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A B S T R A C T

This study combines high-throughput screening and virtual molecular docking to identify natural 
compounds targeting PKC in skin aging. Go 6983, a PKC inhibitor, showed potent suppression of 
MMP-1 transcription. EGCG was one of the candidates that showed it could significantly lower 
UVB-induced MMP-1 expression in HaCaT cells, and it had a strong affinity for PKCα. Interest-
ingly, EGCG is exclusively bound to PKCα, not the δ and ζ isoforms. Blocking PKCα did not elevate 
UVB-induced MMP-1 expression in HaCaT cells. In a model of human skin, EGCG stopped 
collagen breakdown and changes in epidermal thickness that were caused by UV light from the 
sun. This suggests that EGCG could be useful in dermatology and drug development. These 
findings highlight the role of structure-based screening in identifying candidate compounds with 
applications in the cosmetic, dermatological, preventive health, and pharmaceutical fields.

1. Introduction

The skin is the outermost organ covering our body, primarily consisting of the epidermis and dermis layers. As the outermost layer 
of the skin, the epidermis is mainly responsible for preventing damage from the external environment and determining skin color 
through pigmentation. As the lower layer of the epidermis, the dermis layer provides strength and elasticity to the skin with connective 
tissue and maintains hydration with hyaluronic acid [1,2]. Ultraviolet B (UVB) is one of the types of ultraviolet rays from the sun 
known to directly affect the epidermis of the skin, and prolonged exposure can lead to skin aging [3–5]. When the skin is exposed to 
UVB, the expression of matrix metalloproteinase-1 (MMP-1), also known as collagenase-1, increases in the epidermis layer. This 
enzyme promotes the breakdown of collagen fibers, the main structural protein in the skin, and contributes to the formation of 
wrinkles [6,7]. Collagen present in skin tissue plays an important role in providing tensile strength and elasticity to the skin, and during 
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the photoaging process, the alignment of collagen fibers becomes irregular, making the skin appear aged [8].
Protein kinase C (PKC) is a key family of enzymes involved in signaling pathways that specifically phosphorylates substrates at 

serine and threonine residues, influencing a variety of cellular events such as cell proliferation and the regulation of gene expression [9,
10]. A number of studies have emphasized that the activities of PKC are necessary for UVB-induced apoptosis of human keratinocytes 
and skin cell damage [11–13]. Different types of PKCs have different structures and substrate needs, which is why they are divided into 
three groups: “conventional” PKCs (cPKC), “novel” PKCs (nPKC), and “atypical” PKCs (aPKC). The cPKC family includes PKCα, PKCβ 
(PKCβI and PKCβII), and PKCγ. These proteins need calcium to work and are turned on by phosphatidylserine (PS) and the second 
messenger, diacylglycerol (DAG). nPKCs are made up of PKCδ, PKCε, PKCη, and PKCθ. They are controlled by PS and DAG and don’t 
need calcium. The aPKC family, which includes PKCζ and PKCι (or PKCλ), operates without calcium and is controlled by PS. It doesn’t 
need DAG to be activated [14–16]. Ongoing interest in the field of aging research endures, particularly concerning the significant role 
of PKC as implicated in the aging process, as highlighted in previous studies [17–19]. So, novel therapeutic agents for anti-skin aging 
induced by UVB need to be developed that only target certain PKC isoforms to prevent diseases associated with PKC [16].

Structure-based virtual screening (SBVS) models are currently recognized as crucial tools in the fields of life sciences and medicine. 
These models are utilized to analyze the molecular structures and interactions of compounds, aiding in the discovery of new bioactive 
substances [20]. Its high efficiency allows for rapid screening of extensive compound databases, facilitating the identification of 
promising molecules [21]. Additionally, its cost-effectiveness, compared to experimental methods, enables the evaluation of a diverse 
range of compounds at a relatively lower cost [22]. Moreover, SBVS provides the capability to visualize and interpret molecular in-
teractions between compound structures and target proteins. However, SBVS comes with inherent limitations. The model’s operation 
based on a single structure introduces the possibility of errors, susceptible to discrepancies with experimental data [21]. Furthermore, 
its scope may be limited to predicting the biological activity of specific molecules. Despite these difficulties, SBVS is still a useful tool 
for the search for novel bioactive compounds as seen in its use in the creation of therapeutic candidates for skin photoaging. Numerous 
studies have focused on drug discovery through SBVS. However, there aren’t many structural biology studies that look into 
PKC-isoform-selective therapeutic agents using both methods at the same time.

