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Abstract. Co-culture methods are widely used in tissue engi-
neering to drive tissue formation with the direct or indirect 
interaction of multiple cell types. Klotho is a novel biomarker 
involved in aging. In this study, we evaluated the protective 
effects of klotho overexpressed adipose-derived stem cells 
(ADSCs) against ultraviolet radiation B (UVB)-induced photo-
aging in co-cultured human skin fibroblasts (HSF2 cell line). 
Furthermore, the involvement of P38 mitogen-activated protein 
kinase (MAPK) signaling was investigated. ADSCs were 
isolated from human subcutaneous adipose tissue and the 3rd 
generation of ADSCs was used after being identified. Klotho 
overexpression (OE) lentivirus vectors were constructed and 
identified in ADSCs. The HSF2 cells were seeded in the upper 
layer of the Transwell co-culture plate (0.4 µm pore poly-
carbonate membrane) and ADSCs were seeded in the lower 
layer. UVB irradiation of HSF2 cells was performed using 
UVB lamps in uncovered petri dishes at room temperature. 
The present results indicated that the proliferation of ADSCs 
was increased by klotho OE. Furthermore the proliferation 
and collagen content of HSF2 were decreased by UVB irra-
diation in a dose-dependent manner. By contrast, the protein 
level of matrix metalloproteinases (MMP) 1, 3 and p-P38 in 
HSF2 were upregulated. In the co-culture system, relative 
mRNA expression of MMP-1 and MMP-3 as well as protein 
level of MMP-1, MMP-3 and p-P38 in HSF2 were reduced by 
co-culture with klotho overexpressed ADSCs when exposed to 
UVB (20 mJ/cm2). By contrast, the collagen content of HSF2 
was increased. Collectively, OE of klotho in ADSCs notably 
ameliorates UVB-induced photoaging in co-cultured HSF2, 

and these effects were potentially achieved by increasing the 
collagen content and decreasing the protein level of MMP-1, 
MMP-3 and p-P38.

Introduction

Skin aging is caused by various factors such as hormonal 
imbalance, certain metabolic pathway disorders and, espe-
cially, exposure to ultraviolet (UV) irradiation (1). Photoaging 
mainly results from chronic solar UV irradiation (2), and it 
is characterized clinically by telangiectasias, dyschromia, 
roughness, laxity and wrinkle formation (3-5). Ultraviolet 
radiation B (UVB) (280-320 nm) is the principal reason for 
skin photoaging because it can cross the whole epidermis 
layer and penetrate the dermis (inner layer) of human skin (6), 
induce keratinocyte apoptosis (7) and reactive oxygen 
species (ROS)-mediated inflammation (8), and increase the 
expression and activity of matrix metalloproteinases (MMPs) 
via mitogen-activated protein kinases (MAPK) signaling 
pathway (9,10). Overexpression (OE) of MMP-1 (a collagenase) 
could induce the degradation of extracellular matrix (ECM) 
by initiating the degradation of type I collagen (COL-I) and 
type III collagen (COL-III), the major structural protein of 
ECM, which is secreted by fibroblasts (11,12).

Klotho is a soluble protein and transmembrane that shows 
glucosidase activity, it serves as a novel biomarker involved 
in aging (13). Klotho is related to insulin sensitivity, miner-
alization, cell renewing, reparative processes and electrolytic 
balance (14). Klotho mutant mice develop a phenotype char-
acterized by accelerated skin atrophy, aging, osteoporosis, 
lung emphysema, vascular calcification and delayed wound 
healing (13).

Co-culture methods are widely used in tissue engineering 
to drive tissue formation with the direct or indirect interaction 
of multiple cell types (15). Co-culture can effectively reca-
pitulate the relationships among cell types within processes 
and native tissue that are inefficient when relying solely on 
soluble factors and scaffolds. On the one hand, when acting 
as the target cells, stem cells differentiate and eventually 
synthesize the ECM or metabolites that confer function to 
a tissue in co-culture systems (15). On the other hand, as 
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assisting cells, stem cells can also promote homeostasis of 
engineered tissues. For instance, stem cells promote the tissue 
repair directly (16), and they have the ability to inhibit cell 
apoptosis, locally suppress the immune system and promote 
cell differentiation and proliferation indirectly (17,18). Thus, in 
this study, we evaluated the protective effects of klotho overex-
pressed adipose-derived stem cells (ADSCs) on UVB-induced 
photoaging in co-cultured human fibroblasts cell line human 
skin fibroblasts (HSF2) in vitro, and relative phosphorylated 
P38 MAPK (p-P38) signaling were investigated during this 
process.

