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Abstract
Allicin is a sulfide extracted from garlic bulbs responsible for various physiological and pathophysiological effects, including 
antioxidant, antibacterial, and anti-parasite activities. However, its efficacy and mechanism of protecting UVB-induced pho-
todamage have not been studied. The research explores Allicin’s protective roles and underlying mechanisms in UVB-induced 
photodamage of keratinocytes. UVB was employed to generate photodamage in the HaCaT cell line. DCFH-DA fluorescent 
and Biochemical analyses were carried out to evaluate reactive oxygen species (ROS) and oxidative stress on UVB-induced 
photodamage to HaCaT cells. RT-qPCR and western blot were performed to measure mRNA and protein expression. Allicin 
pretreatment (10 and 25 µM) improved cell proliferation and reduced apoptotic rates in UVB-induced HaCaT cells. Allicin 
(10 and 25 µM) inhibited tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1 beta (IL-1β) expres-
sions (all, P < 0.001). Allicin reduced the intracellular ROS level and attenuated oxidative stress, with reduced malondialde-
hyde (MDA) level while increasing the levels of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase 
(GSh-Px) (all, P < 0.001) in UVB-induced HaCaT cells. Allicin pretreatment inhibited autophagy and reduced the protein 
expression of Beclin-1 while increasing the p62 protein expression (all, P < 0.001). We also observed that Allicin pretreat-
ment reduced the NLRP3-related protein, such as Caspase-1 (P < 0.001) and increased the protein expressions of the PI3K/
Akt pathway molecules, such as PI3K and Akt (all, P < 0.001). Our research data demonstrated that Allicin might inhibit 
UVB-induced photodamage of keratinocytes via inhibiting NLRP3 inflammasomes and activating the PI3K/Akt pathway.
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Introduction

The skin, comprising the epidermis, dermis, and subcuta-
neous tissue, is the largest organ in the human body. The 
skin aging process, a natural phenomenon, is influenced by 
intrinsic and extrinsic factors, leading to a gradual decline 
in structural integrity and physiological function [1]. Intrin-
sic skin aging, characterized by inevitable changes in the 
skin's condition, is primarily dictated by immutable genetic 
factors. Conversely, extrinsic factors, such as exposure to 
ultraviolet (UV) rays, pollution, nicotine, repetitive facial 

expressions, dietary habits, sleep posture, and overall well-
being, can be managed to some extent [2].

Environmental factors and UV exposure have been 
reported as the primary agents of age-related skin dam-
age, such as oxidative stress, inflammation, ECM degrada-
tion and skin aging. For example, skin is most exposed to 
UV radiation, which includes UVA (315–400 nm), UVB 
(280–315 nm) and UVC (100–280 nm) [3]. UVB and UVA 
can penetrate deep inside the skin, but UVC is absorbed and 
filtered by the ozone. UVB is especially significant, to say 
the least, because it has the longest wavelength out of all 
UV rays. UV light can damage the cells in the body through 
DNA damage, among other causes [4, 5].

Furthermore, UVB increases the generation of ROS, the 
leading cause of skin disorders, including wrinkling, skin 
cancer, and inflammation [6]. Oxidative stress, the pro-
duction of ROS, can cause programmed cell death using 
apoptosis and autophagy or unprogrammed cell death using 
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necrosis [7]. Therefore, the generation of ROS by UVB is 
responsible for skin damage, and substances with antioxi-
dant properties are expected to protect against UVB-induced 
skin damage.

Allicin, a sulfide derived from garlic bulbs, is recog-
nized for its involvement in most of garlic's functions. The 
molecular configuration is depicted in Fig. 1A. Its physi-
ological and pathophysiological impacts encompass anti-
oxidative, antibacterial, and anti-parasitic properties [8]. 
Recent investigations have unveiled the protective proper-
ties of Allicin against cardiovascular disorders. Notably, it 
has exhibited mitigating effects on cardiomyocyte apopto-
sis and enhancement of cardiac performance in myocardial 
infarction-afflicted rats [9]. Furthermore, it has demonstrated 
efficacy in averting myocardial apoptosis in diabetic rats and 
cardiac hypertrophy induced by pathological overload [10, 
11]. However, the influence of Allicin on UVB-triggered 
photodamage of keratinocytes remains ambiguous.