In this study, we sought to identify an inhibitor to specifically suppress the PKC for mediating UVB-induced skin aging. The kinase 
inhibitor-based high-throughput system was used for specific kinases that were mainly responsible for contributing to anti-skin 
photoaging. We used SBVS models to discover novel PKC inhibitors in a library of natural compounds that were similar in three di-
mensions. The effect of natural inhibitor candidates on skin photoaging was validated in the human keratinocyte model HaCaT and the 
human skin tissue model.

2. Materials and methods

2.1. Reagents and antibodies

CellTiter 96® AQueous MTS Reagent Powder and reporter lysis 5 × buffer was obtained from Promega (Madison, WI, USA). 
Phenazine methosulfate, Go 6983 and active PKCα protein were purchased from Sigma-Aldrich (St. Louis, MO, USA). EGCG and 
polydatin were obtained from Selleckchem (Houston, TX, USA). Cyanidin chloride was purchased from Interpharm (Ilsandong-gu, 
Goyang-si, Republic of Korea). The CNBr-Activated Sepharose 4B bead was obtained from Cytiva (Marlborough, MA, USA). Myelin 
Basic Protein TFA was purchased from MedChemExpress (Monmouth Junction, NJ, USA). Antibodies against vinculin and MMP-1 
were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies against PKC isoform antibody sampler kit and MMP-1 
were purchased from Cell Signaling Technology (Danvers, MA, USA). MMP-1 luciferase reporter HaCaT cells and HaCaT cells (CLS 
Cell Lines Services GmbH, Germany, Catalog Number: 300493) were kindly provided by Prof. Ki Won Lee from Seoul National 
University. For authentication, these cells were verified through STR profiling and screened for mycoplasma contamination to confirm 
their purity and suitability for experimental applications.

2.2. Cell culture

Human keratinocyte HaCaT cells and MMP-1 luciferase reporter HaCaT cells were cultured in DMEM supplemented with 10 % FBS, 
100 U/mL penicillin, and 100 μg/mL streptomycin. These cells were maintained at 37 ◦C under a 5 % CO2 condition. MMP-1 luciferase 
reporter HaCaT cells were selected with 1 μg/mL of puromycin.

2.3. MMP-1 luciferase vector-transfected HaCaT

MMP-1 luciferase reporter HaCaT cells were cultured in 96-well plates at a density of 1.5 × 104 cells/well and maintained in 
Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, Laboratories Inc, Logan, UT, USA) supplemented with 10 % (v/v) fetal bovine 
serum (FBS; Gibco, Waltham, MA, USA) and 1 % penicillin/streptomycin (Gibco). To induce experimental conditions, the cells un-
derwent serum starvation for 24 h and were subsequently treated with various types of inhibitors (10 μM) for 1 h prior to exposure to 
UVB radiation. The UVB light source (Bio-Link Crosslinker; Vilber Lourmat, Marne-la-Vallee, France) emitted wavelengths of 254, 312, 
and 365 nm, with peak emission at 312 nm. After UVB exposure, the cells were incubated for an additional 5 h. After that, 20 μL of lysis 
buffer was added to break up the cells, and the luciferase activity was measured using the luciferase assay system (Promega, Madison, 
WI, USA) according to the manufacturer’s instructions.
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2.4. Molecular docking-based virtual screening

A molecular docking simulation was performed to virtually screen 20,969 natural compounds of the Korea Chemical Bank (KCB) 
using Schrodinger’s program (Schrödinger, LLC, NY, USA). The PKCβII structure co-crystallized with a bisindolylmaleimide inhibitor 
(PDB code: 2I0E) was retrieved from the Research Collaboratory for Structural Bioinformatics (RCSB) database and employed as the 
receptor for the docking simulation. Structure was prepared with protonation at pH 7.4 and energy minimization. The grid for mo-
lecular docking with a 10 Å spacing around the kinase inhibitor in the ATP binding site, was generated. Natural compounds from the 
KCB chemical library were prepared using the Ligand structure preparation (LigPrep) module and subjected to docking using the Glide 
SP module. The virtual hits were ranked based on the glide score (G-score), and 64 compounds were selected for further biological 
evaluation through visual inspection. Then, three natural compound candidates were sorted for subsequent analysis.

