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Abstract. Asiaticoside, isolated from Centella asiatica, shows 
great improvement on wound healing and anti‑oxidation 
function in vitro and in vivo. From previous research, asiati‑
coside possesses the potential capability to delay skin aging 
and reduce wrinkles clinically, but its underlying mechanism 
to regulate aging have not well‑investigated. The present 
study found that asiaticoside could improve the viability and 
maintains a normal morphology in ultraviolet (UV)‑exposure 
cells. In addition, β‑galactosidase release was inhibited by 
treatment of asiaticoside in UV damaged cells was observed. 
The present study confirmed that UV‑induced ROS genera‑
tion and SOD reduction could be attenuated by incubation of 
asiaticoside. By using RNA sequencing technology, differ‑
ential genes between UV and asiaticoside treatment were 
demonstrated and enriched genes suggested that asiaticoside 
is able to negatively regulate cell cycle and MAPK pathways. 
Western blotting was employed to clarify the variation of key 
proteins in TGF‑β1/Smad pathway and cell cycle and the result 
implied that asiaticoside is capable of attenuating upregula‑
tion of TGF‑β1, Smad2 and Smad3 to reverse cell senescence. 
The present study investigated regulation of asiaticoside to 
TGF‑β1/Smad pathway in UV‑induced HaCat cells, showing 
its potential to against photoaging.

Introduction

Photoaging is the phenomenon of skin aging or accelerated 
aging due to prolonged sun exposure (1). Photoaging from 
intense ultraviolet (UV) rays is more likely to make the skin 
rough, sagging, wrinkled, hyperpigmented and even precan‑
cerous, benign or malignant (2). In addition to natural aging 
caused by the body's natural cell metabolism, photoaging 

is the second largest cause of skin aging. UV radiation can 
affect the formation of type I collagen, resulting in a relative 
increase in type III collagen (3,4), which eventually leads to 
a decrease in mature collagen bundles and skin laxity and 
wrinkles. Components of the skin's dermal matrix, such 
as aminoglycans and proteoglycans, are also implicated in 
photoaging (5). Sunlight exposure can cleave aminopolysac‑
charides and increase their solubility, thereby affecting their 
structure and function (6). UV radiation in sunlight does not 
directly damage the dermal matrix components. ROS are 
naturally generated in various biochemical reactions within 
organelles such as the endoplasmic reticulum, mitochondria 
and peroxisomes. Under normal physiological conditions, 
ROS are related to life activities such as cell signal transduc‑
tion, cell cycle and cell proliferation. Abnormally, ROS levels 
in cells are elevated after being subjected to UV exposure 
compared with healthy cells. Due to the high activity of ROS, 
cells generate oxidative stress, leading to dysfunction (7). It 
is generally believed that UV irradiation can cause mtDNA 
damage, generate oxygen free radicals ROS, further lead to the 
oxidation of proteins in the dermal matrix and cause cellular 
inflammation (7,8). In turn, the matrix components are slowly 
dissolved. Additionally, the connection between UV exposure 
and senescence has been reported; that excessive UV exposure 
leads more expression of aging‑related genes and generation 
of β‑galactosidase in cells, indicating senescence induced by 
excessive UV exposure (9‑11).

Centella asiatica is a perennial herb of the Umbelliferae 
family (12). A traditional Chinese medicinal plant with a long 
history, Centella asiatica is used externally to remove scars 
and reduce inflammation (13). The main active components 
of Centella asiatica are asiaticoside, madecassoside, asiatic 
acid and madecassolic acid, although their proportions in the 
active components has yet to be reported. Most of the active 
ingredients in Centella asiatica are triterpenoids (12). Among 
them, asiaticoside is the main active ingredient in Centella 
asiatica because of its rich pharmacological activity and 
broad clinical effects. According to scientific reports, asiati‑
coside demonstrates potential capability to delay skin aging 
and reduce wrinkles clinically (14‑16). Therefore, asiaticoside 
has good application prospects and potential for development. 
Asiaticoside may be able to promote wound healing, scar 
removal and other skin disease treatments (17‑19). However, 
the anti‑photoaging effects of asiaticoside on skin and the 
potential mechanisms of action remain to be elucidated.
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In the present study, the therapeutic effects of asiaticoside 
on skin photoaging and possible molecular mechanisms were 
investigated by analyzing the modulation of appearance, cell 
structure, oxidative stress, pigmentation index and related 
proteins in a cellular photoaging model.

Materials and methods

Materials. HaCat cells were purchased from Procell Life 
Science & Technology Co., Ltd. (cat. no. CL‑0090) and veri‑
fied by using short tandem repeat (STR) profiling. Asiaticoside 
was obtained from MilliporeSigma. Primers used in this 
study were synthesized by Sangon Biotech Co., Ltd. All the 
antibodies were purchased from Cell Signaling Technology, 
Inc.: TGF‑β (56E4) Rabbit mAb cat. no. 3709 (1:1,000); Smad2 
(D43B4) XP Rabbit mAb cat. no. 5339 (1:1,000); Smad3 
(C67H9) Rabbit mAb cat. no. 9523 (1:1,000), p53 (DO‑7) 
Mouse mAb cat. no. 48818 (1:1,000), p21 Waf1/Cip1 (12D1) 
Rabbit mAb cat. no. 2947 (1:1,000), MMP‑9 (D6O3H) XP 
Rabbit mAb cat. no. 13667 and GAPDH (D16H11) XP® Rabbit 
mAb cat. no. 5174 (1:2,000).