The NLRP3 inflammasome, which consists of NLRP3, 
an apoptosis-associated speck-like protein with a CARD 
(ASC) and procaspase-1, mediates the innate immune 
system. Upon activation, this inflammasome triggers cas-
pase-1 activation, resulting in the generation of interleukin 
18 (IL-18) and interleukin 1 beta (IL-1β), subsequently 
initiating inflammation [12]. Furthermore, the phos-
phatidylinositol 3-kinase (PI3K) pathway regulates the 
autophagic response of cells to changes in ROS levels. 
The PI3K α catalytic subunit inhibits the autophagy pro-
cess, while the β catalytic subunit promotes autophagy in 
response to ROS level alterations [13]. However, the pre-
cise regulatory mechanisms of NLRP3 and the PI3K/Akt/
autophagy in UVB-induced photodamage of keratinocytes 
remain unknown. Therefore, in this research, we evaluated 
the potential effects of Allicin on UVB-induced photodam-
age of keratinocytes and the underlying mechanisms.

Fig. 1  Allicin attenuated keratinocyte proliferation and apoptosis 
induced by UVB. A Structural formula, molecular weight, chemi-
cal formula and CAS number of Allicin. B HaCaT cells were incu-
bated with different concentrations of Allicin (0, 5, 10, 25, 50, and 
100 μM) for 24 h, and the cell viability was assessed using an MTT 
assay. C HaCaT cells were pretreated with Allicin (10 and 25 µM) for 
2 h, followed by UVB irradiation (50 mJ/cm2) and incubated for fur-
ther 6, 12, 24, 48, and 72 h, and the effect of Allicin on the viability 
of UVB-exposed HaCaT cells was assessed using an MTT assay. D 

HaCaT cells were stained with TUNEL and DAPI, and cell apoptotic 
rate was assessed by calculating the percentage of TUNEL-positive 
cells to all DAPI-positive cells. E Representative images of micro-
photographs of HaCaT cells with TUNEL and DAPI staining. Data 
are presented as mean ± SD in triplicates and analyzed using one-
way ANOVA, and LSD was used for the post-hoc test. Scale 50 µm. 
*P < 0.05, ***P < 0.001 vs. control group; ###P < 0.001 vs. UVB 
group



Archives of Dermatological Research         (2025) 317:124  Page 3 of 10   124 

Materials and methods

Cell culture

The human immortal epidermal keratinocyte (HaCaT) cells 
were purchased from Shanghai Jikai Gene Medical Technol-
ogy Co., Ltd and cultured in high-glucose DMEM supplied 
with 10% FBS, 100 µg/mL of streptomycin, 100 U/mL of 
penicillin, and 10% FBS at 37 °C in a humidified incubator 
at 5%  CO2. Cells from passages 2–3 were used in experi-
ments. HaCaT cells received UVB irradiation to establish 
an in vitro skin photodamage model.

UVB irradiation procedure

HaCaT cells were seeded in 96-well plates at 1 ×  105/well 
density. After growing to 70–80% confluence, the mon-
olayer of cells was washed with PBS solution. Then, the 
cells were covered with a thin layer of PBS and exposed to a 
single dose of UVB radiation (range: 280–315 nm), with the 
total UVB irradiation dose as 50 mJ/cm2 for 30 min using a 
UVB lamp (VL-6. L M, Vilber Lourmat). After irradiation, 
cells were washed with PBS and incubated with DMEM 
supplemented with 10% FBS and Allicin at 10 and 25 μM 
concentrations. Cells were cultured for a further 24 h for the 
experiments.

Cell grouping

HaCaT cells were randomly divided into four groups. Con-
trol group: Cells were not only exposed to UVB irradiation 
and culture with DMEM. UVB group: Cells were exposed 
to UVB irradiation and culture with DMEM. UVB + Allicin 
10 group: Cells were exposed to UVB irradiation and culture 
with DMEM containing 10 μM Allicin. UVB + Allicin 25 
group: Cells were exposed to UVB irradiation and culture 
with DMEM containing 25 μM Allicin.