2.5. MTS assay

To determine whether the impact of EGCG, polydatin, and cyanidin affects the viability of HaCaT cells, an MTS (3-(4,5-dime-
thylthhylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay was conducted. HaCaT cells were plated 
at a density of 1 × 105 cells/well in 96-well plates, followed by a 24 h serum starvation. Subsequently, the cells were treated with 
various concentrations (3.125, 6.25, 12.5, 25 and 50 μM) of EGCG, polydatin, and cyanidin. After incubation for 24 h, the cells were 
exposed to a 0.2 % (w/v) MTS solution containing phenazine methosulfate (PMS). The cells were then incubated at 37 ◦C in the dark 
for 1 h. After incubation for 1 h, the absorbance at 490 nm was measured using a microplate reader.

2.6. Western blotting analysis

HaCaT cells and human full-thickness skin tissue were washed with cold phosphate-buffered saline (PBS), permeated with 1 × cell 
lysis buffer for 10 min at 4 ◦C, and quantified with a Pierce BCA protein assay kit (Thermo Scientific, Waltham, MA, USA.). Equal 
amounts of protein were separated on 10 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at 110 V for 1 h 
and 40 min and transferred to a polyvinylidene difluoride (PVDF) membrane at 25 V for 15 min. Membranes were blocked with skim 
milk or a 5 % bovine serum albumin (BSA) solution for 1 h on a rack platform. The membranes were then incubated overnight with 
specific primary antibodies at 4 ◦C. After incubating, the membranes were washed three times with TBST for 10 min and incubated 
with the corresponding horse radish peroxidase-conjugated secondary antibodies for 40 min at room temperature. After washing the 
membrane, protein bands were detected using a chemiluminescence reader (LuminoGraph III Lite; ATTO, Tito-ku, Tokyo, Japan) at the 
Biopolymer Research Center for Advanced Materials, and protein expression was quantified using Image J software (National Institutes 
of Health, Bethesda, MD, USA).

2.7. Docking simulation of the PKC family and EGCG

The PKCα structure (PDB code: 3IW4) was obtained from the Protein Data Bank (PDB) and utilized as a template for homology 
modeling. Homology models of PKCδ and PKCζ, with amino acid sequence identities of 27 % and 29 %, respectively compared to the 
PKCα kinase domain, were generated based on the kinase domain of PKCα using the prime module of Schrodinger’s software. Protein 
structures were prepared with protonation at pH 7.4 and subjected to energy minimization. The chemical structure of EGCG was 
retrieved from PubChem (PubChem CID: 65064), and its 3D structure was generated through energy minimization and protonation 
using LigPrep. The allosteric binding site of PKCα was supposed to be the most docked location of EGCG in the whole protein structure 
of PKCα using Autodock Vina software (La Jolla, CA, USA). EGCG was reattached to the allosteric binding sites of PKCα, PKCδ, and 
PKCζ using the Glide SP module. A low G-score was used to choose the binding pose.

2.8. Cell-based pull-down assays

Sepharose 4B powder (0.3 g) was reconstituted in a solution containing 1 mM HCl, and 2 mg EGCG was introduced into the 
coupling buffer (0.1 M NaHCO3 and 0.5 M NaCl), followed by thorough mixing on a shaker at 4 ◦C overnight. The procedure was 
performed as reported in previous literature [23]. 500 μg of cellular protein extracted from HaCaT was incubated with either the 
EGCG-Sepharose 4B complex or Sepharose 4B alone beads at 4 ◦C overnight. The protein binding to the EGCG-Sepharose 4B complex 
was subsequently assessed by western blotting analysis.

2.9. Kinase activity assay

The in vitro PKCα kinase assay was executed employing the Universal Kinase Activity Kit (R&D Systems Inc., MN, USA). In brief, the 
PKCα kinase assay was performed using an active PKCα protein and initiated by adding the substrate mixture containing PKCα and the 
enzyme mixture containing myelin basic protein (MBP) or EGCG (0.5–2 μM) in a 96-well microplate, which was then incubated at 
25 ◦C for 10 min. Subsequently, malachite green reagent was added to each well to terminate the reaction, followed by an additional 
incubation at 25 ◦C for 20 min. After incubation for 1 h, the absorbance at 620 nm was measured using a microplate reader.
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2.10. Transfection with small interfering RNA

Scrambled small interfering RNA (siRNA) (sc-37007) and PKCα siRNA (sc-36243) were procured from Santa Cruz Biotechnology. 
Transient transfection of siRNA was conducted using the Lipofectamine™ CRISPRMAX™ Cas9 Transfection reagent (Thermo Scien-
tific). Briefly, HaCaT cells were seeded at a density of 2 × 105 cells/well in 96-well plates and cultured until they attained 80 % 
confluence. HaCaT cells were treated with Lipofectamine and either scrambled siRNA or siPKCα (30 pmol) diluent using Opti-MEM™ 
(Gibco) in each well. After 5 h of incubation, the medium was replaced with complemented DMEM at 37 ◦C for 24 h. The western 
blotting analysis was used to see how well knockdown of the protein expression and Image J software (National Institutes of Health, 
Bethesda, MD, USA) to count the amount of protein expression.

