiltration membrane 
of 10 000 Da and desalted with a nanofiltration membrane of 
150–300 Da until the conductivity was < 100 μS/cm, yielding li-
tchi extract 2 (ZY2). The molecularly imprinted material used 
was synthesized as described in Example 2 in Chinese patent 
CN202411497901.6.

ZY2 was qualitatively analyzed by LC-2050C liquid chromato-
graph (Shimadzu Corporation, Japan). Inertsil ODS-HL C18 col-
umn (250 * 4.6 mm, 5 μm) was used, and gradient elution method 
was adopted, with the flow rate of 1.0 mL/min. The mobile 
phase used to detect the main components is composed of 0.1% 
phosphoric acid (A, Shanghai Aladdin Biochemical Technology 
Co. Ltd.) and acetonitrile (B, Shanghai Macklin Biochemical 
Technology Co. Ltd.). The procedures of gradient elution of 
rutin/naringin/quercitrin/phloridzin are as follows: 18%–22% 
(B) for 0–3 min and 22% (B) for 3–30 min; the procedure of gradi-
ent elution of isoquercitrin/luteolin is 12%–21% (B) for 0–25 min, 
21%–30% (B) for 25–35 min and 30%–12% (B) for 35–40 min. The 
column temperature is set to 40°C. The injection volume is set 
to 20 μL. All samples were filtered through 0.45 μm disposable 
filter paper. Accurately weigh the reference standards of rutin, 
quercitrin, luteoloside, naringin, isoquercitrin and phloridzin 
(Manchester Biotechnology Co. Ltd., China), and dissolve them 
with methanol to prepare the reference solution.

2.2   |   Animal Experiment

2.2.1   |   Modeling of Seborrheic Dermatitis in Mice

All animal procedures are carried out in accordance with rel-
evant guidelines and regulations. Male ICR mice (weighing 
20–25 g) were obtained from Shanghai Jiesijie Experimental 
Animal Co. Ltd. The animals were housed under standard lab-
oratory conditions with a natural temperature of 25°C–32°C, 
humidity of 40%–60%, and a normal light/dark cycle with-
out special control. The mice were allowed to acclimatize for 
3–7 days before the experiment commenced. The mice were 

randomly divided into six groups (BC: blank control, NC: model 
control, PC: positive control, ZY1: litchi extract 1, ZY2: litchi ex-
tract 2, and ZY3: litchi extract 3), with six mice in each group. 
After 5 days of adaptive feeding, a 2 × 2 cm area on the dorsal 
skin of each mouse was shaved. The mice in the BC group re-
ceived normal maintenance feed, and those in the other groups 
were fed with modeling feed (2.3 g fish oil and 46 g linoleic 
acid were added to every 100 g mouse feed, Jiangsu Medisen 
Biomedicine co. Ltd.) for 4 weeks. Additionally, a mixture of pas-
sive fish oil (Nanjing Dulai Biology Technology Co. Ltd.)/linoleic 
acid (Shanghai Macklin Biochemical Co. Ltd.) (1:20) in a 1:20 
ratio was administered via oral gavage during the first 15 days 
of the experiment. Besides, 0.4 mL of the mixture was adminis-
tered twice daily (morning and evening) from days 1 to 10, and 
from days 11 to 15, the dosage was reduced to 0.3 mL twice daily 
(morning and evening). Simultaneously, topical drug smearing 
treatment was performed as part of the treatment regimen.

On day 1, skin inflammation was induced using 
2,4-dinitrochlorobenzene (DNCB, TCI (Shanghai) Development 
Co. Ltd.). On day 1 before the experiment, the abdominal and 
dorsal regions of the mice were depilated. To induce sensitiza-
tion, 50 μL of a 5% DNCB solution in ethanol was evenly applied 
to the depilated area of the lower abdomen at 9:00 a.m. on both 
days 1 and 2. On day 6 of the experiment, 25 μL of 1% DNCB eth-
anol solution was applied to the back depilation area (2 × 2 cm) 
located 1 cm above the base of the tail on the dorsal side of each 
mouse. This stimulation was performed once every 3 days, for 
six applications, all administered at 9:00 am. Preventive treat-
ments were initiated concurrently with the sensitization phase. 
BC and NC groups were smeared with 0.2 mL of pure water 
daily, while the PC group was smeared with 0.1 g of sulfur oint-
ment (He'nan Daxin Drug Co. Ltd.) every 3 days. ZY1, ZY2, and 
ZY3 groups were smeared with 0.2 mL of 1% solution daily, on 
the affected 2 × 2 cm area, continuing until the end of the stimu-
lation period. After feeding for 4 weeks, each group of mice was 
weighed again. At the end of the experiment, the skin condition 
of mice in each group was visually assessed and documented 
through photographic records.