3‑(4, 5‑dimethylthiazol‑2‑yl)−2, 
5‑diphenyltetrazolium bromide (MTT) assay

To measure the cytotoxicity of Allicin, HaCaT cells were 
plated at a concentration of 1 ×  105 cells/well in 24-well 
plates and treated with various concentrations of Allicin for 
24 h. Then, to identify the cytoprotective effect of Allicin 
on photodamaged HaCaT cells, the cells were treated with 
Allicin (10 and 25 µM) for 2 h and incubated with UVB 
(50 mJ/cm2) for 24 h. After treatment, the cells were sub-
jected to MTT (0.2 mg/mL) for 30 min to ascertain the pres-
ence of viable cells. Subsequently, any formazan crystals 
produced within the wells were dissolved by adding 300 µL 

of dimethyl sulfoxide. The optical absorbance of the result-
ing solution was then measured at 550 nm using a microplate 
reader (Spectra MAX; Molecular Devices, Sunnyvale, CA, 
USA).

Measurement of inflammatory cytokines

HaCaT cells were placed into the six-well plate, and the 
supernatants were obtained to identify inflammatory factors. 
To assess the levels of TNF-α (MTA00B, R&D Systems), 
IL-1β (MLB00C, R&D Systems), and IL-6 (M6000B, R&D 
Systems), the culture supernatants were collected and sub-
jected to further analysis using an enzyme-linked immuno-
sorbent assay (ELISA) kit obtained from R&D Systems, as 
per the instructions provided by the manufacturer.

Intracellular reactive oxygen species (ROS) level 
evaluation

The DCFH-DA fluorescent probe was used to evaluate 
intracellular ROS generation in cells treated with Allicin 
(10 and 25 µM) for 1 h and exposed to UVB (50 mJ/cm2). 
After treatment, cells were stained with 10 µM DCFH-DA 
(S0033S, Beyotime, Shanghai, China) for 30 min at  37◦C in 
the dark, rinsed with PBS, and then collected. The forma-
tion of intracellular ROS was monitored using a fluorescent 
microplate reader (Gemini; Molecular Devices) with excita-
tion/emission wavelengths of 485 nm/530 nm, respectively.

Measurement of oxidative stress indicators

HaCaT cells were homogenized, and protein concentrations 
were determined for measuring oxidative stress indicators, 
MDA (S0131S, Beyotime), SOD (S0109, Beyotime), and 
CAT (S0051, Beyotime) according to the instructions of the 
manufacture guidelines.

Cellular immunofluorescence

HaCaT cells were formalized using a 4% paraformaldehyde 
solution and permeabilized with 1% Triton X-100. Sub-
sequently, the cells underwent incubation with 50 μL of 
TUNEL (C1086; from Beyotime Institute of Biotechnology, 
Jiangsu, China) at 37 °C for 1 h. After two washes with PBS, 
HaCaT cells were incubated with the LC3-II (ab192890; 
rabbit monoclonal, Abcam) reaction mixture for 1 h at 37 °C 
to achieve nuclear staining. Ultimately, cells were exam-
ined using a fluorescence microscope (wavelength range: 
515–565 nm; Olympus, BX71, Japan). TUNEL-positive 
cells were quantified using five images (magnification × 200) 
for each sample.
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Real‑time quantitative PCR (RT‑qPCR)

Total RNA was isolated from HaCaT cells utilizing TRI-
zol (Invitrogen) by the manufacturer's guidelines and was 
employed as templates (1 μg) for cDNA synthesis using 
a PrimeScript RT Reagent kit (TaKaRa Bio Inc, Dalian, 
China). RT-qPCR analysis employed a SYBR Green 
RT-qPCR kit (Takara) on an Applied Biosystems 7500 
real-time PCR system (Applied Biosystems, CA, USA) 
with GAPDH as an internal reference. The primer sequences 
for PCR are outlined in Table 1. The RT-qPCR procedure 
involved denaturation at 95˚C for 7 min, followed by 40 
cycles at 95˚C for 15 s and 60˚C for 1 min. Each measure-
ment was duplicated, and the relative mRNA expression 
level was determined using the  2−ΔΔCt method [14].