Materials and methods

Chemicals and reagents. FITC mouse anti-human CD90, 
CD44, CD45 and CD11b antibodies were purchased from 
Becton-Dickinson (BD Biosciences, San Jose, CA, USA). 
Dulbecco's modified Eagle's medium (DMEM) was purchased 
from Hyclone (GE Healthcare, Logan, UT, USA). Fetal 
bovine serum (FBS) was obtained from Gibco (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). TRIzol reagents 
were purchased from Invitrogen (Thermo Fisher Scientific, 
Inc.). ELISA kits of human COL-Ⅰ, COL-Ⅲ, MMP1 and 
MMP3 were purchased from Cell Signaling Technology 
Inc. (Danvers, MA, USA). Primary antibodies of klotho 
(1:800; polyclonal, cat. no. ab203576), COL-Ⅰ (1:2,000; 
polyclonal, cat. no. ab34710), COL-Ⅲ (1:5,000; polyclonal, 
cat. no. ab7778), MMP1 (1:2,000; polyclonal, cat. no. ab38929), 
MMP3 (1:500; polyclonal, cat. no. ab53015), P38 (1:1,000; 
polyclonal, cat. no. ab27986) and p-P38 (1:2,000; polyclonal, 
cat. no. ab47363) were purchased from Abcam (Cambridge, 
MA, USA). Primary antibody of GAPDH (1:1,000; monoclonal, 
cat. no. 5174) was purchased from Cell Signaling Technology, 
Inc. Horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG (1:1,000; polyclonal, cat. no. A0208) was purchased 
from Beyotime Institute of Biotechnology (Shanghai, China).

Cells. HSF2 (cat. no. bio-51608; Beijing Baiou Bowei 
Biotechnology Co., Ltd., Beijing, China) and 293 
(cat. no. bio-72947; Beijing Baiou Bowei Biotechnology Co., 
Ltd.). Eight human subcutaneous adipose tissue samples 
of healthy normal weight males (aged, 20-28 years) were 
collected during physical examination after informed consent 
was completed and signed by the donors at Shanghai East 
Hospital Affiliated to Tongji University (Shanghai, China) in 
June, 2017. One of the samples was used in the present study. 
ADSCs were isolated from human subcutaneous adipose 
tissue as previously described (19). This study was approved 
by the Ethics Committee of Shanghai East Hospital Affiliated 
to Tongji University. Researchers were blinded to the experi-
mental groups.

The 3rd generation of ADSCs (1x104) was incubated for 
10 h at 4˚C with FITC mouse anti-human CD90, CD44, CD45 
and CD11b antibodies, respectively. Secondary antibodies 
labeled with FITC were added and incubated for 1 h at 4˚C. The 
expression of stromal markers (CD11b-FITC, CD44-FITC, 
CD45-FITC, CD90-FITC) on the cellular membrane was 
analyzed by flow cytometry (cat. no. E670006-0300, Shanghai, 
China). The multipotentiality of ADSCs (adipogenic, chon-
drogenic and osteogenic) were tested. The 3rd generation 

of ADSCs (approximately 80% covered) was seeded in a 
6-well culture plate with the adipogenic, chondrogenic and 
osteogenic differentiation medium (Cyagen Biosciences Inc., 
Guangzhou, China) for 2 weeks (at 37˚C with 5% CO2), respec-
tively, according to the manufacturer's protocol. Finally, these 
ADSCs were stained by Oil Red O, Safranin O and alkaline 
phosphatase staining kits according to the protocol, and then 
detected and distinguished by optical microscope (Olympus, 
Corporation; Tokyo, Japan).

Co-culture system. In the present study, HSF2 cells and ADSCs 
were co-cultured indirectly in a Transwell co-culture plate 
(0.4 µm polyester film). The HSF2 cells (1x105) were seeded in 
the upper layer and ADSCs (1x105) were seeded in the lower 
layer. The cells were cultured at 37˚C (DMEM with 10% FBS 
and 5% CO2). Three biological replicates were prepared for 
each sample and the experiment was repeated 3 times.