Cell culture. A human keratinocyte cell line (HaCat cell) 
was used in all the experiments. HaCat cells were cultured 
by using Dulbecco's modified eagle medium (DMEM) with 
10% (v/v) fetal bovine serum containing 1% (v/v) penicillin 
and streptomycin (Thermo Fisher Scientific, Inc.).

Cell counting kit‑8 assay (CCK‑8). The viability of HaCat cells 
after UV exposure and incubation with asiaticoside in low, 
medium and high doses was determined by using CCK assay 
(Beijing Solarbio Science & Technology Co., Ltd.) following 
the manufacturer's protocol (20,21). In brief, 2x104 cells were 
suspended in 200 µl DMEM medium and then seeded in a 
96‑well transparent‑bottom plate and cultured in an incubator 
at 37˚C for 24 h. The culture medium in the wells was replaced 
by fresh medium before administration of UV exposure (UV‑B, 
100 mJ/cm2, λmax=312 nm) and incubation with asiaticoside in 
different doses at 37˚C (low concentration: 1 mg/l, medium 
concentration: 10 mg/l and high concentration 30 mg/l). At 
24, 48 and 72 h after UV exposure, 20 µl CCK solution was 
added to the wells and cell viability of various groups were 
observed by a microplate reader at 450 nm after treatment of 
CCK solution with cells for 1 h. The absorbance of untreated 
cells (wildtype group, WT) served as a negative control in this 
experiment.

Morphological investigation. After UV treatment, the genome 
of some HaCat cells was disrupted leading to the activa‑
tion of stress systems, which in turn caused changes in cell 
morphology. The present study investigated the protective 
effect of pretreatment of asiaticoside on cells subjected to 
UV stimulation by observing cell morphology. Control HaCat 
cells (1x105) were seeded to 6‑wells plate and cultured at 37˚C 
overnight. The culture medium was replaced and cells were 
subjected to a UV exposure for 30 min, while administration 
of asiaticoside with various doses was implemented 2 h before 
UV treatment. At 24 h following UV expose, morphological 
data of different groups were acquired by using an optical 
imaging system (CX41; Olympus Corporation).

Detection of activity of β‑galactosidase. To calculate the 
activity of senescence‑related β‑galactosidase induced by UV 
exposure and its activity in HaCat cells following asiaticoside 
administration in various doses, senescence β‑galactosidase 
staining kit (Beyotime Institute of Biotechnology) was used to 
count the number of β‑galactosidase positive cells. HaCat cells 
(1x105) were seeded into a 6‑well plate and cultured at 37˚C 
overnight. Following UV exposure and incubation of asiati‑
coside in various doses, medium was removed and cells were 
rinsed by fresh PBS buffer and then fixed using the fixative 
from the kit for 15 min at room temperature. Cells were cleaned 
by PBS for three times following fixation and underwent incu‑
bation with staining buffer for overnight at 37˚C atmosphere. 
Parafilm was used to cover the plate to prevent evaporation of 
the buffer. Images were captured using an optical microscope 
at x200 magnification (CX41; Olympus Corporation) and 
data was analyzed by using ImageJ software (v1.8.0, National 
Institutes of Health).

Investigation on reactive oxygen species (ROS). ROS can be 
induced when cells encounter stress such as exposure to heat 
and UV. To clarify the protective capability of asiaticoside to 
UV‑induced skin damage, flow cytometry (Beckman Coulter, 
Inc.) was used to identify the ratio of ROS positive cells in 
the groups treated with asiaticoside in various concentra‑
tions. Cells were stained by 2',7'‑dichlorofluorescin diacetate 
(DCFH‑DA) probe for facilitating flow cytometric cell sorting 
assay. Briefly, 1x105 HaCat cells were seeded to 6‑wells plate 
and cultured at 37˚C overnight and then 1 ml DCFH‑DA dye 
which was diluted to 10 µM/l as a working concentration 
by using culture medium without FBS was added to cells 
following administration of UV and incubation of asiaticoside 
for 20 min at 37˚C. Following staining, cells were rinsed by 
pre‑warmed (37˚C) culture medium for three times to remove 
free DCFH‑DA dye. ROS‑positive cells were identified and 
determined by observing the intensity of fluorescence in the 
FITC channel and HaCat cells without any treatments were 
used as a negative control. FlowJo software (v10.5.3, FlowJo 
LLC) and ImageJ (v1.8.0, National Institutes of Health) were 
employed to analyze and visualize data.