2.2.2   |   Evaluation of Skin Lesions and Determination 
of Skin Water and Oil Content

The clinical appearance score was utilized to evaluate the 
appearance of different groups of mice. The region to be ob-
served included the nape of the neck (the area from the top of 
the head to the tail), the ear root and mouth region, the healing 
site, and a section of the limb's root with less hair. The appear-
ance score was determined based on the primary manifesta-
tions of three pathological symptoms of seborrheic dermatitis 
(skin redness, scaling, and depilation). The scoring system for 
each lesion was 0–3: 0 indicates no obvious symptoms; 1 point 
indicates mild lesions; 2 points indicate moderate lesions; and 
3 points signify severe lesions. The total evaluation score was 
the sum of the symptom scores from the three lesions.

On the last day of the experiment, skin moisture and oil con-
tent were measured using a skin moisture tester (MoistureMeter 
SC, MSC1473) and a sebum tester (SebumScale, SSC1110). The 
ratio of water content to oil content (water content/oil content) 
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was calculated to evaluate the level of water and oil content in 
mouse skin.

2.2.3   |   Hematoxylin and Eosin (H&E) Staining and Oil 
Red Staining

Mouse skin tissue samples were fixed with universal tissue 
fixative (Servicebio, G1101), dehydrated, paraffin-embedded, 
sectioned, dewaxed, stained with H&E (Servicebio, G1076), 
dehydrated, and sealed. After the frozen sections were fixed, 
they were stained with Oil Red dye solution and hematoxylin, 
and the staining was examined microscopically and sealed. An 
optical microscope (NIKON ECLIPSE E100, Japan, magnifi-
cation of 20× and 200×) was utilized to assess and analyze the 
inflammation level of the epidermis and dermis, and the pos-
itive proportion area of fat cells in each group was evaluated 
using Aipathwell software (a digital pathological image analysis 
software based on artificial intelligence learning introduced by 
Servicebio Company).

2.3   |   Sebaceous Gland Cell Transcriptomics

2.3.1   |   Cell Activity Test and RNA Extraction, Library 
Preparation, and High-Throughput Sequencing

Human sebaceous gland cell SZ95 (supplied by Yunse Bioscience 
Co. Ltd., Shanghai) was cultured in a cell incubator (Thermo 
Fisher Scientific) at 37°C with 5% CO2. The cells were incubated 
in a high-glucose Dulbecco's modified Eagle medium (DMEM) 
supplemented with 10% heat-inactivated fetal bovine serum 
(FBS) (Thermo Fisher Scientific, Waltham, MA, USA) and a 
100 U/mL penicillin/streptomycin mixture (Thermo Fisher 
Scientific). The cell relative activity of the ZY2 was tested using 
the MTT (Thermo Fisher Scientific) method, with the following 
formula:

Cell relative activity = 
(

ODTA

ODB

)

 × 100%, where ODTA represents 
the third average of the optical density of the tested sample 
group, and ODB denotes the third average of the optical density 
of the blank control group.

The SZ95 cell suspension was inoculated on 6-well cell culture 
plates and incubated for 24 h. After incubation, the plates were 
removed and washed with PBS for 2–3 times. The cells were 
subsequently divided into a blank control group (B, culture 
medium), a negative control group [NC, linoleic acid (Thermo 
Fisher Scientific) + culture medium], and a sample group to be 
tested (Lychee, ZY2 + linoleic acid + culture medium) and in-
cubated for 24 h (three biological replicates for each treatment). 
Following treatment, the 6-well plates were again washed with 
PBS for 2–3 times. Total RNA was extracted using an RNA ex-
traction kit (QIAGEN GmbH, Germany), and the PrimeScript 
RT Master Mix kit (Takara Bio Inc., Beijing), RT-PCR detection 
kit (Takara Bio Inc., Beijing), and RNA quantitative kit (Thermo 
Fisher Scientific) were used to extract RNA and detect its purity 
and concentration. The DNA quantitative kit (Thermo Fisher 
Scientific) and mRNA enrichment kit (Illumina, USA) were 
used to enrich mRNA fragments and synthesize cDNA. The 

RNA library building kit (Illumina, USA) was utilized to pre-
pare the RNA-seq library. The obtained library was mixed, and 
high-throughput sequencing was performed with a sequencer 
(Illumina, USA).

