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Abstract. Icariin (ICA) has been used as a promising 
anti‑aging drug; however, its underlying molecular mecha-
nism is yet to be elucidated. The present study aimed to 
determine the anti‑aging molecular mechanisms of ICA. 
D‑galactose (D‑gal) was used to generate a cell aging model. 
IMR‑90 human lung fibroblasts were pretreated with different 
concentrations of ICA (1, 2, 4, 8 and 16 µmol/l) for 6 h and 
subsequently incubated with D‑gal (200 mmol/l) at 37˚C for 
72 h. Senescence of IMR‑90 cells was assessed by senescenc
e‑associated‑β‑galactosidase (SA‑β‑Gal) staining assay. Cell 
viability, and the expression levels of p53/p21, sirtuin (SIRT) 
1/6 and p50/p65 were determined via the MTT assay and 
western blotting respectively. The results demonstrated that 
D‑gal notably increased the proportion of SA‑β‑Gal‑positive 
cells and decreased the viability of IMR‑90 cells; however, 
pretreatment with ICA reversed the effects of D‑gal on IMR‑90 
cells in a concentration‑dependent manner. Furthermore, 
it was also demonstrated that the activation of p53/p21 and 
nuclear factor‑κB (NF‑κB) signaling, and downregulation of 
SIRT1/6 may be involved in IMR‑90 cells, in D‑gal‑induced 
aging and ICA may effectively prevent IMR‑90 cells from 
these changes induced by D‑gal. Taken together, the results 
of the present study suggest that the anti‑aging molecular 
mechanisms of ICA may be associated with the regulation of 
the SIRT1/NF‑κB pathway.

Introduction

In 2016, statistics in China revealed that the aging population 
(≥60 years) account for ~10.8% of the total population (1), and 
China is predicted to become an aging country (≥20% older) 
within the next 20 years (2,3). Aging is considered a risk factor 
for organ failure and a several other degenerative diseases, 
including Parkinson's disease (PD), Alzheimer's disease, 
degenerative osteoarthropathy and degeneration of joint 
disease (4‑6). Thus, a better understanding of the molecular 
mechanisms underlying aging and the development of safe and 
effective anti‑aging drugs are required to overcome degenera-
tive diseases associated with aging.

Treatment with D‑galactose (D‑gal) has been demonstrated 
to induce aging‑associated changes, including increased 
pathological injury and cellular senescence, as well as the 
expression levels of cyclin‑dependent kinase inhibitors p16, 
p19 and p21 in the livers and hippocampi of mice (7). D‑gal 
induces myocardial cell senescence through the sirtuin 1 
(SIRT1) signaling pathway in H9c2 cells (8), and icariin (ICA) 
can partially restore ovarian function induced by D‑gal and 
enhance the fertility of mice (9).

ICA is  a  bioact ive f lavonoid component  of 
Herba epimedii (10), which possesses anti‑aging, antioxidant 
and anti‑inflammatory properties (11). For its curative effects, 
Herba epimedii has been extensively used in the treatment 
of several age‑associated diseases, including osteoporosis, 
cardiovascular diseases and sexual dysfunction (12). Previous 
studies have reported that the anti‑DNA damage effects 
of ICA can decrease the expression of the DNA‑damage 
marker, γ‑H2AX (13), and the antioxidative effect of ICA 
effectively improves β‑amyloid‑induced neurotoxicity and 
oxidative injury in vein endothelial cells (10). Previous studies 
also demonstrated that ICA extends the lifespan of human 
diploid fibroblasts  (14) and Caenorhabditis  elegans  (15). 
Zhang et al (16) reported that long‑term ICA administration 
significantly extended the healthy lifespan and mean lifespan 
of 12‑month‑old C57BL/6  mice compared with untreated 
mice. Furthermore, ICA has the ability to effectively alleviate 
the neurotoxicity and neuroinflammation in 6‑hydroxydopa-
mine‑induced PD model mice by activating nuclear factor 
erythroid‑2‑related factor 2 (17). Collectively, these previous 
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findings suggest that ICA may be used as a promising drug 
to resist aging and treat degenerative diseases associated with 
aging. Thus, the present study aimed to investigate the poten-
tial molecular mechanisms underlying the anti‑aging ability of 
ICA in human lung fibroblasts.