UVB irradiation. The HSF2 cells were collected and washed 
three times with sterile PBS and evenly distributed in PBS in 
uncovered petri dishes. UVB irradiation was performed using 
the UVB lamps (LEITUO illumination, Shenzhen, China) in a 
biosafety cabinet at room temperature (25˚C) and the UV radi-
ation intensity was validated by the UV photometric detector 
(Deshengxing Technology Co., Ltd., Shenzhen, China). The 
irradiating distance was set at 15 cm. The UVB irradiation 
doses were set at 0 (dark treatment), 10, 20 and 40 mJ/cm2 
for different groups respectively. After each UVB irradiation, 
the cells were washed by PBS then cultured at 37˚C (DMEM 
with 10% FBS and 5% CO2). The irradiation lasted 60 min/day 
for 3 days. Cells in each group were harvested at 0, 24, 48 and 
72 h in radiation experiment.

Construction and identification of lentivirus vectors. The 
klotho (Homo sapiens klotho; GenBank; AB005142.1) 
OE/empty plasmid lentivirus vectors were constructed by 
JRDun Biotech (Shanghai, China). Recombinant lentivirus was 
generated using AdEasy technology as previously described 
with minor modifications (20). Recombinant lentivirus was 
produced and amplified in packaging 293 cells.

Viral supernatants were diluted in culture medium to give 
the desired concentration and added to logarithmic phase 
monolayer ADSCs. After being cultured for 48 h, the function 
of vectors in ADSCs was identified. Relative mRNA expres-
sion and protein level of klotho in ADSCs were tested by 
quantitative PCR, and western blot analysis, respectively.

Effect of klotho OE on the proliferation of ADSCs. ADSCs were 
divided into 3 groups: ADSCs group (NC), ADSCs + empty 
plasmid control group (EPC) and ADSCs + klotho OE group 
(OE). ADSCs in EPC and OE were transduced with klotho 
OE and empty plasmid lentivirus respectively. Cells in each 
group were harvested at 0, 24, 48 and 72 h after incubation. 
The proliferation of ADSCs at each time-point was tested by 
CCK-8 assays kit according to a previous report (21).

Effect of UVB irradiation on HSF2. UVB irradiation was 
carried out using a UV lighter (LEITUO illumination, 
Shenzhen, China). Immediately after the irradiation, the 
PBS was aspirated and replaced with complete medium. 



MOLECULAR MEDICINE REPORTS  18:  5473-5480,  2018 5475

UVB irradiation doses were set at 0 (dark treatment), 10, 20 
and 40 mJ/cm2 for further experiment. The irradiation lasted 
60 min/day for 3 days. Cells in each group were harvested at 0, 
24, 48 and 72 h in the radiation experiment. The proliferation 
of HSF2 at each time-point was tested by CCK-8 assays kit 
according to a previous report (21). The relative expression of 
MMP1, MMP3, COL-Ⅰ and COL-Ⅲ were measured by ELISA 
kits according to the protocol, and the protein level of P38 and 
p-P38 was tested by western blot analysis at the end of the 
experiment.

Effect of klotho overexpressing ADSCs on co-cultured 
HSF2 under UVB irradiation. ADSCs were divided into 
3 groups: ADSCs, ADSCs + empty plasmid control group 
and ADSCs + klotho OE group. In ADSCs + empty plasmid 
control group and ADSCs + klotho OE group, ADSCs were 
transduced with klotho OE and empty plasmid lentivirus, 
respectively. Cells in each group were incubated at normal 
conditions for 48 h, and these cells were used in the co-culture 
system.