Determination of superoxide dismutase (SOD). SOD is a 
metalloenzyme widely found in living organisms and is an 
important scavenger of oxygen radicals, catalyzing the dismu‑
tation of superoxide anions to produce H2O2 and O2. SOD is 
not only a superoxide anion scavenger but also a major H2O2 
producing enzyme, which has an important role in the biological 
antioxidant system. To investigate the protection capacities of 
asiaticoside in various doses to UV‑exposed HaCat cells, SOD 
activity assay kit (Beijing Solarbio Science & Technology Co., 
Ltd.) was used following manufacturer's protocol. In short, 
1x105 HaCat cells were seeded into 6‑wells plate and cultured 
at 37˚C overnight. Cells were subjected to UV exposure for 
30 min, while cells in asiaticoside treated groups were prein‑
cubated with asiaticoside in different doses for 2 h before UV 
exposure. Following administration of asiaticoside and UV, 
cells were rinsed by pre‑chilled (4˚C) PBS buffer and disas‑
sociated by EDTA‑trypsin buffer. Disassociated cells were 
centrifuged at 800 x g, and the supernatant was removed before 
sediments were resuspended by 100 µl of lysis buffer from 
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the kit. A sonicator was used to split cells at 4˚C (40% power, 
10 sec stopping time after 10 sec of sonication for 3 times) to 
release intracellular SOD. Harvested lysates were subjected to 
a centrifugation at ~7,100 x g, 4˚C for 10 min and supernatants 
mixed with detection buffers. Following water bath at 37˚C for 
30 min, mixtures were transferred to 96‑wells plate for data 
acquisition by using a microplate reader under 562 nm.

TdT‑mediated dUTP Nick‑End Labeling (TUNEL) staining. 
TUNEL staining was performed by using One‑step TUNEL 
staining kit (Beyotime Institute of Biotechnology) followed 
manufacturer's instructions to observe the protective ability of 
asiaticoside to UV‑induced apoptosis (22). HaCat cells (1x104) 
were seeded to confocal dishes and cultured in an incubator 
for 37˚C overnight. HaCat cells were fixed by 4% paraformal‑
dehyde at room temperature for 1 h following UV radiation 
and administration of asiaticoside in different concentra‑
tions. Next, 50 µl of prepared staining buffer was added to 
confocal dish for 1 h at room temperature to label cells in early 
apoptosis. Then, DAPI was used to stain the nucleus following 
a proper washing procedure. Finally, TUNEL staining result 
of HaCat cells was observed and images acquired by using a 
confocal microscope (Carl Zeiss AG).

RNA sequencing (RNAseq) analysis. RNAseq was employed 
to identify and enrich the mRNAs with great expression in 
the WT group, UV exposure group and asiaticoside treatment 
following UV exposure. The experiment and data analysis 
were carried out at Novogene Biotech Co., Ltd. In brief, RNAs 
of all the samples were extracted and purified to build libraries 
for following sequencing. After the library was qualified, the 
different libraries were pooled according to the effective 
concentration and the target amount of data from the machine, 
then sequenced by the Illumina NovaSeq 6000 (Illumina, Inc.).

Index of the reference genome was built and paired‑end 
clean reads were aligned to the reference genome by using 
Hisat2 (v2.0.5, http://daehwankimlab.github.io/hisat2/main/). 
Gene Ontology (GO) enrichment analysis of differentially 
expressed genes was implemented by the clusterProfiler R 
pack (http://www.R‑project.org/). In addition, correlation 
of samples in different group was analyzed by using R pack 
(https://cran.r‑project.org/web/packages/correlation/). The 
analytic tool for Gene Set Enrichment Analysis (GSEA) 
was from the Broad Institute (http://www.broadinstitute.
org/gsea/index.jsp).

Reverse transcription‑quantitative (RT‑q) PCR. RNA was 
extracted from the cells following UV exposure and appro‑
priate treatment of asiaticoside and the expression of indicated 
genes was detected by RT‑qPCR following reverse transcrip‑
tion (23). In brief, total RNA was extracted from 1x105 HaCat 
cells by TRIzol® reagent (Thermo Fisher Scientific, Inc.) and 
converted to cDNA by PrimeScript RT reagent kit (Takara Bio, 
Inc.) according to the manufacturer's instructions. qPCR was 
carried out in QuantStudio 6 Flex RT‑PCR System (Thermo 
Fisher Scientific, Inc.). The reaction conditions were as follows: 
95˚C for 10 min; 40 cycles of 95˚C for 15 sec, 60˚C for 30 sec; 
followed by 72˚C for 5 min. The quantitation values for each 
target genes were expressed as 2‑∆∆Cq (24). PCR primers used 
to amplify the target genes were as follows: Myosin regulatory 