2.11. Quantitative reverse transcription PCR (RT-qPCR)

HaCaT cells were seeded at a density of 3 × 105 cells in a 60 mm dish and incubated for 24 h. After 24 h of starvation, cells were 
treated with EGCG (0.5–2 μM). The cells were incubated for 1 h and cells were irradiated UVB. Total RNA was extracted from cells 
using TRIzol reagent (Thermo Fisher Scientific, MA, USA). Complementary DNA (cDNA) was synthesized from mRNA using the 
amfiRivert cDNA Synthesis Platinum Master Mix (GenDEPOT, Baker, TX, USA), according to the manufacturer’s instructions. Briefly, 
the qRT- PCR was performed at 25 ◦C for 1 min, 51 ◦C for 30 min, and 85 ◦C for 1 min cDNA was mixed with primers and AccuPower® 
2X GreenStar qRT-PCR MasterMix (GenDEPOT), and qRT-PCR was performed at 95 ◦C for 5 min, followed by 40 cycles at 95 ◦C for 15 
s, 60 ◦C for 15 s, and 72 ◦C for 30 s. The MMP-1 forward primer sequence was 5′- CCC CAA AAG CGT GTG ACA -3′ and reverse primer 
sequence was 5′- GGT AGA AGG GAT TTG TGC G -3’. The GAPDH forward primer sequence was 5′- GTC TCC TCT GAC TTC AAC AGC 
-3′ and reverse primer sequence was 5′- GTC TCC TCT GAC TTC AAC AGC -3’.

Fig. 1. Treatment of Go 6983 inhibited UVB-induced MMP-1 activation in the MMP-1-luc stable HaCaT cells. (a) Kinase inhibitor library for 
candidate suppressing UVB-induced MMP-1 transactivation by luciferase activity assay. (b) UVB-induced increased MMP-1 was assessed by Western 
blot and quantified with Image J software. ###p < 0.001, ***p < 0.001.
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2.12. Preparation of human skin tissue and solar UV irradiation

Abdominal human skin tissues were sourced from female Caucasian donors through Biopredic International (Rennes, France) in 
accordance with the French Law L.1245-2 CSP. Human skin provider, Biopredic International, holds approval from the French Ministry 
of Higher Education and Research for the acquisition, transformation, sale, and export of human biological material intended for 
research purposes (AC-2013-1754). This study adhered to all principles outlined in the Helsinki Declaration. Human skin tissues with a 
diameter of 10 mm were incubated in DMEM containing 10 % FBS with penicillin/streptomycin in a 5 % CO2 incubator at 37 ◦C. Ex 
vivo human skin tissues were subjected to treatment with EGCG (0.0625–0.25 μM) and exposed to solar UV (25 kJ/m2) radiation daily 
for a duration of 5 days (Fig. 5a).

2.13. Histological analysis

Fresh human full-thickness skin tissues were fixed with 4 % formaldehyde, embedded in paraffin, and then sectioned at appropriate 
intervals in three different locations. Subsequently, the sections were deparaffinized and utilized for subsequent experiments. For 
visualizing epidermal thickness, the Hematoxylin and Eosin staining kit (ab243880, Abcam, Cambridge, UK) was employed. Briefly, 
apply adequate Hematoxylin, Mayer’s to completely cover tissue section and incubate for 5 min, washed two times with distilled water 
and then dipped in Bluing Reagent for 10 s. After two washes with distilled water, the tissue sections were dipped in ethanol and then 