2.3.2   |   RNA Sequencing (RNA-Seq)

Use FastQC (v0.10.1) to evaluate the quality of raw sequenc-
ing data, and use Fastp (v0.24.1) to remove adapter sequences 
and low-quality bases to obtain high-quality Clean Reads. 
Align Clean Reads to the reference genome (GRCh38/hg38) 
using Hisat2 (v2.2.1). Then, using EigenCounts (v2.0.1) to 
compare and count the reads to the explicit subregion, the 
original expression matrix is generated. Based on the above 
counting matrix, DESeq2 (v1.26.0) R package was used for 
differential expression gene analysis. DESeq2 uses a negative 
binomial generalized linear model to fit the data and conducts 
significance hypothesis testing using Wald test. Quantitative 
analysis of gene expression levels was performed using 
Feature Counts software, and differentially expressed genes 
(DEGs) were screened using DESeq2 software according to 
the criteria of Padj (FDR) < 0.05 and|log2FoldChange|≧ 0. 
Subsequently, gene ontology (GO) and Kyoto encyclopedia 
of genes and genomes (KEGG) analyses were conducted on 
DEGs using clusterProfiler (v3.18.0) to identify the key en-
riched biological functions and metabolic pathways. The 
DEGs in the significantly enriched items were further exam-
ined to determine the key core genes [43]. The protein–protein 
interaction (PPI) network was constructed using Cytoscape 
(3.10.1). The specific transcriptome analysis was conducted by 
YUNSEBIOSCIENCE (Shanghai) CO. LTD.

2.4   |   Fluorescence Intensity Detection of Cellular 
Oil Secretion

Inoculate the SZ95 suspension of human sebaceous gland cells 
into a 96 well cell culture plate and culture for 24 h. Take out 
a 96 well plate and divide it into four groups: blank control 
group (BC, high glucose DMEM medium), negative control 
group (NC, linoleic acid (Thermo Fisher Scientific) + high 
glucose DMEM medium), positive control group (PC, linoleic 
acid + isotretinoin (Shanghai Yuanye Bio Technology Co. 
Ltd) + high glucose DMEM medium), and test sample group 
(0.1% ZY2 + linoleic acid + high glucose DMEM medium). Add 
corresponding substances and culture for 24 h (three biolog-
ical replicates per treatment). After cultivation, wash with 
PBS and add paraformaldehyde (Biosharp), then let it stand at 
room temperature. Add Triton X-100 (Sigma) and let it stand at 
room temperature. Add Nile Red working solution (Shanghai 
Aladdin Biochemical Technology Co. Ltd.) and incubate at 
room temperature in the dark. Take photos under a fluores-
cence microscope (Olympus Corporation) in the dark. Use 
ImageJ software to analyze the fluorescence intensity of the 
collected photos. The inhibition rate of oil secretion is calcu-
lated using the following formula:

Oil secretion inhibition rate =
(

1 −
B − A

C − A

)

× 100%
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A: fluorescence intensity of BC; B: fluorescence intensity of test 
sample group; C: fluorescence intensity of NC.

2.5   |   Data Processing and Analysis

Excel software was utilized for data analysis. The data of each 
group are expressed as mean ± standard deviation (X ± S). 
Comparison between groups was conducted using Student's t-
test. A p < 0.05 was considered statistically significant compared 
with the model group.

3   |   Results

3.1   |   Effects of Litchi Extracts From Three Different 
Extraction Processes on the Skin Condition of Mice

Initially, three different litchi extracts were obtained: litchi 
extract 1 (ZY1) with 0.6% total polyphenols, litchi extract 2 
(ZY2) with 0.6% total flavonoids, and litchi extract 3 (ZY3) 
with 0.2% total polysaccharides, based on three different 
technologies. To investigate the therapeutic efficacy of litchi 
extract obtained by three different techniques on seborrheic 
dermatitis and its capacity for oil–water balance, we created 
a model on the skin of mice and smeared the corresponding 
litchi extract for observation. After a 30-day experiment, we 
assessed the severity of skin lesions in mice in each group. 
Figure 1A depicts that the skin lesions of mice in the NC group 
exhibited a high score. However, after giving different sam-
ples, the skin lesions of mice in each treatment group were 
significantly improved compared with those in the NC group, 
whereas the severity of skin lesions in the ZY3 group did not 
significantly differ from that in the NC group. The water and 
oil content of mice skin in each group was measured, and the 
ratio of water content to oil content (water content/oil content) 
was calculated to evaluate the level of water and oil content of 
mice skin. Figure 1B indicates that the water–oil ratio of mice 
in the NC group decreased significantly compared to that of 
mice in the BC group, indicating severe damage to the water–
oil balance. After the treatment of each sample, the water–oil 
ratio of the mice's skin increased to varying degrees, with ZY2 
demonstrating a significant effect. At the end of the experi-
ment, the skin state of each group of mice was assessed, and 
the skin appearance state was recorded through photography. 
The results are illustrated in Figure 1C,D. The skin of mice in 
each group exhibited significant damage and creasing. After 
the other groups were treated with drugs, the skin was signifi-
cantly improved compared to the NC group.