light chain interacting protein (MYLIP) Forward: AAA CAA 
CCA GAG CCC TTC ACA C, Reverse: CTC CTC CTC GCA GCA 
CAC C; MYC proto‑oncogene (MYC) Forward: CTC CAC 
ACA TCA GCA CAA CTA CG. Reverse: GTT CGC CTC TTG 
ACA TTC TCC TC; centromere protein F (CENPF) Forward: 
GGA GTT ACA GCA AGC CAA GAA TAT G, Reverse: TCT 
GAC TCG CCT GGA ACG C; serum/glucocorticoid regulated 
kinase 1 (SGK1) Forward: GAA CAC AAC AGC ACA ACA 
TCC AC, Reverse: AGG CAC CAC CAG TCC ACA G; phyto‑
chrome interacting factor (PIF) Forward: GGC AGG TGT 
TCA GAT GAG GTG, Reverse: TGA AGC CGC CTC TCG TTG 
G; DNA topoisomerase II alpha (TOP2A) Forward: GGG 
CAC CAG CAC ATC AAA GG, Reverse: GCA GCA TCA TCT 
TCA GGA CCA G; TGF‑β1 Forward: GGC CAG ATC CTG TCC 
AAG C, Reverse GTG GGT TTC CAC CAT TAG CAC; Smad2 
Forward CGT CCA TCT TGC CAT TCA CG; Reverse CTC AAG 
CTC ATC TAA TCG TCC TG; Smad3 Forward TGG ACG CAG 
GTT CTC CAA AC; Reverse CCG GCT CGC AGT AGG TAA C; 
P53 Forward CAG CAC ATG ACG GAG GTT GT, Reverse TCA 
TCC AAA TAC TCC ACA CGC. GAPDH was used as house‑
keeping gene, Forward GGA GCG AGA TCC CTC CAA AAT, 
Reverse: GGC TGT TGT CAT ACT TCT CAT GG. qPCR data 
was collected from three independent experiments.

Western blotting. HaCat cells were harvested after 5 days, 
exposed to UV for 30 min in every 12 h and continually 
treated by asiaticoside with various concentration. Collected 
cells were lysed by RIPA lysis buffer containing protease 
and phosphatase inhibitors on the ice bath. After 30 min, 
lysates were transferred to EP tubes for a centrifugation 
at ~15,500 x g at 4˚C for 10 min and the supernatant was 
collected for immunoblotting assay. A BCA kit was used to 
calculate concentration for samples to achieve normalization 
of sample concentrations. The same amount (30 µg) of protein 
was subjected to SDS‑PAGE with a 10% SDS‑PAGE gel, and 
then transferred to polyvinylidene fluoride (PVDF) membrane 
by using a semi‑dry transfer system (Bio‑Rad Laboratories, 
Inc.). PVDF membranes were blocked with 5% BSA‑Tris 
Buffered Saline with 0.05% Tween‑20 (TBST) buffer at room 
temperature for 1 h. Primary antibodies were used to incubate 
the membrane overnight at 4˚C and HRP coupling secondary 
antibody was used to incubate the membrane for 2 h at room 
temperature following an appropriate washing procedure, 
three times using TBST. The visualization of corresponding 
proteins was achieved by using a ECL chemiluminescence 
detection system and intensities of florescence were analyzed 
by ImageJ (v1.8.0, National Institutes of Health).

Statistical analysis. Data were collected from three indepen‑
dent samples unless mentioned otherwise and was expressed 
as means ± standard deviation. Differences were identified 
using Dunnett's multiple comparison test following one‑way 
analysis of variance (ANOVA) and performed using GraphPad 
Prism 7 (GraphPad Software, Inc.). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Protective ability of asiaticoside to damage by UV. UV 
exposure can break chemical bonds in the DNA, which may 
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cause misalignment, inversion, deletion or duplication of bases 
in the DNA as it is reassembled, thus altering the genetic 
information and eventually leading to cell death. To clarify the 
protective ability of asiaticoside in UV‑damaged cells, CCK‑8 
assay was used to check the cell viability in every 24 h for 
3 days.

Viability of cells in the UV exposure group was impaired 
which compared with WT group at all of three timepoints. 
Treatment of asiaticoside with low‑, medium‑ and high 
concentrations achieved improvement of viability at 24, 48 and 
72 h. High dose of asiaticoside following UV exposure shown 
the best therapeutic result among three kinds of treatment, 
while low concentration of asiaticoside had limited function 
on improvement of viability (Fig. 1). This data indicated that 
asiaticoside is able to protect cell viability from UV exposure 
and its ability to protect was concentration dependent.

Effect of treatment of asiaticoside on morphology of 
UV‑damaged HaCat cells. It is well‑known that excessive 
radiation of UV can induce cell apoptosis in cells. During 
apoptosis, the cell membrane is unable to maintain normal 
physiological functions and cytochrome C in mitochondria 
is released into the cytoplasm, activating the classical down‑
stream cysteinyl aspartate specific proteinase (Caspase)‑3 
cell death pathway (25). The morphology of cells will be 
affected significantly during apoptotic process. Thus, optical 
microscopy was employed to identify the variations of WT 
group and asiaticoside treated groups to UV exposure.

Similar to the result of CCK‑8 assay, morphological results 
illustrated that a number of cells died and that the area of 
confluence was much smaller compared with wildtype group 
following UV radiation. However, asiaticoside was able to 
ameliorate these effects and maintain more cell colonies 
even at a low concentration by preincubation for 2 h before 
UV exposure. With increasing concentrations of asiaticoside, 
the majority of cells survived radiation and formed more colo‑
nies (Fig. 2A). Although damaged cells treated with a high 
dose of asiaticoside did not regain as full confluence as the 
WT group, their condition greatly improved compared with 
UV treated group.