Fig. 2. Identification of common binding residues with Go 6983 in a natural compounds library SBVS: EGCG, polydatin, and cyanidin inhibit MMP- 
1 expression in HaCaT cells. (a) Natural product library SBVS a search was conducted to identify common binding residues with Go 6983, leading to 
the selection of EGCG, polydatin, and cyanidin. Red writing, common binding residues. (b) Cells were treated with candidate; EGCG, polydatin and 
cyanidin for 24 h. Protein expression of MMP-1 was determined by western blotting analysis and quantified with Image J software. ###p < 0.001, 
***p < 0.001.
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incubated in Eosin Y Solution for 2 min and then washed with pure alcohol. To visualize collagen fibers as a blue color, the Masson’s 
trichrome staining kit (ab150686, Abcam, Cambridge, UK) was utilized. The tissues were initially placed in Bouin’s Fluid preheated in 
a water bath at 64 ◦C, followed by storage in preheated Bouin’s Fluid for 60 min and subsequent cooling for 10 min. Tissues were then 
sequentially stained with Weigert’s Iron Hematoxylin, Biebrich Scarlet/Acid Fuchsin, Phosphomolybdic/Phosphotungstic Acid, and 
Aniline blue for 5–15 min each. Distilled water was used for washing between each staining step. Stained tissue slides were examined 
using an optical microscope. Epidermal thickness and the amount of collagen fibers were quantified using Image J software, 
respectively.

Fig. 3. In silico and in vitro, EGCG specifically inhibits PKCα by direct binding. (a) Classification and structural characteristics of protein kinase C 
family. (b–d) Binding affinity Gscore of the PKCα, PKCδ and PKCζ on EGCG. Binding affinities were measured by Schrodinger’s software as 
described in the Materials and Methods. (e) EGCG directly binds to intracellular PKCα. The binding of EGCG with PKCα was performed SDS-PAGE 
and immunoblotting with a specific PKCα antibody: Lane 1, 2 (input control), cell lysates from HaCaT; Lane 3 (control), lysates from HaCaT; and 
Lane 4, cell lysates from HaCaT cells precipitated with EGCG-Sepharose 4B beads. (f) Effects of EGCG on PKCα kinase activity. Kinase activity was 
measured as described in the Materials and Methods. ###p < 0.001, ***p < 0.001.
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2.14. Statistical analysis

Experimental data obtained from at least three independent experiments were presented as mean ± standard deviation. Statistical 
analysis was performed by one-way ANOVA with Tukey test or Student’s t-test using GraphPad Prism software. Statistically significant 
differences were expressed as ##p < 0.01 and ###p < 0.001 compared to normal group; **p < 0.01 and ***p < 0.001 compared to UVB- 
treated group.

3. Results

3.1. Go 6983 inhibits UVB-induced MMP-1 activation

To identify upstream regulators of MMP-1, a representative marker involved in skin aging caused by ultraviolet rays, a library of 
192 kinase-specific inhibitors was treated with the MMP-1-luc stable HaCaT cell line, and the transactivation level of MMP-1 in the 
MMP-1-luc stable HaCaT cells was measured by a luciferase reporter gene assay. As shown in Fig. 1a, the transactivation of MMP-1 in 
UVB-irradiated cells was increased by about twofold compared to that of untreated control cells. It was found that 104 of the 192 
kinase-specific inhibitors lowered the amount of MMP-1 transactivation that UVB caused. Not only that, but out of the 104 kinase- 
specific inhibitors, 94 notably decreased the level of MMP-1 transactivation by UVB (p < 0.05). Subsequently, 16 kinase inhibitors 
decreased the level of MMP-1 transactivation by UVB, similar to that of untreated cells. Interestingly, these inhibitors predominantly 
target PKC. Also, the PKC inhibitor Go 6983 significantly decreased the expression of MMP-1 protein stimulated by UVB in human 
keratinocyte HaCaT (Fig. 1b). These results reveal that PKC can be the target of UVB-irradiated skin aging.

3.2. Discovery natural compound candidates for anti-skin photoaging using computational docking stimulation

To discover natural compounds from the 20,969 candidates of the KCB database for development of PKC-specific inhibitor, the 
glide SP docking software was employed to rank-order compounds with protein-ligand binding affinity. In this study, we employed 
docking simulations with the co-crystallized structure of the cPKC member PKCβII isoform, along with a bisindolylmaleimide inhibitor 
exhibiting structural similarities to Go 6983. Virtual hits were sorted based on glide scores. Additionally, 64 compounds were 
compared with the amino acid residues of Go 6983 for biological evaluation, and then EGCG, polydatin, and cyanidin were sorted. 
Comparing EGCG, polydatin, and cyanidin with the amino acid residues bound to Go 6983, specific residues including Leu348, Val356, 
Ala369, Asp370, Tyr422, Val423, and Ala438 (highlighted in red) were identified (Fig. 2a). The MTS assay was used to test how harmful 
EGCG, polydatin, and cyanidin are to HaCaT cells. At concentrations below 3.125 μM, EGCG, polydatin, and cyanidin did not affect the 
growth of HaCaT cells (figs. S1a–c). When we exposed HaCaT cells to UVB light, we used Western blot analysis to see how the 
chemicals EGCG, polydatin and cyanidin changed the amount of MMP-1. As shown in Fig. 2b, these natural compound candidates 