The co-culture cells were divided into 3 groups: 
HSF2 + ADSCs (NC), HSF2 + ADSCs + empty plasmid 
control group (EPC) and HSF2 + ADSCs + klotho OE 
group (OE). The co-culture system was achieved according 
to a previous report (22). Briefly, ADSCs and HSF2 were 
mixed and incubated with complete DMEM containing 10% 
FBS with 100 U/ml penicillin/streptomycin in a humidified 

atmosphere at 37˚C with 5% CO2. UVB irradiation dose 
was set at 20 mJ/cm2. The irradiation lasted 60 min/day for 
3 days. HSF2 cells were separated and collected at the end 
of experiment. Relative mRNA expression of MMP1 and 
MMP3 were measured by quantitative PCR. Protein level of 
MMP1, MMP3, COL- Ⅰ, COL-Ⅲ, P38 and p-P38 were tested 
by western blot analysis.

RT-qPCR. The level of the mRNA expression was determined 
using qPCR. The total RNA (2 µg of each sample) was extracted 

Table I. Primers used in qPCR assays.

Genes Sequence (5'-3') Description

MMP1 ATTCTACTGATATCGGGGCTTTGA F
MMP1 ATGTCCTTGGGGTATCCGTGTAG R
MMP3 TATGGATCCCCCCCTGACTCCCCTGAG F
MMP3 ATGGAATTCAGGTTCAAGCTTCCTGAGG R
Klotho CACGGCAAGGGTGCGTCCAT F
Klotho TCGCGCCCACGAGATGGAGA R
GAPDH CTCATGACCACAGTCCATGC F
GAPDH TTCAGCTCTGGGATGACCTT R

F, forward; R, reverse.

Figure 1. The identification of the 3rd generation ADSCs using flow cytometry. (A) ADSCs were positive for the cell surface markers CD44 (97.7%) and CD90 
(93.9%) but negative for CD11b (1.1%) and CD45 (1.0%) (n=3). (B) The multipotentiality of ADSCs cells. Oil Red O staining of the ADSCs after 2 weeks 
of culture demonstrated numerous intracellular lipid droplets. Safranin O and alkaline phosphatase staining was positive. Magnification, x200. ADSCs, 
adipose-derived stem cells.
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and reverse transcribed to cDNA by the reverse transcription 
kits (Thermo Fisher Scientific, Inc.). The obtained cDNA was 
used as template for RT-qPCR analysis on quantitative real-time 
PCR machine (ABI-7300) with SYBR-Green reagents (Thermo 
Fisher Scientific, Inc.).

Primers (Table I) for the qPCR were designed by Primer 5.0 
and synthesized by JRDun Biotech. Relative mRNA expres-
sion was evaluated by 2-ΔΔCq relative quantitative analysis in 
each sample against GAPDH gene expression. ΔΔCq= (Cq, 
target gene in the treated group - Cq, reference gene in the 
treated group) - (Cq, target gene in the control group - Cq, 
reference gene in the control group) (23).

Western blot analysis. The protein levels of MMP1, MMP3, 
COL-Ⅰ, COL-Ⅲ, P38 and p-P38 were tested by western 
blot analysis. Total protein was extracted with Cell Protein 
Extraction Reagent (cat. no. 89802, Thermo Fisher Scientific, 
Inc.). Total protein was determined using BCA Protein Assay 
kit (cat. no. 23227, Thermo Fisher Scientific, Inc.). Protein 
(35 µg) was added per lane and separated by 10% SDS-PAGE 
and then transferred onto PVDF membranes as previously 
described (24). The membranes were blocked with 5% fat-free 
dry milk at 25˚C for 1 h then incubated with the respective 
primary antibody (MMP1, MMP3, COL-Ⅰ, COL-Ⅲ, P38, 
p-P38 and GAPDH) overnight at 4˚C, followed by a secondary 
antibody [horseradish peroxidase (HRP)-conjugated goat 
anti-rabbit IgG] for 2 h at 4˚C. Finally, the protein bands 
were detected by an ECL-detecting kit (Beyotime Institute of 
Biotechnology). Each blot was normalized to its corresponding 
internal control-GAPDH value. Band intensities were quan-
tifed by densitometry using Image-Pro plus Software version 
6.0 (Media Cybernetics, Inc., Rockville, MD, USA). 