Materials and methods

Cell culture. IMR‑90 human lung fibroblasts (American 
Type Culture Collection) were cultured in minimum essen-
tial medium supplemented with 10% fetal bovine serum 
and 1% penicillin‑streptomycin (all purchased from Gibco; 
Thermo Fisher Scientific, Inc.), at 37˚C in 5% CO2.

Experimental design. To investigate the molecular mecha-
nisms underlying the anti‑aging ability of ICA, IMR‑90 cells 
(1x105 cells/well) were treated with different concentrations 
of D‑gal (50, 100 and 200 mmol/l; Beijing Solarbio Science 
& Technology Co., Ltd.), in order to generate the cell aging 
model. Mannitol (Man; 200 mmol/l, Beijing Solarbio Science 
& Technology Co., Ltd.) was used as the positive control. 
Based on the results of senescence‑associated‑β‑galactosidase 
(SA‑β‑Gal) staining, 200 mmol/l D‑gal was used to generate 
the aging model.

In subsequent experimentation, different concentrations 
of ICA (1, 2, 4, 8 and 16 µmol/l; Beijing Solarbio Science 
& Technology Co., Ltd.) were used to pretreat IMR‑90 cells 
at 37˚C for 6 h. Cells were subsequently harvested and incu-
bated with D‑gal (200 mmol/l) at 37˚C for 72 h. The changes 
in senescence level and cell viability were determined via 
SA‑β‑Gal staining and the MTT assay.

SA‑β‑Gal staining assay. To evaluate senescence, SA‑β‑Gal 
staining was performed using the Cellular Senescence 
Assay kit (cat. no. 9860; Cell Signaling Technology, Inc.), 
according to the manufacturer's protocol. The treated cells 
were seeded into 6‑well plates (5x105/ml) with complete 
medium and incubated in 5% CO2 at 37˚C for 48 h. Cells 
were subsequently washed twice with PBS and fixed with 
2% formaldehyde and 0.2% glutaraldehyde. Following incu-
bation for 5 min at room temperature, the fixative solution 
was discarded and the cells were re‑washed twice with PBS. 
β‑gal staining solution (35 mmol/l) was added to each well 
and the plates were incubated overnight at 37˚C in a dry 
incubator, without CO2. When the cells became blue/green, 
cells were washed with 2 ml distilled water to terminate 
the reaction. Positive cells were observed in five randomly 
selected fields under a light microscope (Nikon Corporation; 
magnification, x200).

MTT assay. The changes in IMR‑90 cell viability were 
assessed via the MTT assay. ICA‑treated IMR‑90 cells 
(3x104/ml) were treated with D‑gal or Man at 37˚C for 72 h. 
Cells were subsequently washed, prior to incubation with 
20 µl MTT at 37˚C for 4 h. Following the MTT incubation, 
the purple formazan crystals were dissolved using 150 µl 
dimethyl sulfoxide (Beijing Solarbio Science & Technology 
Co., Ltd.) and cell viability was subsequently analyzed at 
a wavelength of 540 nm, using a microplate reader (Nikon 
Corporation).

Cell cycle assay. Briefly, cells (1x105 cells/well) treated with 
D‑gal alone (200 mmol/l) or with D‑gal and ICA (2, 8 and 
16 µmol/l) were fixed with 70% ethanol at 4˚C for 24 h. Cells 
were stained with propidium iodide (50 µg/ml; Sigma‑Aldrich; 
Merck KGaA) for 1 h at 37˚C in the dark. Cells were subse-
quently collected by FACS C6 flow cytometer (BD Biosciences) 
and analyzed using FlowJo 6.0 software (FlowJo LLC).