Asiaticoside inhibits activity of β‑galactosidase following 
UV exposure. The release of β‑galactosidase is related to cell 
senescence has been widely reported (9,10). As a main risk 
factor for photoaging of skin, UV can initiate the release of 
β‑galactosidase in cells, resulting in activation of p16 protein 
and its correspondingly signaling pathway, leading to cell 
senescence. Thus, detecting activity of β‑galactosidase in 
cells could testify the protective capability of asiaticoside to 
UV‑induced β‑galactosidase release.

By counting the number of positive cells under the 
microscope, the results clearly proved that the UV exposure 
promoted the production of β‑galactosidase in cells and the 
ratio of positive cells increased from 2.2 to 34.8% in the WT 
group (Fig. 2B and C). Meanwhile, incubation with asiaticoside 
could effectively attenuate the activity of β‑galactosidase and 
the positive ratios of asiaticoside treated groups ranges from 
16.9% in the low concentration group, 9.3% in the medium 
concentration group and 5.9% in the high concentration group. 
Treatment with asiaticoside at various concentrations in 

control cells did not cause a significant increase of activity of 
β‑galactosidase, implying the advantage of asiaticoside in its 
biosafety to healthy tissues and cells.

Asiaticoside attenuates UV‑induced ROS release. UV 
exposure generates ROS, which are involved in body signal 
transduction and cellular defense mechanisms. Excessive ROS 
production leads to the activation of inflammation‑related 
pathways and the release of inflammatory cytokines (26). The 
stimulation of cells by chronic inflammation increases the 
incidence of cancer (27). As a well‑established carcinogenic 
factor, UV is a strong health threat to the public. In the present 
study, flow cytometric cell sorting was employed to investi‑
gate effect of asiaticoside incubation on ROS generation to 
UV‑exposure cells.

Comparing fluorescence intensity of ROS‑positive cells 
in UV treated group with WT group, intracellular ROS was 
significantly increased following UV exposure, with the ratio 
of ROS‑positive cells from 16.8‑92.8% (Fig. 2D and E). With 
the treatment of asiaticoside, fluorescence intensity of generated 
ROS was attenuated in the three groups, achieving 66.7% posi‑
tive cells in low concentration group, 41.6% positive cells in 
medium concentration group and 26.5% positive cells in high 
concentration group. This result confirmed that asiaticoside 
was a strong inhibitor to generation of UV‑induced ROS.

Ability of asiaticoside to recover activity of SOD. SOD is a 
natural scavenger of superoxide radicals in the body, where 
it can convert harmful superoxide radicals into hydrogen 
peroxide, which is eventually harmlessly turned into water 
through the action of catalase and peroxidase. Due to its 
ability of eliminating superoxide radicals, it could resist cell 
senescence induced by UV exposure. SOD activities were 
investigated by using a SOD activity assay kit to calculate 
effect of asiaticoside incubation on activity of SOD to cells 
damaged by UV radiation.

Figure 1. Viability of HaCat cells treated with UV and treatment of asiati‑
coside in various concentration at 24, 48 and 72 h, respectively. OD, optical 
density; UV, ultraviolet; WT, wildtype; Asi, asiaticoside.
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As the results showed, activity of SOD was impaired by UV 
radiation following UV exposure compared with WT group 

(Fig. 2F). Dramatically, incubation of asiaticoside with various 
concentrations achieved successfully rescue of reduction of 

Figure 2. Asiaticoside effectively protects HaCat cells from cellular senescence induced by UV exposure. (A) Morphological results of HaCat cells after 
subjecting a treatment of UV and incubation of asiaticoside with various concentration for 24 h (scale bar=100 µm; magnification x100, x200 and x400 
from top to bottom). (B) Detection of β‑galactosidase activity in HaCat cells after UV exposure and incubation of asiaticoside with various concentration 
(scale bar=200 µm). (C) Corresponding analytic result of optical data to activity of β‑galactosidase. (D) Flow cytometry analysis of fluorescence intensity of 
HaCat cells after treatment with UV and asiaticoside in various concentrations. (E) Corresponding analytic result of fluorescence intensity to ROS positive 
cells. (F) Analysis of SOD activity of HaCat cells after treatment with UV and asiaticoside in various concentrations. *significance of comparison between 
UV with WT group; #significance of comparison between treatment of asiaticoside in various doses with UV group. ***P<0.001, ****P<0.0001, ###P<0.001 and 
####P<0.0001. UV, ultraviolet; WT, wildtype; Asi, asiaticoside; ROS, reactive oxygen species; SOD, superoxide dismutase.
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SOD activity in cells. Along with the increasing concentration 
of asiaticoside, SOD activity was improved compared with 
UV damaged cells and treatment of high dose of asiaticoside 
gained the best therapeutic result among groups treated by 
three doses following UV radiation.

Asiaticoside attenuates cellular apoptosis induced by UV 
radiation. Due to UV damage to genomic structure, damaged 
cells initiate apoptosis‑related signaling while the broken 
genome can be recognized by specific probes and show fluo‑
rescent signals. In the UV group, the nucleus region exhibited a 
strong signal, indicating that the cells were severely damaged; 
however, the irradiated cells treated with asiaticoside showed 
a clear difference from the UV group, with the fluorescence 
signal being attenuated, demonstrating the protective effect of 
asiaticoside on UV‑induced injury (Fig. 3). Notably, the number 
of cells undergoing apoptosis decreased with increasing asiati‑
coside concentrations.