3.2   |   Effects of Litchi Extracts From Three Different 
Extraction Processes on Skin Histological Changes

H&E staining and ORO staining were utilized to observe the 
structural damage of three litchi extracts to the skin of mice. 
As shown in Figure 2A, the epidermis of group BC's skin tis-
sue is intact, with a clear structure and visible stratum cor-
neum. The collagen fibers in the dermis layer are arranged 
neatly, and the number of hair follicles and sebaceous glands 
in the skin is abundant. The NC group showed mild hyperker-
atosis of the local epidermis, thickening of the granular layer, 

and spinous layer. A small amount of cytoplasmic vacuoliza-
tion was observed in the epidermal spinous layer, and a small 
amount of connective tissue hyperplasia was observed in the 
superficial dermis layer. Compared with the NC group, the 
PC group, ZY1 group, and ZY2 group were able to alleviate 
the above situation. However, in the ZY3 group, small areas 
of necrosis were observed in the epidermis of the skin tissue, 
with fragmented or condensed nuclei, and a small amount of 
incomplete keratinization was observed in the necrotic stra-
tum corneum. Hyperkeratosis of the epidermal stratum cor-
neum can be seen in multiple places, with a small amount of 
proliferation of spinous cells, elongation of skin processes, 
and a small amount of connective tissue proliferation in the 
superficial dermis layer. The ORO staining (Figure  2B), an-
alyzed using Aipathwell software, revealed the lipid-positive 
area ratios (%) of groups BC, NC, PC, ZY1, ZY2, and ZY3 were 
6.9, 18, 15.5, 12.6, 6.6, and 19, respectively. Comprehensive 
results 3.1 and 3.2 indicate that the ZY2 treatment group sig-
nificantly improved inflammatory symptoms and contributed 
to the water–oil balance of skin in mice with mixed contact 
dermatitis.

3.3   |   Analysis of Flavonoids in ZY2

We used HPLC to analyze the flavonoid composition of ZY2 
with a total flavonoid content of 0.6%. As shown in Figure 3, the 
flavonoids of ZY2 mainly include rutin, quercitrin, luteoloside, 
naringin, isoquercitrin, and phloridzin.

3.4   |   Transcriptome Sequencing Data Statistics 
and Quality Evaluation

Before the transcription of ZY2 samples, the SZ95 cell activity 
was tested using the MTT method. The results revealed that when 
the concentration of ZY2 samples was ≤ 0.1%, the cell activity 
was more than 90%, which could be used in subsequent experi-
ments. Consequently, 0.1% was selected as the test concentration 
of subsequent experiments. The mRNA expression of different 
treatment groups was studied, including three groups, three bio-
logical repeats in each group, and a total of nine samples, based 
on Illumina sequencing [44]. We sequenced 399 903 337 original 
data, and subsequently mapped the measured data to the refer-
ence genome, and 394 444 067 quality-controlled data were ob-
tained. The mapping rate of sequencing sequences (total_map) 
was higher than 97% on the premise that the annotation of the 
reference genome was complete and there was no pollution in 
related experiments. Moreover, Q20 and Q30 were more than 
96%. It is generally believed that Q20 is more than 85% and Q30 
is more than 80%, which can meet the quality requirements of 
sequencing, and the GC content (approximately 50%) and base 
mass distribution were excellent (Table 1). The data and quality 
of this sequencing have reached the requirements of subsequent 
analysis.

3.5   |   Screening of DEGs

DEGs were screened according to the criteria of Padj (FDR) < 0.05 
and |log2 (Fold Change)|≧ 0, and the results are illustrated in 
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Figure  4. Compared with the blank control (B group), 6740 
DEGs were screened from the negative control (NC group), in-
cluding 3262 upregulated genes and 3478 downregulated genes 
(Figure  4A). Compared with the negative control (NC group), 
2241 DEGs were screened in the sample group (Lychee group), 
including 832 upregulated genes and 1409 downregulated genes 
(Figure 4B).

3.6   |   Functional Enrichment Analysis of NC 
Versus B Differential Genes

Compared to group B, 3262 DEGs were upregulated and 3478 
DEGs were downregulated in the NC group (p < 0.05). GO and 
KEGG function enrichment analyses were conducted on the 
DEGs that met the above conditions. The upregulated gene GO 

FIGURE 1    |    Effects of litchi extracts from three different extraction processes on the skin condition of mice (n = 6). (A) Scoring the degree of skin 
lesions in mice. **p < 0.01 vs the NC group. (B) Water–oil content ratio of mouse skin. ##p < 0.01 vs the BC group. *p < 0.05 vs the NC group. (C, 
D) Apparent state of mouse skin, and (D) the state observed under a microscope, with a magnification of 10×. All experiments were carried out in 
biological replicates.
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FIGURE 2    |    Effects of litchi extracts from three different extraction processes on the histological changes of skin (n = 6). (A) The results of H&E 
staining of mouse skin tissue revealed that the microscope magnification was 20× and 200×. (B) The results of ORO staining of mouse skin tissue 
and the fluorescent green chart were obtained by using Aipathwell software. All experiments were carried out in biological replicates.