Statistical analysis. The data are expressed as mean ± stan-
dard deviation. Statistical analyses of data were performed 
by one-way analysis of variance (ANOVA) and Tukey's honest 

significant difference (HSD) post hoc test. Data analysis was 
carried out using SPSS 20.0 software (IBM Corp., Armonk, 
NY, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Identification of ADSCs. The flow cytometry results indicated 
that CD44- and CD90-positive cells were 97.7% and 93.9%, 
while CD11b (1.1%) and CD45 (1.0%) were negative on the 
3rd generation ADSCs (Fig. 1A). The results suggested that 
the majority of these cells are ADSCs after three generation 
subculture. Oil Red O staining of the ADSCs after 2 weeks 
of culture demonstrated numerous intracellular lipid droplets. 
Safranin O and alkaline phosphatase staining was posi-
tive (Fig. 1B). Thus, our experiment successfully isolated 
ADSCs, the cell surface marks were consistent with the char-
acteristics of ADSCs. The study successfully induced ADSCs 
to adipogenic, chondrogenic and osteogenic cells. The isolated 

Figure 2. The identification of klotho OE lentivirus vectors. The mRNA expression as well as protein level of klotho was significantly upregulated by klotho 
OE in ADSCs. NC, ADSCs group; EPC, ADSCs + empty plasmid control group; OE, ADSCs + klotho OE group. *P<0.05, **P<0.01 compared with EPC (n=3). 
OE, overexpression; ADSCs, adipose-derived stem cells; EPC, empty plasmid control group.

Figure 3. Klotho OE promotes the proliferation of ADSCs. NC, ADSCs 
group; EPC, ADSCs + empty plasmid control group; OE, ADSCs + klotho 
OE group. *P<0.05, **P<0.01 compared with EPC (n=3). OE, overexpression; 
ADSCs, adipose-derived stem cells; EPC, empty plasmid control group.
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ADSCs have the ability of multi-potential differentiation and 
it could be used in the co-culture system.

Identification of lentivirus vectors. Viral supernatants were 
diluted in culture medium to give the desired concentration and 
added to logarithmic phase monolayer cell cultures for 48 h. 
Then the function of vectors in ADSC cells was identified. The 
mRNA expression as well as protein level of klotho was tested. 
As shown in Fig. 2, the mRNA expression as well as protein level 
of klotho was significantly upregulated for klotho OE in ADSCs.

Klotho OE promotes the proliferation of ADSCs. Effects of 
klotho OE on the proliferation of ADSCs at each time-point 
were measured by CCK-8 assay.

The proliferation of ADSCs was increased by klotho OE 
(8.2% at 24 h, 14.5% at 48 h and 25.8% at 72 h compared to 
EPC group) (Fig. 3).

Effect of UVB irradiation on HSF2. The proliferation of HSF2 
at 0, 24, 48 and 72 h was tested by CCK-8 assays kit after 
various doses of UVB irradiation. Moreover, concentration of 

Figure 4. Effect of UVB irradiation on HSF2. (A) UVB irradiation reduces the proliferation of HSF2 cells in a time- and dose-dependent manner. (B) UVB 
irradiation decreased the concentrations of COL-Ⅰ and COL-Ⅲ, and increased the concentrations of MMP1 and MMP3 in HSF2 cells. (C) UVB irradiation 
dose-dependently upregulated the protein level of p-P38. *P<0.05, **P<0.01 compared with 0 mJ/cm2 (n=3). UVB, ultraviolet radiation B; HSF2, human skin 
fibroblasts.



FAN et al:  KLOTHO PROTECTS AGAINST PHOTOAGING5478

MMP1, MMP3, COL-Ⅰ and COL-Ⅲ were measured by ELISA 
kits according to the protocol, and the protein level of P38 and 
p-P38 were tested by western blot analysis at the end of the 
experiment.

The present results indicated that the proliferation of 
HSF2 cells was time- and dose-dependently decreased by 
UVB irradiation (except UVB 10 mJ/cm2 at the time-point of 
24 h; 7.3, 13.5 and 19.9% for UVB 10 mJ/cm2 at 24, 48 and 
72 h; 12.6, 25.5 and 42.8% for UVB 20 mJ/cm2 24, 48 and 
72 h; 16.3, 40.5 and 66.7% for UVB 10 mJ/cm2 24, 48 and 
72 h, respectively) (Fig. 4A). Furthermore, UVB irradiation 
dose-dependently reduced the concentrations of COL-Ⅰ and 
COL-Ⅲ, and increase the concentrations of MMP1 and 
MMP3 in HSF2 cells (Fig. 4B). Furthermore, the protein level 
of p-P38 in HSF2 cells was dose-dependently upregulated by 
UVB irradiation. By contrast, the protein level of P38 showed 
no changes when exposed to UVB irradiation (Fig. 4C).