Validation of correlation of samples and visualization of 
enriched mRNAs. The clustering results of the correlation 
showed that the samples in each group were significantly 
different from the other groups, indicating the confidence of 
the sequencing results (Fig. 4A). In RNA‑Seq analysis, stan‑
dardization of the number of read counts of genes or transcripts 
using Fragments Per Kilobase Million (FPKM) is an important 
step for sample analysis to eliminate inter‑sample variation. 
FPKM results showed the difference in expression of partial 
genes occurring following UV exposure and treatment with 
asiaticoside compared with the WT group (Fig. 4B). Following 
visualization of enriched mRNAs, genes with significant 
variation were demonstrated. There were 2,805 downregu‑
lated and 2,828 upregulated genes in the WT group, while 
there were 78 downregulated and 358 upregulated genes with 
treatment of asiaticoside following UV radiation compared 
with UV group (Fig. 5A and B). By categorizing these differ‑
ential genes, the number of differential genes between three 
groups were shown in the form of a Venn diagram and top 
ranked genes based on abundance were expressed in the form 
of heatmap (Fig. 5C and D).

GO enrichment analysis. By using GO analysis, the up‑ or 
downregulated vital activities caused by differential genes 
were clustered according to frequency. Following UV radiation, 
DNA replication and integrity checkpoints were suppressed, but 
protein targeting and localization to endoplasmic reticulum (ER) 
were upregulated in HaCat cells, indicating cells were unable to 
maintain normal genomic integrity and initiate a stress response 
through ER (Fig. 6A and B). With the treatment of asiaticoside, 
cell fission was inhibited and upregulation of negative regulation 
of MAPK cascade was observed (Fig. 6C and D). This result 
implied that asiaticoside could regulate cell cycle and control 
MAPK pathway in a negative way.

mRNA expressions of UV exposure and treatment of asiati‑
coside in HaCat cells. Following intense external stimulation, 
gene transcription is regulated in order to maintain normal 
cellular homeostasis and in response to transduction of 
signaling pathways (1,7). For quantifying transcriptional level 
of photoaging‑related genes, RT‑qPCR was used to determine 

gene variation in HaCat cells following UV exposure and 
treatment with asiaticoside.

Following UV exposure for 30 min, cells exhibited 
significantly suppression of gene transcription to MYLIP, 
MYC and SGK1, while inhibition of three genes were 
induced by UV could be eased by incubation with asiaticoside 
(Fig. 7A, B and D). By contrast, increased transcriptional levels 
of CENPF, PIF and TOP2A were downregulated by treatment 
of asiaticoside, indicating an effective capability of asiatico‑
side to anti‑photoaging in HaCat cells (Fig. 7C, E and F). Since 
functions of MYC and SGK1 are related to the cell growth, 
inflammation and apoptosis, asiaticoside and CENPF, PIF 
and TOP2A are related to genomic function, showing that 
asiaticoside was capable of regulating multiple cell activities 
and preventing damage to the genome from UV exposure. 
Furthermore, transcriptional levels of TGF‑β1, Smad2, 
Smad3 and P53 have been determined to instigate regulatory 
pattens of asiaticoside in cell growth factor pathway (28,29) 
(Fig. 7G‑J). As the data suggested, increased expression of 
afore mentioned genes was inhibited by administration of 
asiaticoside at a high concentration following UV exposure, 
indicating the potential of asiaticoside to modulate signaling 
transduction of cell growth factor pathway.

Regulation of Asiaticoside on cell signaling pathways. As 
the RNAseq results suggested, asiaticoside inhibited TGF‑β1 
family members following incubation with HaCat cells. 
However, the detailed signaling transduction of TGF‑β1/Smad 
pathway remains to be elucidated. Therefore, western blotting 

Figure 3. TUNEL staining result of HaCat cell treated with UV and 
administration of asiaticoside in various concentrations (scale bar=20 µm). 
UV, ultraviolet; WT, wildtype; Asi, asiaticoside.
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was implemented to clarify the regulation of asiaticoside to 
TGF‑β1/Smad pathway to understand its potential mechanism.

Cells underwent a stress response following UV radiation 
to generate large amounts of TGF‑β1, which enters the cell 
via the TGF receptor (TGFR) and phosphorylated down‑
stream proteins Smad2/3 into the nucleus to regulate gene 
transcription. However, asiaticoside was able to attenuate 
ROS generated in response to oxidative stress and upregu‑
lated SOD activity, resulting in a decrease in intracellular 
TGF‑β1 expression (Fig. 8). The intensity of regulation was 
proportional to the concentration of asiaticoside treatment and 
high concentrations of asiaticoside effectively prevented ROS 
production, leaving TGF‑β1 expression at normal levels, which 
in turn affected the amount of downstream Smad2/3 proteins. 
Meanwhile, the expression of inflammatory protein MM9 
was inhibited by asiaticoside, confirming the existence of a 
reduced amount of ROS in asiaticoside‑treated cells. At same 
time, upregulated expression of cell cycle related proteins p53 
and p21, which respond to DNA damage induced by UV, was 
significantly suppressed by incubation with asiaticoside. Due 
to p53 and p21 being able to stop cell cycle resulting in cell 
senescence and such signaling transduction could be inhibited 
by asiaticoside, the result of western blotting proved that 
asiaticoside was capable to attenuate upregulation of TGF‑β1, 
Smad2 and Smad3 and to reverse cell senescence.