FIGURE 3    |    HPLC diagram of ZY2 flavonoids. Numbers 1, 2, 3, 4, 5, and 6 in the figure represent rutin, isoquercitrin, luteoloside, naringin, quer-
citrin, and phloridzin respectively.

TABLE 1    |    Summary of the raw data obtained by RNA sequencing.

Sample Raw reads Clean reads Total_map Q20 Q30 GC_pet

B_1 47 190 012 46 912 362 46 003 526 (98.06%) 99.02 97.02 50.47

B_2 40 750 088 40 304 150 39 507 082 (98.02%) 99.00 97.04 50.64

B_3 41 275 814 40 794 790 39 963 327 (97.96%) 98.95 96.88 50.64

NC_1 46 396 726 45 076 808 44 085 418 (97.8%) 98.93 96.95 50.81

NC_2 42 756 894 41 896 948 40 967 094 (97.78%) 98.91 96.89 50.70

NC_3 46 599 386 45 642 706 44 686 706 (97.91%) 99.00 97.09 50.73

Lychee_1 45 592 264 45 077 938 44 094 491 (97.82%) 98.99 97.02 50.61

Lychee_2 45 362 735 45 362 735 44 072 566 (97.16%) 98.95 97.03 49.72

Lychee_3 44 176 832 43 375 630 42 121 141 (97.11%) 98.96 97.05 49.71

Note: Raw reads: the number of reads in the original data; Clean reads: the number of reads after quality control filtering of the original data; Total_map: the number 
and percentage of reads matched to the genome; Q20: data ratio with base sequencing error rate < 1%: Q30: data ratio with base sequencing error rate < 0.1%.
Abbreviation: GC _ PCT, percentage of G and C in clean reads.
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function enrichment analysis revealed 738 enrichment items, 
and the KEGG pathway enrichment analysis revealed 328 sig-
nal pathways. Conversely, the downregulated gene GO function 
enrichment analysis revealed 754 enrichment items, and the 
KEGG pathway enrichment analysis revealed 334 signal path-
ways. Using the enrichment factor comparison, p value and 
Med-Explorer database, 20 biological functions and signal path-
ways exhibiting the highest correlation were selected for analy-
sis of upregulated genes via GO and KEGG (Figure 5A), whereas 
20 biological functions and 10 signal pathways with the highest 
correlation were selected for analysis of downregulated genes 

via GO and KEGG (Figure 5B). The examination of biological 
function analysis of GO revealed that the upregulated genes 
induced by linoleic acid primarily pertain to fatty acid and tri-
glyceride synthesis, whereas the downregulated gene expression 
predominantly influences protein kinase activity, ATP metabo-
lism and fatty acid metabolism. KEGG signal pathway analysis 
revealed that the genes upregulated and downregulated by lin-
oleic acid predominantly pertain to lipid metabolism, growth, 
differentiation, and energy metabolism, with the clustering of 
upregulated genes enriching more signal pathways associated 
with fat anabolism compared to downregulated genes.

FIGURE 4    |    Volcano map of DEGs. (A) Volcano map comparing DEGs between the blank control (B group) and the negative control (NC group). 
(B) Volcano map comparing DEGs between the negative control (NC group) and the sample group (Lychee group). The black dotted line represents 
the value line of differential gene screening criteria; each point in the graph represents a gene; red indicates significantly upregulated DEGs; blue 
indicates significantly downregulated DEGs; gray indicates genes with no significant DEGs. In the figure, the abscissa represents the change of gene 
expression multiple (log2(Fold Change)) in the treatment and control groups, and the ordinate represents the significant level of gene expression dif-
ference (−log10(p value)) in treatment and control groups. For this result, three independent biological replicates were performed.
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3.7   |   Functional Enrichment Analysis of Lychee 
Versus NC Differential Genes