Effect of klotho overexpressed ADSCs on co-cultured HSF2 
under UVB irradiation. HSF2 were separated from the 

co-culture system at the end of experiment. Relative mRNA 
expression of MMP1 and MMP3 as well as protein level of 
COL-Ⅰ, COL-Ⅲ, MMP1, MMP3, p-P38 and P38 in each group 
were tested.

As shown in Fig. 5A, the mRNA expression of MMP1 and 
MMP3 as well as the protein level of MMP1, MMP3 and p-P38 
in HSF2 cells were downregulated by klotho-overexpressed 
ADSCs in the co-culture system exposed to UVB irradiation. 
By contrast, the protein level of COL-Ⅰ and COL-Ⅲ were 
upregulated, and the protein level of P38 had no obvious 
change (Fig. 5B).

Discussion

UV rays from the sun are a common environmental factor 
affecting humans. Chronic UV irradiation could lead to skin 
cancer (25,26), accelerated aging of the skin (27,28), cata-
ract (29,30) and immunosuppression (31,32). Photoaging skin 
is characterized clinically by coarseness, laxity and wrinkles, 
and this is closely associated with disorganization of collagen 

Figure 5. Effect of klotho overexpressed ADSCs on co-cultured HSF2 under UVB irradiation. (A) Relative mRNA expressions of MMP1 and MMP3 in HSF2 
cells. (B) Proteins level of COL-Ⅰ, COL-Ⅲ, MMP1, MMP3, p-P38 and P38 in HSF2 cells. NC, HSF2 cells separated from HSF2 + ADSCs group; EPC, HSF2 
cells separated from HSF2 + ADSCs + empty plasmid control group; OE, HSF2 cells separated from HSF2 + ADSCs + klotho OE group. *P<0.05, **P<0.01 
compared with EPC (n=3). OE, overexpression; ADSCs, adipose-derived stem cells; HSF2, human skin fibroblasts; EPC, empty plasmid control group.
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fibers and reduction in collagen content (33,34). On the other 
hand, UVB irradiation-induced ROS mediate the phosphoryla-
tion of protein kinases through MAPK signaling pathway (9). 
ROS can cause upregulation of the expression and activity 
of MMPs, which is associated with collagen degradation in 
photoaged skin (35,36). The present results show that the 
proliferation and the collagen content of HSF2 were decreased 
by UVB irradiation. By contrast, the protein level of MMP1, 
MMP3 and p-P38 in HSF2 were upregulated.

Klotho is an aging suppressor gene, and its OE in mice 
extends the life span of the animals in vivo (37). Furthermore, 
klotho regulates cellular stress responses to oxidative stress 
by inhibiting insulin/IGF-1 signaling pathway (38), enhancing 
FoxO forkhead transcription factor FoxO3-mediated manga-
nese superoxide dismutase expression by negatively regulating 
PI3K/AKT pathway (39) and suppressing Nox2 by cAMP/PKA 
pathway (40). In addition, klotho expression was inhibited by 
activating NF-κB signaling in melanoma cells (41). Stem cells 
are the future in tissue regeneration and engineering. In the 
cell co-culture system, stem cells provide a target cell source 
with multipotent differentiation capacity, as well as assisting 
cells that promote tissue metabolism, homeostasis, repair and 
growth. Their incorporation into co-culture systems seems to 
play an important role in the formation of complex tissues or 
organs (15). In the present study, ADSC cells act as assisting 
cells, and the protective effect was achieved indirectly. The 
positive effects come from the soluble klotho and various 
growth factors secreted by klotho overexpressed ADSC cells.

In conclusion, OE of klotho in ADSCs ameliorate 
UVB-induced photoaging in co-cultured HSF2 in vitro, and 
these antiaging effects were potentially achieved by increasing 
the collagen content and decreasing the protein level of 
MMP-1, MMP-3 and p-P38. Future longitudinal research is 
required to explore the function of ADSCs in skin repair and 
functional reconstruction in vivo.
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