Western blotting

Protein extraction involved the utilization of RIPA lysis 
buffer for total protein and Extraction Reagents from Pierce 
Biotechnology, Inc., for nuclear protein isolation. Subse-
quent protein concentration was determined using a BCA 
protein assay kit obtained from Beyotime Biotechnology in 
China. Following this, protein samples amounting to 50 μg 
were subjected to separation on 10% SDS-PAGE and subse-
quent transfer onto PVDF membranes. A blocking step using 
5% low-fat milk was followed by incubation with primary 
antibodies including Beclin-1 (1:500, sc-48341, mouse mon-
oclonal, Santa Cruz), P62 (1:500, sc-28359, mouse monoclo-
nal, Santa Cruz), p-PI3K (p85, Tyr458) (1:400, ab278545, 
rabbit monoclonal, Abcam), t-PI3K (1:500, ab302958, rabbit 
monoclonal, Abcam), p-Akt (Ser473) (1:400, ab81283, rab-
bit monoclonal, Abcam), t-Akt (1:400, ab8805, rabbit poly-
clonal, Abcam), NLRP3 (1:500, Cat# ab214185, Abcam, 
UK), Caspase-1 p10 (1: 200, Cat# sc-392736, Santa Cruz, 
USA). Subsequently, HRP-linked secondary antibodies were 
applied to the membranes, with GAPDH (1:2000, ab8245, 
mouse monoclonal, Abcam) serving as the internal control. 
The bands were visualized through ECL (Thermo, Waltham, 
MA, USA), followed by ImageJ software analysis.

Statistical analysis

The data are displayed as mean ± standard deviation in trip-
licates. These data sets underwent analysis through one-way 

analysis of variance (ANOVA), with the post-hoc test uti-
lizing the least significant difference (LSD) method. The 
statistical evaluations were executed using Prism 8 software 
developed by GraphPad. A P value less than 0.05 (P < 0.05) 
was deemed statistically significant.

Results

Allicin reduced keratinocyte proliferation 
and apoptosis induced by UVB

To examine the potential effect of Allicin on UVB-induced 
keratinocyte proliferation and apoptosis, HaCaT cells were 
treated with different concentrations of Allicin (0, 5, 10, 25, 
50, and 100 μM) for 24 h. The results showed no adverse 
effects of Allicin observed on HaCaT cells at concentrations 
of 5, 10 and 25 µM (Fig. 1B). HaCaT cells were pretreated 
with Allicin (10 and 25 µM) for 2 h, followed by UVB irra-
diation (50 mJ/cm2) and incubated for further 6, 12, 24, 48, 
and 72 h. Then, the effect of Allicin on the cell viability 
of UVB-exposed HaCaT cells was assessed by MTT assay, 
and no adverse effects were observed (Fig. 1C). In addition, 
HaCaT cells were stained with TUNEL and DAPI, and cell 
apoptotic rate was assessed by calculating the percentage of 
TUNEL-positive cells to all DAPI-positive cells. The results 
showed that apoptotic rates were reduced in the UVB + Alli-
cin 10 group and UVB + Allicin 25 group (Fig. 1D and 1E).

Allicin attenuated UVB‑induced inflammation 
of keratinocytes

In this experiment, we aimed to evaluate the possible impact 
of Allicin on UVB-induced inflammation of keratinocytes, 
HaCaT cells were treated with Allicin 10 µM and 25 µM. 
Cell supernatant was collected, and RT-qPCR was per-
formed to determine the mRNA levels of pro-inflammatory 
cytokines in HaCaT cells, including TNF-α, IL-1β, and 
IL-6. The results showed that Allicin treatment decreased 
the mRNA levels of TNF-α, IL-1β, and IL-6 (all, P < 0.001) 
while they were elevated by UVB induction (Fig. 2A-C). 
In addition, we carried out an ELISA assay to measure the 
release of TNF-α, IL-1β, and IL-6 in the culture media of 
HaCaT cells. We observed that the release of TNF-α, IL-1β, 
and IL-6 was inhibited (all, P < 0.001) while stimulated by 

Table 1  List of primer 
sequences used in the study

Genes Forward primer (5′−3′) Reverse primer (5′−3′)

Human TNF-α CTG GGC AGG TCT ACT TTG GG CTG GAG GCC CCA GTT TGA AT
Human IL-1β GCT CGC CAG TGA AAT GAT GG TCG TGC ACA TAA GCC TCG TT
Human IL-6 TCC ACA AGC GCC TTC GGT C GGT CAG GGG TGG TTA TTG CAT 
Human GAPDH CAT GTT GCA ACC GGG AAG GA CGC CCA ATA CGA CCA AAT CAG 
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UVB induction (Fig. 2D-F). Thus, Allicin suppressed UVB-
induced inflammation of keratinocytes.