Fig. 4. Knockdown of PKCα inhibits UVB-induced MMP-1 expression. (a) In HaCaT cells, transfecting PKCα with siRNA resulted in a significant 
knockdown of PKCα protein expression and attenuated MMP-1 expression was determined by western blotting analysis and quantified with Image J 
software. (b) The mRNA levels of MMP-1 were detected using RT-qPCR. ###p < 0.001, **p < 0.01, ***p < 0.001.
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reduced UVB-induced MMP-1 expression. Furthermore, the reduction in MMP-1 expression by EGCG was significantly more pro-
nounced compared to the treatment groups with polydatin and cyanidin.

3.3. EGCG is a specific natural inhibitor that directly binds to PKCα in silico and in vitro

PKC is classified into classical PKC, novel PKC, and atypical PKC according to subtype (Fig. 3a). Docking studies of EGCG with the 
structures of PKCα, PKCδ, and PKCζ gave us structural information about how EGCG binds to the PKC family. Most kinase activity is 
modulated through self-activating loop phosphorylation, leading to increased enzyme activity and altering the conformation of the 
loop. However, the interference of EGCG with PKC activity occurs because of its structural similarity to Go 6983, a known PKC 

Fig. 5. EGCG prevents solar UV-induced MMP-1 expression, mitigating skin aging in ex vivo human skin tissue. (a) Human skin tissue samples were 
pre-treated with EGCG at the indicated concentrations for 1 h before being exposed to solar UV (25 kJ/m2) over 5 days. Human skin tissues were 
subjected to solar UV at the same time each day. Human skin tissues from one Caucasian donor were used. (b) Epidermal thickness and collagen 
fibers were detected with H&E staining and Masson’s trichrome staining, respectively. Human skin tissues were randomly divided into three sections 
(Black scale bars of the tissue image is 100 μm, respectively). H&E staining and Masson’s trichrome staining were quantified using Image J software. 
###p < 0.001, **p < 0.01, ***p < 0.001. (c) MMP-1 and vinculin protein expression were determined in human skin tissue lysate by Western blot 
analysis and quantified using Image J software. ##p < 0.01, ***p < 0.001, **p < 0.01.
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inhibitor. Therefore, we assessed the Gscore, an indicator of binding affinity, by docking EGCG with the structures of PKCα, PKCδ, and 
PKCζ. A more negative Gscore corresponds to a higher binding affinity, with a difference of 1 value indicating a tenfold or greater 
disparity in binding affinity [24]. The obtained Gscore values were as follows: PKCα, − 5.268; PKCδ, − 4.320; and PKCζ, − 4.520, 
indicating the highest binding affinity for PKCα (Fig. 3b–d). The molecular docking simulations between EGCG and PKCα showed the 
lowest Gscore compared to the other isoforms. This suggests that EGCG and PKCα have a very strong binding affinity. Therefore, we 
hypothesize that PKCα could potentially serve as a target for EGCG in regulating MMP-1 expression. We used EGCG and Sepharose 4B 
in HaCaT cell lysate in an in vitro pull-down assay to make sure it did interact directly with PKCα. These results showed that EGCG was 
directly and specifically bound to PKCα in the lysate from HaCaT cells (Fig. 3e). Since PKCα has been shown to turn on the MMP-1 
pathway, we looked into whether there was a link between PKCα kinase activity and EGCG’s ability to lower MMP-1. EGCG treat-
ment decreased PKCα kinase activity in a way that depended on the dose, showing a significant reduction compared to the control 
group (Fig. 3f). Overall, we showed that EGCG stops UVB from increasing MMP-1 expression by directly stopping the activity of PKCα 
kinase. Additionally, this conclusion is supported by the observed direct binding of EGCG to PKCα protein in pull-down assays con-
ducted on cell lysates.

3.4. PKCα plays a key role in UVB-induced MMP-1 expression in HaCaT cells

Because of the noticeable drop in PKCα kinase activity seen in my previous study with EGCG, we looked into the possible link 
between PKCα and UVB-induced MMP-1 expression in HaCaT cells by using siPKCα. When PKCα was turned off, MMP-1 expression did 
not go up compared to the controls that had their sequences jumbled (Fig. 4a). Additionally, EGCG suppressed UVB-induced MMP-1 
expression in a concentration-dependent manner (Fig. 4b). Taken together, PKCα plays a key role in UVB-induced MMP-1 expression, 
and as a result, EGCG, which regulates PKCα activity, suppressed the gene expression of MMP-1.

