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Abstract
Introduction. In our previous study, it has been confirmed that formaldehyde (FA) not only inhibits the proliferative 
activity, but also causes DNA-protein crosslinks (DPCs) formation in bone marrow mesenchymal stem cells (BMSCs). 
The purpose of this study was to detect the protective effect of astragalus polysaccharide (APS) against the cytotoxicity 
and genotoxicity of BMSCs exposed to FA, and to explore potential molecular mechanisms of APS activity.
Material and methods. Human BMSCs were cultured in vitro and randomly divided into control cells (Ctrl 
group), FA-treated cells (FA group, 120 μmol/L), and cells incubated with FA and increasing concentra-
tions (40, 100, or 400 μg/mL) of APS (FA + APS groups). Cytotoxicity was measured by MTT assay. DNA 
strand breakage, DNA-protein crosslinks (DPCs), and micronucleus formation were respectively detected 
by comet assay, KCl-SDS precipitation assay, and micronucleus assay. The mRNA and protein expression 
level of xeroderma pigmentosum group A (XPA), xeroderma pigmentosum group C (XPC), excision repair 
cross-complementation group 1 (ERCC1), replication protein A1 (RPA1), and replication protein A2 (RPA2) 
were all detected by qRT-PCR and Western Blot. 
Results. Compared with the FA group, the cytotoxicity, DNA strand breakage, DPCs, and micronucleus levels 
were decreased significantly in FA + APS groups (P < 0.01). Meanwhile, the mRNA and protein expression 
of XPA, XPC, ERCC1, RPA1, and RPA2 were up-regulated significantly in the FA + APS groups (P < 0.05) 
with the most prominent effect of the 100 μg/mL APS.
Conclusions. Our results suggest that APS can protect the cytotoxicity and genotoxicity of human BMSCs 
induced by FA. The mechanism may be associated with up-regulated expression of XPA, XPC, ERCC1, 
RPA1, and RPA2 in the nucleotide excision repair (NER) pathway which promotes DNA damage repair.
(Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 2, 124–133)
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Introduction

As one component of bone marrow (BM), bone 
marrow mesenchymal stem cells (BMSCs) not only 
have multi-differentiation potential, but also can 
regulate the normal proliferation and differentiation 
of hematopoietic stem cells [1, 2]. Thus, if BMSCs 
undergo toxic damage, BMSCs will lose their normal 
control over hematopoietic stem cells which may lead 
to myeloid leukemia. 

Formaldehyde (FA), an environmental pollutant, 
is widely present in pollution, tobacco smoke and 
home accessories [3, 4]. The International Agency 
for Research on Cancer (IARC) indicated that FA 
may cause leukemia but the mechanisms remain un-
clear [4]. FA exhibits toxic effects in various types of 
mammalian cells, including cultured human myeloid 
progenitor cells and bone marrow blood progenitor 
cells in vivo [5, 6]. In our previous study, it has been 
confirmed that FA induced the excessive DNA-pro-
tein crosslinks (DPCs) in murine BMSCs [7]. 

The formation of DPCs is related to oxidative 
damage caused by FA-induced excessive hydroxyl free 
radicals [8–10]. DPCs are the primary DNA damage 
products induced by FA, and the level of DPCs is 
considered to be a good molecular dosimeter to assess 
FA-related cancer risk [11]. When FA induces DNA 
damage, such as DPCs, the cell activates repair mech-
anisms to reverse the damage to reestablish stability 
of the genome. The nucleotide excision repair (NER) 
pathway is an important way for DNA damage repair, 
which mainly repairs the cyclobutane pyrimidine di-
mer, DNA adducts, and cross-linking between chains 
[12, 13]. It was found that the repair of FA-induced 
DPCs mainly depends on the NER pathway [14].

Astragalus membranaceus, belonging to the 
Leguminosae family, is used as a Qi-tonifying herb 
in traditional Chinese medicine [15]. Astragalus pol-
ysaccharide (APS), one of the active ingredients of 
Astragalus, has been shown to possess antioxidant, 
immunomodulatory, and tumor growth inhibitory 
properties in modern studies [16–18]. Numerous 
animal and anecdotal human data show that APS has 
anticancer effects in preclinical studies [19], as well 
as can improve myelosuppression induced by cyto-
toxic agents and chemopreventive effects [20]. APS 
enhanced the secretion of granulocyte colony-stimu-
lating factor (G-CSF) and maintained the stability of 
the bone marrow hematopoietic microenvironment 
after chemotherapy [21]. In addition, APS could 
inhibit ionizing radiation-induced bystander effects 
in BMSCs [22] as well as inhibit apoptosis and senes-
cence of BMSCs caused by ferric ammonium citrate 
iron overload [23].