Allicin inhibited intracellular ROS generation 
and oxidative stress in UVB‑induced keratinocytes

In this experiment, we examined the potential effect on 
the intracellular ROS generation and oxidative stress in 
UVB-induced keratinocytes. HaCaT cells were stained 
with DCFH-DA, and the representative images were taken 
at 200x. The results indicated that Allicin attenuated the 
intracellular ROS production in UVB-induced HaCaT 
cells (Fig. 3A). After quantification analysis of the rela-
tive DCFH-DA fluorescence intensity of HaCaT cells, we 
observed the same consistent findings (Fig. 3B). Addition-
ally, the cell lysate of HaCaT cells was used to measure 
the oxidative stress markers such as MDA, SOD, CAT and 
GSH-Px. Our study outcomes showed that Allicin reduced 
the MDA level while increasing the levels of SOD, CAT 
and GSH-Px (all, P < 0.001) in the HaCaT cell lysate 

(Fig. 3C-F). Thus, the experimental findings demonstrated 
that Allicin suppressed the intracellular ROS generation and 
oxidative stress in UVB-induced keratinocytes.

Allicin inhibits autophagy in UVB‑induced HaCaT 
cells

This experiment was carried out to investigate the potential 
effect of Allicin on autophagy in UVB-induced HaCaT cells. 
HaCaT cells were stained with the LC3-II antibody (green), 
and the nucleus was stained with DAPI (blue). The images 
were taken at a magnification of 200x. The study findings 
showed that Allicin treatment reduced the autophagy in 
UVB-induced HaCaT cells (Fig. 4A). After quantifying 
the relative LC3-II fluorescence intensity, as presented by 
cells with LC3-II dots to DAPI + cells, we observed the 
same consistent findings (Fig. 4B). Next, we carried out the 
western blot analysis to evaluate the expression patterns of 
autophagy-related proteins such as Beclin-1 and p62. The 
results demonstrated that Allicin treatment reduced the 

Fig. 2  Allicin suppresses UVB-induced inflammation of keratino-
cytes. A, B, C RT-qPCR was performed to determine the mRNA 
levels of pro-inflammatory cytokines in HaCaT cells, including TNF-
α, IL-1β, and IL-6. D-F. D, E, F ELISA was used to determine the 

release of TNF-α, IL-1β, and IL-6 in the culture media of HaCaT 
cells. Data are presented as mean ± SD in triplicates and analyzed 
using one-way ANOVA, and LSD was used for the post-hoc test. 
***P < 0.001 vs. control group; ###P < 0.001 vs. UVB group
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protein expression of Beclin-1 while increasing the p62 
protein expression (all, P < 0.001) (Fig. 4C). After quan-
tification of the blots, we observed consistent expression 
patterns for Beclin-1 and p62 (Fig. 4D, E). Therefore, the 
study results indicated that Allicin inhibited autophagy in 
UVB-induced HaCaT cells.

Allicin activated the PI3K/Akt pathway whereas 
inhibiting the NLRP3 inflammasome in UVB‑induced 
keratinocytes

We performed the Western blot analysis to examine the 
potential effect of Allicin on the PI3K/Akt pathway and 
the NLRP3 inflammasome in UVB-induced keratinocytes. 
The western blot results showed that Allicin increased the 
protein expressions of the PI3K/Akt pathway molecules, 
such as PI3K and Akt (all, P < 0.001). On the other hand, 
Allicin treatment decreased the NLRP3-related protein, 
such as Caspase-1 (P < 0.001) (Fig. 5A). After quantify-
ing the gel blots, we observed the consistent expression 
patterns in UVB-induced keratinocytes (Fig. 5B-E). The 

phosphorylated PI3K was normalized to total PI3K; phos-
phorylated Akt was normalized to total Akt, and NLRP3 
and Caspase-1 were normalized to GAPDH. The protective 
effect of Allicin on UVB-induced damage of keratinocytes 
was reversed by co-incubation with a PI3K/Akt pathway 
inhibitor LY294002 (10 μM) (Fig. 6F). Thus, the experi-
ment results demonstrated that Allicin activated the PI3K/
Akt pathway and inhibited the NLRP3 inflammasome in 
UVB-induced keratinocytes.