Western blotting. Total protein was extracted from IMR‑90 
cells using RIPA buffer (Beyotime Institute of Biotechnology), 
and quantified using a bicinchoninic acid protein assay kit 
(Thermo Fisher Scientific, Inc.). Equal amounts of protein 
(20  µg) were loaded onto 10%  SDS‑polyacrylamide gels, 
electrotransferred onto polyvinylidene fluoride membranes 
(Bio‑Rad Laboratories, Inc.), which were subsequently 
blocked with 5% non‑fat milk for 1 h at room temperature. 
The membranes were incubated with primary antibodies 
against: GAPDH [1:1,000 (36 kDa); cat. no. ab8245; Abcam], 
p‑p53 [1:500 (53  kDa); cat.  no.  ab1431; Abcam], p‑p21 
[1:1,000 (18 kDa); cat.  no.  ab109520; Abcam], p53 [1:500 
(53 kDa); cat. no. ab131442; Abcam], p21 [1:1,000 (18 kDa); 
cat.  no.  ab227443; Abcam], caveolin‑1 [cav‑1; 1:1,000 
(20 kDa); cat. no. ab2910; Abcam], SIRT1 [1:5,000 (82 kDa); 
cat.  no.  ab32441; Abcam], SIRT6 [1:2,000 (37  kDa); 
cat. no. ab62739; Abcam], P50 [1:1,000 (50 kDa); cat. no. 3035; 
Cell Signaling Technology, Inc.] and p65 [1:1,000 (65 kDa); 
cat.  no.  8242; Cell Signaling Technology, Inc.], overnight 
at 4˚C. Following the primary incubation, membranes were 
incubated with HRP‑conjugated secondary antibodies 
[1:20,000; cat. nos. ab205718 and ab205719 (42 and 52 kDa); 
Abcam]. Protein bands were visualized using the enhanced 
chemiluminescence kit (GE  Healthcare Life Sciences), 
exposed to X‑ray film and quantified using ImageJ software 
(version 1.46r; National Institute of Health).

Statistical analysis. Data are presented as the mean ± standard 
deviation and all experiments were performed in triplicate. 
SPSS software (version 13.0; SPSS, Inc.) was used to perform 
statistical analyses. One‑way analysis of variance, followed by 
Tukey's post hoc test was used to compare differences between 
multiple groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

D‑gal treatment promotes senescence of IMR‑90 cells. The 
cell aging model was induced following treatment with 
D‑gal and senescence of IMR‑90 cells was assessed via the 
SA‑β‑Gal staining assay (Fig. 1A and B). Treatment with 
D‑gal significantly increased the proportion of SA‑β‑Gal 
positive cells in a concentration‑dependent manner compared 
with the control group (P<0.01; Fig. 1B). Different concentra-
tions of ICA were used to culture IMR‑90 cells; however, no 
significant differences in cell viability were observed between 
the concentrations (Fig. 1C). Thus, 200 mmol/l D‑gal was used 
to generate the cell aging model in IMR‑90 cells.

ICA pretreatment prevents D‑gal‑induced aging in a 
concentration‑dependent manner. The effects of ICA on 
aged IMR‑90 cells induced by D‑gal were assessed via the 
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Figure 1. Treatment with D‑gal promotes senescence of IMR‑90 cells. D‑gal was used to generate the cell aging model, in order to investigate the molecular 
mechanisms underlying the anti‑aging ability of ICA. (A and B) Following treatment with D‑gal (50, 100 and 200 mmol/l), the senescence of IMR‑90 cells was 
determined via the senescence‑associated‑β‑galactosidase staining assay (magnification, x200). (C) The effect of ICA on cell viability of IMP‑90 cells was 
analyzed via the MTT assay. Data are presented as the mean ± standard deviation. **P<0.01 vs. control group. D‑gal, D‑galactose; ICA, icariin; OD, optical 
density.