Compared to the NC group, 832 DEGs were upregulated and 
1409 DEGs were downregulated in the Lychee group (p < 0.05). 
GO and KEGG function enrichment analyses were conducted 
on the DEGs that met the above conditions. GO function enrich-
ment analysis of upregulated genes yielded 531 enrichment items, 
whereas KEGG pathway enrichment analysis revealed 306 signal-
ing pathways. A GO function enrichment study of downregulated 
genes revealed 646 enrichment items, whereas KEGG pathway 
enrichment analysis revealed 310 signaling pathways. Utilizing 
the enrichment factor comparison, p value, and Med-Explorer da-
tabase, 20 biological functions and 10 signal pathways exhibiting 

the highest correlation were identified for analysis of upregu-
lated genes via GO and KEGG (Figure 6A), while 20 biological 
functions and signal pathways with the highest correlation were 
selected for analysis of downregulated genes via GO and KEGG 
(Figure 6B). The biological function analysis of GO revealed that 
the upregulated genes resulting from the inclusion of the Lychee 
sample predominantly affected protein kinases and other regula-
tory pathways, whereas the downregulated genes primarily in-
volved lipid metabolism and oxidation in human sebaceous cells. 
KEGG signal pathway analysis revealed that the upregulated 
genes in lychee primarily pertain to cell growth, differentiation, 
signal transduction, and immunological control, whereas the 
downregulated genes primarily relate to lipid metabolism, energy 
balance, and cell signal transduction.

FIGURE 5    |    GO and KEGG analyses of NC versus B differential genes. (A) Upregulating GO and KEGG of genes. (B) Downregulating GO and 
KEGG of genes. For this result, three independent biological replicates were performed.
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3.8   |   Statistics and Analysis of Key 
Differential Genes

DEGs of NC versus B and the oil control target from the 
Med-Explorer database were mapped and intersected, result-
ing in the identification of 103 target genes. DEGs of Lychee 
versus NC were mapped and intersected with the list of oil 
control targets in the Med-Explorer database, resulting in 
the identification of 112 target genes. The target genes from 
the three groups were mapped and intersected, resulting 
in the identification of 36 target genes associated with lipid 
metabolism. The gene expression level of these 36 targets is 
illustrated in a heatmap (Figure 7A). In Figure 7A, different 
colors indicate the log2FoldChange of gene expression, with 
blue denoting downregulation of gene expression and red sig-
nifying upregulation of gene expression. Compared with the 

blank control group, linoleic acid significantly upregulated 
some genes and downregulated others. Post-intervention, the 
expression levels of these genes can be effectively restored 
and sustained. Compared with the NC group, 29 genes were 
significantly downregulated, and 7 genes were significantly  
upregulated.

In the subsequent analysis of the results after sample inter-
vention, we combined the gene expression data after sample 
intervention with the function enrichment analysis results 
of differential genes from results 3.5 and 3.6 and systemat-
ically summarized the DEGs related to skin oil secretion and 
their corresponding signal pathways through the PPI network 
(Figure  7B). These DEGs were primarily concentrated in the 
following pathways: fatty acid metabolism, fatty acid degrada-
tion, insulin resistance, PI3K-Akt signaling pathway, AMPK 

FIGURE 6    |    GO and KEGG analyses of Lychee versus NC differential genes. (A) Upregulating GO and KEGG of genes. (B) Downregulating GO 
and KEGG of genes. For this result, three independent biological replicates were performed.
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signaling pathway, and glyceride metabolism. The enrichment 
analysis of these pathways revealed that sample intervention 
may significantly influence skin oil secretion by regulating 
these critical signal pathways.

We examined the enrichment pathways of DEGs and their up-
stream and downstream relationships, constructing a relevant 
signal pathway analysis diagram of skin lipid metabolism. 
The diagram illustrates the interaction between upstream and 

FIGURE 7    |     Legend on next page.
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downstream signal pathways, particularly through the interplay 
and functional correlation of key target genes. Additionally, we 
annotated the sample's target to identify the regulation mecha-
nism of the sample in skin lipid metabolism (Figure 8). RNA-
seq analysis revealed that the introduction of lychee primarily 
modulated oil secretion from the sebaceous gland cells stimu-
lated by linoleic acid through the regulation of fatty acid metab-
olism, fatty acid degradation, insulin resistance, the PI3K-Akt 
signaling pathway, the AMPK signaling pathway, glyceride me-
tabolism, and associated genes. The specific mechanisms were 
as follows: (1) inhibition of 5α reductase activity and SRD5A2 
expression, reduction of dihydrotestosterone (DHT), control of 
SREBP1 (Coding gene SREBF1), and inhibition of lipid synthe-
sis; (2) inhibition of mTORC2 activity, enhancement of Forkhead 
box protein O1 (FoxO1) activity, activation of the AMPK path-
way, inhibition of acetyl-CoA carboxylase (ACC) activity, and 
facilitation of fatty acid oxidation; (3) resistance to the effects 
of growth factors, inhibition of FGFR3 and INSR expression, 
downregulation of AKT1 and AKT2, negative regulation of 
mTORC1, and inhibition of lipid synthesis; (4) reduction of gene 
expression, including SREBF1, ACLY, SCD1, and FASN, and 
inhibition of wax fat and squalene synthesis; and (5) downregu-
lation of SLC27A1, TSLP, and AGPAT gene expression, and reg-
ulation of fatty acid metabolism and oil secretion.