Discussion

Our present research examined the effects of Allicin on 
UVB-induced photodamage of keratinocytes. The study 
revealed that Allicin reduced Ang II-induced HaCaT cell 
proliferation and apoptosis, inhibited UVB-induced pro-
inflammatory cytokines production, attenuated intracel-
lular ROS production and oxidative stress, and inhibited 
autophagy in UVB-induced HaCaT cells. Additionally, Alli-
cin treatment effectively inhibited the NLRP3 inflammasome 

Fig. 3  Allicin inhibits intracellular ROS generation and oxidative 
stress in UVB-induced keratinocytes. A HaCaT cells were stained 
with DCFH-DA, and the representative images were shown (200 ×). 
B Quantitative analysis of the relative DCFH-DA fluorescence inten-
sity of HaCaT cells. The cell lysate of HaCaT cells was used to meas-

ure the oxidative stress markers for C MDA, D SOD, E CAT and F 
GSH-Px. Data are presented as mean ± SD in triplicates and analyzed 
using one-way ANOVA, and LSD was used for the post-hoc test. 
Scale 50 µm. ***P < 0.001 vs. control group; ###P < 0.001 vs. UVB 
group
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while activating the PI3K/Akt pathway. Therefore, the cur-
rent research findings demonstrated that Allicin could have 
a protective therapeutic effect against UVB-induced photo-
damage of keratinocytes.

Ultraviolet (UV) radiation poses a significant environ-
mental hazard impacting all living organisms. The largest 
human organ, the skin, is promptly exposed to UV radiation, 
rendering it more susceptible to adverse effects. Reactive 
oxygen species (ROS) are identified as the leading cause of 
skin aging and inflammation from UVB radiation exposure. 
Consequently, individuals with fair skin tones face an ele-
vated risk of developing skin cancer [15]. Allicin, an essen-
tial compound found in crushed garlic used in traditional 
medicine, exhibits diverse pharmacological properties that 
aid in anti-cancer activities. Notably, Allicin impedes cell 
proliferation in colon cancer cells by reducing intracellular 
glutathione levels [16].

Furthermore, Allicin prompts apoptosis in gastric cancer 
cells by activating the p38 mitogen-activated protein kinase/

caspase-3 signaling pathway [17]. Additionally, Allicin 
enhances cell death in human renal clear cell carcinoma cells 
by obstructing the hypoxia-inducible factor-1α pathway [18]. 
Previous research has demonstrated that Allicin effectively 
eliminates cancer cells and diminishes tumor growth in vari-
ous carcinomas. However, our current investigation reveals 
that treatment with Allicin suppresses cell growth and the 
apoptosis rate in Ang II-induced HaCaT cells.

UVB exposure enhances skin damage and inflamma-
tion by stimulating various cytokines and immunological 
regulators released by cells. To prevent the initiation of 
skin inflammation, UVB-damaged keratinocytes need to 
undergo apoptosis. UVB can penetrate the epidermis and 
extend into the upper dermis, exhibiting higher activity 
than UVA in initiating skin cancer and modulation of cell-
cycle-control pathways [19]. The impact of UVB radiation 
is predominantly observed on keratinocytes, known for their 
secretion of cytokines like IL-1, IL-6, IL-8, IL-10, GM-
CSF, and TNF-α, ultimately leading to inflammatory and 

Fig. 4  Allicin inhibits autophagy in UVB-induced HaCaT cells. A 
HaCaT cells were stained with LC3-II antibody. The nucleus was 
stained with DAPI (blue). B Quantifying relative LC3-II fluorescence 
intensity, as presented by cells with LC3-II dots to DAPI + cells. C 
Representative blots of autophagy-related proteins by western blot 
analysis. Allicin significantly increases the protein expression of 

D Beclin-1 and decreases the protein expression of (F) p62. Data 
are presented as mean ± SD in triplicates and analyzed using one-
way ANOVA, and LSD was used for the post-hoc test. Scale 50 µm. 
*P < 0.05, **P < 0.01, ***P < 0.001 vs control group; ###P < 0.001 vs 
UVB group
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immunomodulatory responses [20]. Recent investigations 
have suggested that Allicin can mitigate the inflammation 
of keratinocytes triggered by UVB exposure.