3.5. EGCG prevents solar UV-induced photoaging in human skin tissue

In order to find out if EGCG could protect human skin tissues from changes in epidermal thickness and collagen fiber degradation 
caused by UV light, the tissues were treated with EGCG and exposed to UV light once a day for 5 days in a row (Fig. 5a). In this study, 
EGCG treatment demonstrated a decrease in the solar UV irradiation-induced thickening of the epidermal layer. Hematoxylin and 
eosin staining tests showed that EGCG treatment stopped the extra thickness of the epidermis that happens when human skin is 
exposed to solar UV light in dose-dependent manner. Furthermore, the EGCG-treated group exhibited an increased collagen fiber area 
in human skin tissues compared to the solar UV irradiation alone group. As shown by the Masson’s trichrome staining assay, EGCG 
treatment prevented collagen fiber loss in human skin tissues after UV exposure in a way that depended on the dose (Fig. 5b). These 
findings demonstrate that EGCG’s inhibitory effect on skin aging is evident not only in human skin cells but also in actual human skin 
tissues. MMP-1 induces skin aging by degrading collagen types I, respectively. We looked at how solar UV light affected the expression 
of MMP-1 in human skin specimens that had been treated with EGCG. Western blot analysis showed that the EGCG treatment effi-
ciently blocked the expression of MMP-1 in human skin tissue lysate that was caused by UV light (Fig. 5c). Overall, exposure of human 
skin to solar UV radiation results in the degradation of collagen type I due to the upregulation of MMP-1, consequently leading to 
phenotypes such as wrinkles. Thus, EGCG is a potent anti-aging agent capable of normalizing MMP-1 expression levels.

4. Discussion

In response to the dynamic environmental changes, individuals strive to maintain a healthful lifestyle by employing pharmaceu-
ticals, cosmetics, and dietary supplements [25,26]. The functional efficacy of these health-promoting products derives from their raw 
materials, aligning with the contemporary consumer preference for natural ingredient-based products [27]. Consequently, the iden-
tification of target molecules related to disorders and the discovery of natural candidates constitute essential stages in the development 
of health-promoting products [28–30]. In order to identify the crucial kinase responsible for UVB-induced skin aging, we screened the 
effect of a kinase inhibitor library on MMP-1 transactivation in this study. This study used structure-based 3D computer modeling to 
find natural anti-aging compounds that target UVB-irradiated skin before validating their effect on human skin tissues and cells.

HTS is a standard method for drug discovery in the pharmaceutical industry and is an approach to drug discovery that has grown in 
popularity over the past two decades. Advantages of this analysis system include cost savings and minimal space constraints. However, 
disadvantages include long design and implementation times, unstable operation, and limited error recovery capabilities [31].

UV-induced skin photoaging is well-known for its ability to induce MMP-1 overproduction, with MMP-1, recognized as a colla-
genase, playing a key role in degrading the ECM collagen fiber layer and contributing to skin sagging and wrinkle formation [3,32–34]. 
Although MMP-1, plays a role in skin aging, its involvement in ECM degradation across various physiological processes such as 
embryonic development, reproduction, and tissue remodeling led us to sort out the Go 6983 treated groups at levels similar to those of 
the normal groups [35,36]. Thus, Go 6983 was identified as a compound normalizing MMP-1 transcription, as illustrated in Fig. 1a and 
b, based on previous studies indicating that Go 6983, at concentrations up to 10 μM, does not affect viability [37].

SBVS, a computational approach in early-stage drug discovery that searches a chemical compound library for novel bioactive 
molecules against a specific drug target, integrates biophysics and computer science and is characterized by cost-effectiveness, speed, 
and flexibility of biophysical knowledge and algorithms related to molecular recognition [38]. It utilizes the 3D structure of the 
biological target, obtained from X-ray, NMR, or computational modeling, to dock compounds into the binding site and select a subset 
based on predicted binding scores for further biological evaluation [39]. Progress in molecular and structural biology has significantly 
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contributed to elucidating the 3D structure and function of various therapeutic biological molecules [40]. SBVS, emerging as a pivotal 
technique in the lead identification process, plays an important role and is presented as a complementary approach to HTS, enhancing 
the potential for lead identification when combined with structural biology [41,42]. Therefore, as shown in Fig. 2a, three natural 
compounds with structures similar to Go 6983 were chosen through SBVS.