Discussion

Aging, also known as senescence, is an inevitable stage in 
the process of biological life activities. It usually refers to 
the gradual process of functional and qualitative decline 
of the organism over time as the organism matures under 
normal conditions (30). Therefore, aging is not a disease, but 
a physiological phenomenon. Skin aging includes natural 
aging and photoaging. Photoaging is the damage to the skin 
caused by prolonged exposure to sunlight, characterized by 
rough skin, thickening, sagging, deep and coarse wrinkles and 

localized hyperpigmentation or telangiectasia. Among UV, 
UVA and UVB are mainly involved in the pathogenic process 
of photoaging (31). UVB irradiation can cause skin erythema 
and delayed pigmentation, destroy the skin's moisturizing 
ability and make the skin rough and wrinkled. Long‑term 
UVB irradiation can thicken the skin keratin and even cause 
melanoma (32). UVA is the main spectrum of skin tanning, its 
photochemical and photobiological effects are not as obvious 
as UVB, but the dose of UVA in sunlight is many times higher 
than UVB and the penetration ability is strong, penetrating 
deep into the skin, so UVA also has an important impact in 
causing skin photoaging (33,34).

UVA and UVB can both induce large amounts of ROS in 
the skin, causing oxidative damage to cellular structures such 
as DNA, proteins or lipids and enhancing oxidative stress on 
the skin, which in turn causes deep‑seated skin damage (35). 
Different wavelengths of UV can induce the skin to produce 
different types of ROS (30). Among them, UVB mainly stimu‑
lates the production of O2‑ through the activation of NADPH 
oxidase and the respiratory chain reaction (36), while UVA 
generates H2O2 through the photosensitization reaction with 
internal chromophores such as riboflavin and porphyrin (37). 
Therefore, scavenging intracellular ROS can alleviate skin 
damage caused by UV and is also a potential target for 
preventing photoaging.

Centella asiatica is a traditional Chinese medicinal plant 
and its medical value has been affirmed. Centella asiatica is 
used as a whole herb, which is bitter in taste and acrid (15). 
The main active components in Centella asiatica are asiati‑
coside, madecassoside and asiatic acids, its multiple functions 
on regulating cell activities is for attenuating damage from 
UV exposure (12). Studies have shown that extract of Centella 
asiatica can effectively inhibit ROS induced by TGF‑β1 in 
HPMC through Nrf2 activation (38,39). Therefore, the present 
study investigated the therapeutic effect of asiaticoside on 
UV‑induced photoaging at the cellular level. It was found 
that downregulation of ROS content by asiaticoside also 

Figure 4. Clustered analysis of correlation to analyzed samples. (A) Correlation factors of all the samples. (B) Expected number of fragments per kilobase of 
transcript sequence per millions base pairs sequenced analysis. UV, ultraviolet; WT, wildtype; Asi, asiaticoside.
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Figure 5. Visualization of enriched genes which have significant difference upon treatments. (A) Clustered genes in UV group compared with WT group. 
(B) Clustered genes in asiaticoside treated group compared with UV group. (C) Venn diagram of number of differential genes. (D) Heatmap of enriched genes 
among three groups. UV, ultraviolet; WT, wildtype; Asi, asiaticoside.
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enhanced SOD activity, improving and restoring UV‑induced 
changes in skin fibroblast appearance and cell structure. The 
present study found that asiaticoside downregulated ROS 
content and enhanced SOD activity, improving and restoring 
UV‑induced changes in skin fibroblast appearance and cell 
structure. The inhibition of ROS content and the enhancement 
of SOD activity by asiaticoside were dose‑dependent within a 
certain concentration range (40). Antioxidant enzymes such 
as SOD synergistically reduce ROS in organisms (41). Thus, 
the present study demonstrated that asiaticoside alleviated 
UV‑induced photoaging in dermal cells by scavenging 
intracellular excess ROS.

Increased expression of MMPs is one of the major changes 
in skin photoaging (42). Under normal physiological conditions, 

MMPs cooperate with tissue inhibitors of metalloproteinases 
to regulate ECM turnover to maintain cell stability (43). These 
proteins form the connective tissue of the skin's dermis. The 
role of MMPs in photoaging was initially discovered by 
observing that UV irradiation of human fibroblasts enhanced 
the expression of MMP‑1, MMP‑2, MMP‑3, MMP‑7, MMP‑9 
and MMP‑36 (42,44). Therefore, MMPs are considered to be 
the key molecule of UV‑induced aging (45). UVB radiation 
further induces elastic fibrosis and shrinks the extracellular 
matrix by inducing elastase and the expression of MMP‑1, 
MMP‑3 and MMP‑9 (46,47). The present study demonstrated 
that the expression level of MMP‑9 was significantly reduced 
in asiaticoside‑treated HaCat cells compared with HaCat cells 
exposed to the same UV radiation.