3.9   |   Fluorescence Intensity Test of Cellular Oil 
Secretion

At a concentration of 0.1%, the fluorescence intensity of ZY2 is 
11.655 ± 0.202 (p < 0.05), and the inhibition rate of oil secretion 
is 32.162% (Figure 9), which is significantly different from the 
negative control group, indicating that ZY2 has an oil control 
effect at this concentration.

4   |   Discussion

This study represents the first systematic examination of the 
regulatory effects of litchi extract on cutaneous sebum secretion. 
Our findings indicate that among various fraction-enriched li-
tchi extracts, the total flavonoid-enriched fraction (Litchi chin-
ensis flavonoids, LCFs; referred to as sample ZY2) exhibited 
the most significant anti-inflammatory activity and efficacy 
in restoring oil–water balance in a mouse model of seborrheic 
dermatitis induced by DNCB and a high-fat diet. Therefore, we 
detected that LCFs mainly contain rutin, quercitrin, luteoloside, 
naringin, isoquercitrin, and phloridzin by HPLC. Based on these 
in  vivo observations, we conducted transcriptomic profiling 
[45–47] to clarify the multi-target and multi-pathway molecular 

FIGURE 7    |    Statistics of key differential genes. (A) Heatmap of differential gene expression. The abscissa represents the change ratio of gene ex-
pression between different sample groups, the right ordinate represents the gene name, and the left ordinate represents the cluster analysis dendro-
gram of gene expression patterns, illustrating the similarity in gene expression patterns. Blue indicates that gene expression is downregulated, and 
red indicates that gene expression is upregulated. For this result, three independent biological replicates were performed. (B) Signal Pathway–PPI 
network of oil control target genes. The left and right light purple squares represent relevant signal pathways, the circle represents oil control target 
genes, and the blue circle represents downregulated genes, with deeper shades indicating that the gene expression is more downregulated; pink cir-
cles represent upregulated genes, and the deeper the pink, the more upregulated the gene expression.

FIGURE 8    |    Mechanism of Lychee's influence on lipid metabolism. In the figure, the black triangle represents Lychee, and its marked position 
indicates the starting point and ending point of the influence of the sample on oil secretion. The red bold arrow signifies the expression change of the 
coding gene corresponding to the related protein after the intervention of the sample, in which the up arrow (↑) indicates the upregulation of gene ex-
pression, and the down arrow (↓) indicates the downregulation of gene expression. On the left is the change of gene or protein induced by the sample 
intervention through the signal pathway, and on the right is the change of gene, which further affects fat synthesis and metabolism.
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mechanisms by which LCFs regulate sebum synthesis and se-
cretion in a linoleic acid-induced human sebocyte (SZ95) model 
[48]. Finally, we detected the fluorescence intensity of cell oil 
secretion and found that the inhibition rate of LCFs was 32.162% 
at the concentration of 0.1%, which was significantly different 
from the negative control group, indicating that LCFs had an oil 
control effect at this concentration. Collectively, this work opens 
a new avenue for litchi—a traditional plant resource—in sebum 
regulation and provides novel insights into the complex molecu-
lar networks by which plant-derived flavonoids influence seba-
ceous gland function.

Recently, using botanical extracts to regulate sebum secre-
tion has attracted increasing attention. For instance, guava 
(Psidium guajava) and red ginseng (Panax ginseng) extracts 
have exhibited clinical efficacy in regulating sebum produc-
tion [49, 50]. Chrysophanol isolated from Cassia torosa seeds 
suppresses lipogenesis by inhibiting the JNK/p38 MAPK sig-
naling pathway [51]. Similarly, extracts from Cirsium eriopho-
rum and Asparagus racemosus primarily exert oil-controlling 
effects through the inhibition of 5α-reductase activity [52, 53]. 
Compared with these studies, the novelty of our work is in 
the finding that LCFs do not operate through a single target; 
instead, they exert sebum-regulatory effects through the co-
ordinated modulation of a synergistic molecular network. 
Transcriptomic analysis revealed that LCFs downregulate 
SRD5A1 expression, and SRD5A2 modulates several core 
metabolic signaling pathways, including insulin resistance, 
PI3K-Akt–mTOR, and AMPK. These findings suggest that 
LCFs may have a wider and more robust potential for sebum 
regulation than other natural compounds.

Our RNA-seq findings elucidate the LCF-mediated regulatory 
blueprint at three major levels:

1.	 Inhibition of upstream pro-lipogenic signaling: LCFs sig-
nificantly downregulated INSR, FGFR1, and FGFR3, all 
of which are potent stimulators of lipogenesis in sebocytes 
[54, 55]. By attenuating these upstream cues, LCFs reduce 
PI3K-Akt signaling at its origin, thereby mitigating growth 
factor-mediated lipid synthesis.