As described in the introduction, PKC demonstrates a close association with the collagenase MMP-1. PKC translocates to various 
cellular regions in a stimulus-dependent manner and subtype, being implicated in various human diseases [43,44]. Nevertheless, the 
activity mechanisms for certain PKC subtypes remain unclear, requiring further investigation in future studies. Based on previous 
research showing that PKC is an MMP-1 upregulator [17–19], we hypothesized that three chosen Go 6983-like natural candidates 
would also possess inhibitory effects on PKC. As shown in Fig. 2b, UVB-induced MMP-1 overexpression in HaCaT cells was inhibited by 
three natural candidates, among which EGCG, known for its ability to downregulate signaling pathways mediated by reactive oxygen 
species [45], exhibited a particularly significant decrease.

EGCG, displaying the highest efficacy in inhibiting UVB-induced MMP-1 expression, belongs to the category of green tea poly-
phenols well-known for their anti-aging, neuroprotective, anti-inflammatory and properties [46–48]. Docking simulations were 
performed to investigate the association between EGCG and each PKC isoform, considering EGCG’s role as a PKC inhibitor derived 
from natural products. As a result, EGCG exhibited binding to PKCα, PKCδ, and PKCζ isoforms; nevertheless, upon comparing the 
Gscore representing binding affinity [49], it demonstrated the highest affinity for PKCα (Fig. 3b–d). These findings demonstrate 
EGCG’s function as a naturally sourced PKC inhibitor, particularly highlighting its potential as a PKCα-specific inhibitor. On the other 
hand, the variations in Gscore resulting from alters in the binding residues of EGCG to each PKC isoform necessitate further 
investigation.

The Gscore, reflecting the affinity between PKCα and EGCG, is recorded at − 5.268, exhibiting a difference of approximately 1 
compared to PKCδ and PKCζ. To verify EGCG’s potential as a PKCα-specific inhibitor, an in vitro pull-down assay was performed 
between EGCG and various PKC isoforms. Consequently, EGCG bound to Sepharose 4B demonstrated its affinity towards PKCα in the 
HaCaT cell lysate (Fig. 3e). Following the in vitro pull-down assay, EGCG was confirmed for specific binding to PKCα. In addition, PKCα 
kinase activity was significantly decreased following EGCG application, indicating that the MMP-1 expression could be directly linked 
to PKCα kinase activity (Fig. 3f). Nevertheless, the results of docking simulations indicated a lower binding affinity towards PKCδ and 
PKCζ. This discrepancy is possibly due to the construction of homology models of PKCδ and PKCζ using the amino acid sequence 
identity from the PKCα domain, underscoring the need for additional structural biological studies. Moreover, the transfection of siRNA- 
PKCα neutralized the effect of EGCG on MMP-1 expression (Fig. 4a). In the PKCα knockdown group, UVB-induced MMP-1 over-
expression was not observed; however, treatment with EGCG resulted in reduced MMP-1 expression, prompting the need for further 
validation regarding the potential downregulation of the PKCα sub-pathway by EGCG.

Finally, the phenotype was validated through ex vivo analysis using histological staining. Indications of skin aging include increased 
epidermal thickness combined with a reduce in the collagen fiber layer [50,51]. As shown in Fig. 5b, human skin tissues were analyzed 
for epidermal thickness and collagen fiber layer staining using H&E and Masson’s trichrome methods. Solar UV irradiation of human 
skin tissue confirmed the expected degradation of the collagen fiber layer and subsequent increase in epidermal thickness, both of 
which were alleviated by EGCG treatment. Additionally, as shown in Fig. 5c, the overexpression of MMP-1 induced by solar UV 
irradiation was downregulated by EGCG treatment. However, the histological morphology was not clearly evident in this experiment, 
possibly due to the specimens being from elderly female Caucasian donors [52].

5. Conclusion

In summary, this study focuses on targeting skin photoaging by utilizing HTS and SBVS to identify potential natural compounds 
that inhibit MMP-1 expression. EGCG stands out as a prominent PKCα-specific inhibitor, effectively suppressing UVB-induced MMP-1 
expression and preventing collagen degradation and changes in epidermal thickness induced by solar UV. These findings highlight the 
potential of structure-based systems for screening substances in diverse applications, including cosmetics, health supplements, and 
drug development.
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