Figure 2. Pretreatment with ICA prevents D‑gal‑induced aging in a concentration‑dependent manner. Cells were pretreated with ICA (1, 2, 4, 8 and 16 µmol/l) 
for 6 h, followed by incubation with D‑gal (200 mmol/l) for 72 h. (A) The changes in cell viability of IMR‑90 cells were assessed via the MTT assay. 
(B and C) The senescence of IMR‑90 cells was evaluated via the senescence‑associated‑β‑galactosidase staining assay (magnification, x200). Data are 
presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. control group; #P<0.05, ##P<0.01 vs. D‑gal group. ICA, icariin; D‑gal, D‑galactose; OD, 
optical density.
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MTT and SA‑β‑Gal staining assays. As presented in Fig. 2A, 
D‑gal significantly decreased the viability of IMR‑90 cells 
compared with the control group (P<0.01), whilst pretreat-
ment with ICA (from 4 µmol/l onwards) significantly reversed 
the inhibitory effect induced by D‑gal on cell viability, in a 
concentration‑dependent manner compared with the D‑gal 
group (P<0.05). The results of the SA‑β‑Gal staining assay 
demonstrated that pretreatment with ICA significantly 
decreased the proportion of SA‑β‑Gal positive cells in a 
concentration‑dependent manner (Fig. 2B and C). Treatment 
with D‑gal significantly increased the proportion of SA‑β‑Gal 
positive cells compared with the control group, and ICA (4, 8 
and 16 µmol/l) decreased the proportion of SA‑β‑Gal positive 
cells compared with the control group (Fig. 2B and C). Taken 
together, these results suggest that pretreatment with ICA may 
prevent IMR‑90 cells from D‑gal‑induced aging.

ICA pretreatment prevents D‑gal‑induced cell cycle arrest 
in a cocentration‑dependent manner. The effects of ICA on 
cell cycle arrest of aged IMR‑90 cells induced by D‑gal were 
assessed via flow cytometric analysis. As presented in Fig. 3, 
D‑gal significantly accelerated cell cycle arrest of IMR‑90 
cells (P<0.01), whilst pretreatment with 2, 8 and 16 µmol/l ICA 
significantly reversed the suppressive effect induced by D‑gal 
on cell cycle arrest, in a concentration‑dependent manner 
(P<0.05). Collectively, these results indicate that pretreatment 
with ICA may prevent IMR‑90 cells from D‑gal‑induced cell 
cycle arrest.

ICA pretreatment suppresses the activation of p53/p21 in 
IMR‑90 cells induced by D‑gal. To confirm whether regula-
tion of the p53 transcription factor is involved in the effects of 

ICA pretreatment on D‑gal‑induced aging, the cyclin‑related 
protein levels of p‑p53, p‑p21 and Cav‑1 were measured in 
IMR‑90 cells treated with D‑gal, or cells treated with D‑gal 
and ICA. As presented in Fig. 4A and B, treatment with D‑gal 
treatment significantly promoted the activation of p53 and 
p21, and increased the protein levels of Cav‑1 in IMR‑90 cells 
compared with the control group (P<0.01). Notably, the acti-
vation of p53 and p21, and Cav‑1 protein levels significantly 
decreased following pretreatment with ICA, in a concentra-
tion‑dependent manner (P<0.01).

ICA pretreatment reverses the decreased protein levels of 
SIRT1 and SIRT6 induced by D‑gal in IMR‑90 cells. The 
protein levels of SIRT1 and SIRT6 were detected in IMR‑90 
cells treated with D‑gal, or cells treated with D‑gal and ICA. 
As presented in Fig. 4A and C, D‑gal significantly suppressed 
the expression levels of SIRT1 and SIRT6 in IMR‑90 cells. 
Notably, pretreatment with ICA significantly reversed the 
suppressive effect induced by D‑gal on the levels of SIRT1 
and SIRT6, in a concentration‑dependent manner.

Nuclear factor‑κB (NF‑κB) signaling may be associated 
with the anti‑aging effects of ICA on D‑gal‑treated IMR‑90 
cells. To determine the potential pathway in the anti‑aging 
molecular mechanisms of ICA, the protein levels of NF‑κB 
signaling molecules were assessed in IMR‑90 cells treated 
with D‑gal, or cells treated with D‑gal and ICA. As presented 
in Fig. 4D and E, the protein levels of p50 and p65 significantly 
increased following treatment with D‑gal compared with the 
control group, suggesting that the NF‑κB signaling pathway 
may be involved in D‑gal‑induced aging in IMR‑90 cells. 
Furthermore, pretreatment with ICA significantly decreased 

Figure 3. Pretreatment with ICA prevents D‑gal‑induced cell cycle arrest in a concentration‑dependent manner. Cells were pretreated with ICA (2, 8 and 
16 µmol/l) for 6 h, followed by incubation with D‑gal (200 mmol/l) for 72 h. (A and B) The changes in cell cycle arrest of IMR‑90 cells were assessed via flow 
cytometric analysis. *P<0.05, **P<0.01 vs. control group; #P<0.05, ##P<0.01 vs. D‑gal group. ICA, icariin; D‑gal, D‑galactose.
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the protein levels of p50 and p65 compared with the D‑gal 
group, indicating that NF‑κB signaling may be associated with 
the anti‑aging ability of ICA.