2.	 Reconfiguration of core metabolic networks: The PI3K-
Akt–mTOR pathway serves as a central hub for cellular 
anabolism. Our data indicate that LCFs inhibit mTORC1 
and mTORC2 activities, downregulate AKT1 and AKT2, 

and simultaneously enhance FoxO1 activity. Inhibition of 
mTORC1 and activation of FoxO1 together attenuate lipo-
genesis [56, 57]. Simultaneously, LCFs stimulate AMPK 
signaling by upregulating SESN1/2. AMPK functions as 
a cellular energy sensor by inhibiting anabolic processes 
(such as fatty acid synthesis) and promoting catabolic pro-
cesses (such as fatty acid oxidation) [58, 59]. Accordingly, 
by concurrently inhibiting mTOR and activating AMPK, 
LCFs transform sebocytes from a lipogenic to a catabolic 
state.

3.	 Direct regulation of androgen metabolism and lipogenic 
genes: LCFs markedly downregulated SRD5A1 and 
SRD5A2, thereby diminishing the conversion of testoster-
one into the more potent dihydrotestosterone (DHT) and 
attenuating androgen-mediated sebaceous activity  [53, 
60]. These multi-pathway regulatory events culminate in 
the inhibition of the master lipogenic transcription factor 
SREBF1. SREBF1 downregulation resulted in a signifi-
cant decrease in its downstream targets, including ACLY, 
FASN, and SCD1 (de novo fatty acid synthesis), SLC27A1 
(fatty acid transport), and AGPAT (triglyceride synthesis) 
[1, 61–65]. These changes collectively establish a compre-
hensive inhibition of sebum production at the executive 
level.

We proposed a comprehensive model of LCF-mediated sebum 
regulation based on these findings (Figures 7 and 8). This con-
cept posits that LCFs mitigate diet-induced insulin resistance 
and excessive growth factor stimulation, thereby altering the 
PI3K-Akt–mTOR/AMPK/SREBF1 signaling pathway and 
inhibiting pathological sebum overproduction [14, 66]. This 
process is highly relevant to the pathophysiology of adolescent 
acne, where hormonal fluctuations and high-glycemic diets 
hyperactivate sebaceous glands through androgen signaling, 
exacerbate insulin resistance, and PI3K-Akt–mTOR pathway 
overactivation [67–70]. The ability of LCFs to target these key 
pathogenic mechanisms highlights their promising potential 
in preventing and mitigating oily skin conditions, including 
adolescent acne.

As a natural, plant-derived ingredient, LCFs may offer en-
hanced safety and lower risk of side effects during long-term use 
compared with conventional chemical drugs (retinoids and anti-
biotics). Consequently, they represent a promising option for in-
tegration into daily skincare formulations. This study has some 

FIGURE 9    |    Fluorescence intensity test results of cell lipid droplets. Red fluorescence represents lipid droplets, and the higher the intensity of red 
fluorescence, the more obvious it is, indicating more oil secretion. For this result, three independent biological replicates were performed. **p < 0.01 
vs the NC group. *p < 0.05 vs the NC group.



14 of 16 Journal of Cosmetic Dermatology, 2026

limitations. First, we mainly rely on transcriptomics data to infer 
its mechanism of action, which is instructive [46, 71]. For exam-
ple, Sergio Acin et al. [72] found that the extract of Eucalyptus 
tereticornis regulated the expression of genes involved in li-
pogenesis, lipolysis, and extracellular matrix remodeling by 
transcriptomics. However, further functional experiments are 
needed to verify the expression changes of key targets at the pro-
tein level (such as Western Blot). Second, only linoleic acid was 
used as an inducer in vitro; future studies should integrate other 
stimuli, including insulin and DHT, to better mimic the com-
plex physiological and pathological environment of sebaceous 
glands.

In conclusion, this study presents the first evidence that total fla-
vonoids from Litchi chinensis (LCFs) exert significant oil–water 
balance-restoring effects in vivo and suppress sebum secretion 
in  vitro. Transcriptomic analysis demonstrated that LCFs op-
erate through a multi-target, multi-pathway mechanism, syn-
ergistically modulating 5α-reductase activity, PI3K-Akt–mTOR 
and AMPK pathways, and the SREBF1-driven lipid synthesis 
network. These findings fill a critical gap in the application of 
litchi-derived compounds for sebum regulation and provide a 
robust scientific basis for the development of safe, effective, and 
naturally sourced sebum-controlling agents. This study offers a 
novel perspective and potential therapeutic approach for man-
aging sebum-related skin disorders, especially in adolescents.
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