Figure 6. Analysis of enriched physiological reactions derived from Gene Ontology database. (A) Downregulated biological events in UV group vs. WT group. 
(B) Upregulated biological events in UV group vs. WT group. (C) Downregulated biological events in asiaticoside treated group vs. UV group (Asi + UV 
vs. UV). (D) Upregulated biological events in asiaticoside treated group compared with UV group. UV, ultraviolet; WT, wildtype; Asi, asiaticoside.
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UV‑irradiated fibroblasts exhibit senescence characteris‑
tics (48). During cellular senescence, a major feature is the 
increased activity of lysosomal β‑galactosidase, also known 
as Senescence‑Associated β‑galactosidase (SA‑β‑gal) (49). 

β‑galactosidase is the most frequently used signature molecule 
to identify aging in various in vivo and in vitro assays (50). The 
present study showed that UV radiation significantly increased 
the positive β‑galactosidase in fibroblasts compared with 

Figure 7. Transcriptional levels of (A) MYLIP; (B) MYC; (C) CENPF; (D) SGK1; (E) PIF, (F) TOP2A, (G) TGF‑β1, (H) Smad2, (I) Smad3 and (J) P53 mRNA 
were calculated by RT‑qPCR. *significance of comparison between UV with WT group; #significance of comparison between treatment of asiaticoside in 
various doses with UV group. **P<0.01 and ***P<0.001; #P<0.05, ##P<0.01 and ###P<0.001. MYLIP, myosin regulatory light chain interacting protein; MYC, 
MYC proto‑oncogene; CENPF, centromere protein F; SGK1, serum/glucocorticoid regulated kinase 1; PIF, phytochrome interacting factor; TOP2A, DNA 
topoisomerase II alpha.
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control cells, while the activity level of β‑galactosidase was 
significantly reduced in a dose‑dependent manner following 
asiaticoside treatment.

The present study then searched for the molecular mecha‑
nism of asiaticoside in relieving photoaging by RNAseq and 
finally focused on the TGF‑β1/Smad signaling pathway, which 
is involved in a variety of cellular processes in organism and 
embryo development, including cell growth, cell differen‑
tiation, apoptosis and cellular homeostasis. Despite the wide 
range of cellular processes regulated by the TGF‑β signaling 
pathway, the process is relatively simple (51,52). Smad protein 
is a family of 9 species currently known, Smad1‑9, all of which 
have been found to be involved in the signal transduction of 
TGF‑β. It is the downstream signal transduction molecule 
of its receptor, including receptor type, common mediator 
type, inhibitory type 3 categories. Smad complexes need to 
associate with other transcription factors to achieve transcrip‑
tional activation or repression of effector genes (53). A central 
part of TGF‑β1 signaling is the SMAD‑dependent canonical 
pathway: TGF‑β triggers signaling through TGF‑β type I 
receptors (TGF‑βRI or ALK5) and TGF‑β type II receptors 
(TGF‑βRII), forming heterozygous tetramers, which subse‑
quently activate downstream SMAD signaling proteins (54,55). 
The receptor‑regulated SMAD/common‑partner SMAD 
(R‑SMAD/co‑SMAD) complex accumulates in the nucleus, 
acts as a transcription factor and participates in the regulation 
of target gene expression.

The TGF/Smad pathway has an essential role in both 
natural aging and photoaging human skin and collagen is 
a key regulator of skin aging and wrinkle formation (56). 
The present study assessed the effect of asiaticoside on 
TGF‑β1/Smad signaling pathway by western blotting. It was 
found that asiaticoside significantly reduced UV‑mediated 
upregulation of TGF‑β1, Smad2 and Smad3 compared with 
the control group.

With the improvement of understanding of asiaticoside, 
multiple functions of asiaticoside have been revealed. Not only 
capacity of anti‑aging in UV damaged cells as reported in the 
present study, but also capability against retinal degradation 
and ameliorate inflammation through Nrf2/HO‑1 pathway 
and TLR4/NF‑κB pathway, respectively (57,58). Furthermore, 
asiaticoside‑contained foam dressing, nano‑composite and 
nanofibrous scaffold have been developed for traumatic 
treatment, showing great potential of asiaticoside in wound 
healing (14,59,60). By taking advantage of nanocarriers, novel 
usages of asiaticoside could be expanded and more applica‑
tions related to asiaticoside might be developed. Thus, more 
basic research on asiaticoside is required for a comprehensive 
understanding of it.

Asiaticoside has significant therapeutic effects on skin 
photoaging, ameliorating and restoring UV‑induced intra‑
cellular excess ROS in human skin cells and inhibiting the 
upregulation of TGF‑β1, Smad2 and Smad3 by affecting the 
TGF‑β1/Smad signaling pathway. Therefore, asiaticoside may 
be an effective strategy for the treatment of skin photoaging.
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