Discussion

The present study aimed to investigate the molecular mecha-
nisms underlying the anti‑aging ability of ICA. D‑gal was used 
to generate the cell aging model in IMR‑90 cells. The results 
of the present study suggested that the high concentration of 
D‑gal (200 mmol/l) increased the proportion of SA‑β‑Gal 
positive cells and induced the cell aging model. However, the 
proportions of SA‑β‑Gal positive cells and the viability of 
IMR‑90 cells did not change following treatment with Man 
(200 mmol/l), thus, no increasing osmotic pressure of the 
medium was indicated.

Despite the lack of assessment of different cell lines, the 
results of the present study demonstrated that pretreatment 
with ICA significantly reversed the effects induced by D‑gal on 

viability and cell cycle arrest of IMR‑90 cells. Furthermore, the 
effects of D‑gal on regulating proteins associated with aging 
and lifespan were also significantly counteracted following 
pretreatment with ICA. Western blot analysis demonstrated 
that inhibiting NF‑κB signaling was involved in the anti‑aging 
molecular mechanisms of ICA, in the D‑gal‑induced aging 
model.

P53 is a tumor suppressor gene and mutation of p53 occurs 
in >50% of different types of tumor (18,19). Previous studies 
have demonstrated that the p53/p21 signaling pathway is 
associated with aging (19,20). For example, Lessel et al (21) 
reported that mutation of murine double minute 2, which is 
responsible for maintaining low p53 levels or deactivating p53, 
leads to aberrant expression of p53, ultimately accelerating 
the aging process. Furthermore, aberrant expression of p53 
plays a central role in the process of cell senescence (22). P53 
induces upregulation of cyclin‑dependent kinase inhibitor 
p21, which in turn inhibits activation of the cell cycle 
repressor, retinoblastoma (RB) activation to induce cell cycle 

Figure 4. Anti‑aging molecular mechanisms of ICA may be associated with the regulation of p53/p21, SIRT1/6 and NF‑κB signaling in D‑gal‑induced cell 
aging. (A) The ratio of p‑p53/p53 and p‑p21/p21, and protein levels of cav‑1, SIRT1 and SIRT6 were determined via western blotting. (B) The effects of 
D‑gal and ICA on the ratio of of p‑p53/p53 and p‑p21/p21, and protein levels of cav‑1 determined via western blotting were semi‑quantified. (C) The effects 
of D‑gal and ICA on the protein levels of SIRT1 and SIRT6 determined via western blotting were semi‑quantified. (D and E) The protein levels of p65 and 
p50 in IMR‑90 cells treated with ICA and D‑gal were assessed via western blotting. GAPDH was used as the internal control. Data are presented as the 
mean ± standard deviation. *P<0.05, **P<0.01 vs. control group; #P<0.05, ##P<0.01 vs. D‑gal group. ICA, icariin; SIRT, sirtuin; NF‑κB, nuclear factor κB; cav‑1, 
caveolin‑1; D‑gal, D‑galactose.
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arrest (23). In addition, P53 also promotes the expressions of 
downstream genes of p54, including cyclin B1, growth arrest 
and DNA damage‑inducible α and stratifin, to participate in 
cell cycle arrest (24,25). Jiang et al (23) demonstrated that 
silencing serpine 1 can significantly decrease the expres-
sion levels of p53 and p21, and promote phosphorylation of 
RB, ultimately delaying senescence of alveolar type 2 cells. 
Furthermore, cav‑1 also plays a potential role in the induc-
tion of cell senescence (26,27), as cav‑1 has been reported to 
interact with polymerase I and transcript release factor, and 
accelerate caveolae information, subsequently promoting 
the activation of the p53/p21 signaling pathway to regulate 
cellular senescence (28). A previous study also demonstrated 
that cav‑1 is highly expressed in premature senescence and 
inhibition of cav‑1 by lentivirus‑mediated RNA interference 
has a marked effect on improving cell senescence induced by 
oxidative stress (29). The current study observed the activation 
of p53/p21 signaling and significant upregulation of cav‑1 in 
the D‑gal‑induced senescence in IMR‑90 cells. When cells 
were pretreated with ICA, activation of the p53/p21 signaling 
pathway and upregulation of cav‑1 were markedly attenuated. 
These findings suggest that the anti‑aging ability of ICA in 
IMR‑90 cells may be associated with the inhibition of p53/p21 
signaling.