UVB exposure imbalances the redox system in the epi-
dermis. Oxidative stress can increase intracellular ROS and 
damage mitochondria, resulting in a drop in mitochondrial 
membrane potential (MMP) and an increase in intracellular 
 Ca2+ [21, 22]. The formation of ROS will lead to lipid oxida-
tion and the generation of MDA [23]. Vitagene expression 
is related to the preservation of cellular homeostasis under 
stress and has a role in the development of several degenera-
tive disorders. SOD is one of the vitagene components, and 
glutathione peroxidase is part of the vitagene network. They 
contribute to the cellular oxidative stress response [24, 25]. 
Our results indicated that following UVB exposure, ROS 
levels in cells increased dramatically, antioxidants GSH-
Px and SOD reduced, and lipid oxidation products, MDA, 
increased, which is consistent with earlier research. Mito-
chondria are the principal generator of ROS, and excessive 
ROS can cause mitochondrial damage [26]. In the current 
work, we observed that UVB radiation reduced the mito-
chondrial membrane potential of HaCaT cells and that Alli-
cin treatment restored this effect.

Autophagy contributes to maintaining cellular homeosta-
sis by recycling damaged organelles [3]. Autophagy is char-
acterized by the accumulation of LC3-II and the decrease 
of p62. Beclin-1 is a crucial regulator of autophagy and 

Fig. 5  Allicin activates the PI3K/Akt pathway and inhibits NLRP3 
inflammasome in UVB-induced keratinocytes. A Representative gel 
blots of phosphorylated PI3K and Akt, and NLRP3-related protein 
by Western blotting. Quantification analysis of (B) phosphorylated 
PI3K (normalized to total PI3K), C phosphorylated Akt (normal-
ized to total Akt), D NLRP3 (normalized to GAPDH), and E Cas-
pase-1 (normalized to GAPDH) protein bands. F HaCaT cells were 

pretreated with Allicin (25  μM) or PI3K/Akt pathway inhibitor 
LY294002 (10  μM), followed by irradiated with UVB for further 
24 h. Cell viability was evaluated with MTT assay. Data are presented 
as mean ± SD in triplicates and analyzed using one-way ANOVA, and 
LSD was used for the post-hoc test. ***P < 0.001 vs. control group; 
###P < 0.001 vs. UVB group; $$P < 0.001 vs. UVB + Allicin 25 
group

Fig. 6    Schematic illustration of the protective effects of Allicin 
against UVB-induced photodamage of keratinocytes by inhibiting 
NLRP3 inflammasomes and activating the PI3K/Akt/autophagy path-
way
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endocytosis and involves the maintenance of the epidermal 
barrier [27]. In autophagy, the expression of the p62 pro-
tein was downregulated, and an autophagy inhibitor, 3-MA, 
increased the p62 protein in HaCaT cells [28]. However, 
our study showed that Allicin treatment decreased the pro-
tein expression of Beclin-1 while increasing the p62 protein 
expression in UVB-induced HaCaT cells.

The NLRP3 inflammasome, comprising NLRP3, an 
apoptosis-associated speck-like protein with a CARD 
(ASC) and procaspase-1, plays a pivotal role in the innate 
immune response. Activation of this inflammasome leads 
to the activation of caspase-1, resulting in the production of 
interleukin 18 (IL-18) and interleukin 1 beta (IL-1β), thus 
initiating the inflammatory process [12]. Previous studies 
have revealed that excessive UVB exposure increases the 
synthesis of inflammasome components, such as NLRP3, 
ASC, Caspase-1, and IL-1β, and down-regulates antioxidant 
genes in the HaCaT cell line [29]. However, our research 
showed that Allicin treatment reduced the NLRP3-related 
protein, such as Caspase-1. In addition, Allicin elevated the 
protein expression levels of molecules within the PI3K/Akt 
signaling pathway, specifically PI3K and Akt.

Limitations

Allicin's cytoprotective properties and action method in 
additional keratinocytes, such as primary cells, human N/
TERT keratinocytes, and skin fibroblasts, remain to be 
investigated. Furthermore, in vivo investigations are needed 
to establish Allicin as a supplementary option for UVB-
induced photodamage. Although these limitations could be 
addressed to consolidate and expand on current findings, the 
study indicated that Allicin might be a potential contender 
against UVB-induced photodamage.

Conclusions

In the present research, we investigated the possible pro-
tective impact of Allicin on UVB-induced photodamage of 
keratinocytes in vitro. Our results demonstrated that Allicin 
treatment protected against UVB-induced photodamage of 
keratinocytes by inhibiting NLRP3 inflammasomes and acti-
vating the PI3K/Akt/autophagy pathway (Fig. 6). In future 
studies, these findings will need to be validated in preclinical 
and clinical settings.
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