Currently, the sirtuin family, particularly SIRT1 and 
SIRT6 have been extensively studied for their anti‑aging 
ability (30,31). SIRT1 is a class III histone deacetylase and 
plays a critical role in certain biological processes, such as 
individual growth, stress response, endocrine regulation, 
tumorigenesis and extending lifespan (32). A previous study 
demonstrated that SIRT1 knockdown in podocytes can mark-
edly aggravate glomerulosclerosis and albuminuria induced 
by aging, which, at the same time, is accompanied by notably 
upregulated expression levels of aging‑associated markers in 
the glomeruli of aging mice (33). Similarly, Tran et al (34) 
demonstrated that upregulating SIRT1 expression can prevent 
prolonged insulin‑like growth factor‑1 treatment‑induced 
cellular senescence by attenuating the acetylation and acti-
vation of p53. Furthermore, SIRT6‑deficient rats have been 
reported to develop several symptoms similar to aging‑asso-
ciated degenerative symptoms, such as loss of lordokyphosis, 
subcutaneous fat and serious lymphopenia and metabolic 
defects, at 2‑3 weeks of age and ultimately the rats died after 
approximately 4 weeks (35). These study findings are consis-
tent with the results of the present study, which demonstrated 
that the protein expression levels of SIRT1 and SIRT6 were 
downregulated following treatment with D‑gal. However, 
IMR‑90 cells pretreated with ICA observably decrease the 
proportion of SA‑β‑Gal‑positive cells, which may be medi-
ated through the effects of ICA on preventing SIRT1 and 
SIRT6 from the downregulation induced by D‑gal. Recently, 
the effects of SIRT1 and SIRT6 on aging were reported to 
be associated with the inhibition of inflammation mediated 
by the NF‑κB signaling pathway (36). Furthermore, studies 
linking aging and the NF‑κB signaling pathway suggest that 
the activation of NF‑κB signaling through accumulating 
endogenous DNA damage can lead to aging and aging‑asso-
ciated degenerative changes (35,37). Previous studies have 
demonstrated that the expression levels of SIRT6 and SIRT1 
can effectively suppress the activation of NF‑κB signaling 

by deacetylating the p65 subunit of NF‑κB complex, thus 
notably delaying premature and normal aging (37,38). In the 
present study, treatment with D‑gal treatment significantly 
promoted the activation of NF‑κB signaling, while treat-
ment with 2 µmol/l ICA significantly decreased the protein 
levels of p65 and p50. Taken together, these results suggested 
that the anti‑aging molecular mechanisms of ICA may also 
be associated with the regulation of SIRT1/6 and NF‑κB 
signaling.

In the present study, treatment with D‑gal promoted the 
activation of p53/p21 and NF‑κB signaling through down-
regulation of SIRT1/6, while ICA reversed the effects of 
D‑gal on IMR‑90 cells. Prospective studies will aim to inves-
tigate the translocation of NF‑κB to the nucleus, binding of 
NF‑κB to target promoters and decreased steady‑state levels 
of NF‑κBs.

In conclusion, the present study investigated the molecular 
mechanisms underlying the anti‑aging ability of ICA. D‑gal 
was used to generate an aging model in IMR‑90 cells and the 
results demonstrated that D‑gal notably accelerated cellular 
senescence, which may be associated with the activation of 
p53/p21 and NF‑κB signaling, and downregulation of SIRT1/6. 
Taken together, the results of the present study suggest that low 
concentrations of ICA may effectively prevent IMR‑90 cells 
from aging‑associated changes induced by D‑gal and mark-
edly delay aging of IMR‑90 human lung fibroblasts, without 
affecting cell viability. Thus, ICA may be implemented as a 
promising candidate for anti‑aging.
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