The present study was performed to characterize 
the protective effect of APS against the cytotoxicity 
and genotoxicity of BMSCs exposed to FA. Subse-
quently, we used the qRT-PCR and Western Blot 
to assess the expression of xeroderma pigmentosum 
group A (XPA), xeroderma pigmentosum group C 
(XPC), excision repair cross-complementation group 
1 (ERCC1), replication protein A1 (RPA1), and repli-
cation protein A2 (RPA2) genes in the NER pathway 
in FA- and APS-exposed BMSCs to explore potential 
molecular mechanisms of APS’s activity.

Materials and methods

Cell culture. Human BMSCs (Cyagen Biosciences Inc, 
Santa Clara, CA, US) were cultured in Dulbecco’s Modified 
Eagel Media: Nutrient Mixture F-12 1:1 Mixture (D-MEM/ 
/F12) supplemented with 10% fetal bovine serum for stem 
cells, 315 mg/L D-glucose and glutamine (all from Cyagen 
Biosciences, Santa Clara, CA, USA) at 37°C in a humidified 
incubator with 5% CO2 (SANYO Electric CO., Ltd, Osaka, 
Japan). During the logarithmic growth period, the cells were 
detached with 0.25% trypsin-0.02% EDTA.

Preparation of astragalus polysaccharide (APS) and formal-
dehyde (FA). The mass fraction of APS (Solarbio Science & 
Technology Co., Ltd., Beijing, China) was more than 98%. 
APS was dissolved and diluted to the final concentration of 
40, 100, 400 μg/mL with D-MEM/F12. FA’s (SigmaAldrich, 
St. Louis, MO, USA) mass fraction was more than 37%. FA 
was diluted with D-MEM/F12 to the final concentration of 
120 μmol/L.

Groups. BMSCs were randomly divided into control group, 
FA group, and FA + APS 40, 100 and 400 μg/mL groups. In 
the control group, the cells were cultured with D-MEM/F-12. 
The cells in the FA group were cultured with 120 μmol/L 
FA of D-MEM/F-12. BMSCs co-cultured with 120 μmol/L 
FA and 40, 100, 400 μg/mL APS of D-MEM/F-12 served 
as FA + APS 40, 100 and 400 μg/mL groups. FA and APS 
were added at the same time and incubated together with 
BMSCs for 24 h. 

MTT assay. Cell proliferation activity was measured by 
MTT assay. The number of cells was adjusted to 4 × 103 
per well and inoculated on 96-well plates. Then MTT 
(Biowest, Loire Valley, France) 20 μL was added into cells 
and incubated for 4 h. The supernatant was discarded and 
then DMSO was added before oscillation. The absorbance 
(A) value was measured at 490 nm with the enzyme marker 
(Bio-Rad, Hercules, CA, USA). The cell proliferation rate 
of each experimental group was calculated according to 
the formula: cell proliferation rate = (A experiment — A 
blank)/(A control — A blank) ×100%.
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Comet assay. Comet assay was used to detect DNA strand 
breakage. The normal 1% melting point agarose gel (Biow-
est) was prepared on frosted-glass slides. The cell suspension 
was spread onto normal 1% melting point agarose gel after 
it was mixed with 1% low melting point agarose (volume 
ratio: 1:3) and then immersed in a lysis buffer containing 
40% proteinase K (Promega, Madison, WI, USA) for lysis. 
Then it was immersed into the electrophoresis buffer for 
30 min at 4°C in the darkness under the voltage of 15 V, 
the current of 300 mA. It was fixed with 1% H2O2 and 
stained with propidium iodide (PI) for 30 min. Cells were 
observed under IX81 fluorescence microscope (Olympus, 
Tokyo, Japan) and photographed. Twenty cells were ran-
domly selected from each treatment group and the collected 
images were analyzed with comet experiment professional 
analysis software CASP (version 1.2.3; Bio-Rad). Olive tail 
moment (OTM), an internationally recognized value, was 
used to evaluate DNA strand breakage. The OTM value is 
equal to the distance between the center of mass and the 
density of the comet head and tail × the DNA content of 
the comet tail.

DNA-protein crosslinks formation assay. DPCs formation 
was detected by KCl-SDS precipitation (KCl-SDS) precip-
itation assay. 2% SDS solution was added to cells that in 
the logarithmic growth stage, and the cells were lysed in 
the water bath at 65°C. Then 1 mol/L of KCl was added to 
the cells for fully mixing and an ice bath was used for 5 min 
to form SDS-K+ precipitation. The pellet and supernatant 
containing free DNA were collected after centrifugation. 
The collected precipitate was added with 40% protease 
K and digested in a water bath at 50°C. The supernatant 
containing DNA in DPCs was collected after centrifugation.  
1 mL of the supernatant containing free DNA and cross-
linked DNA was taken and Hoechst33258 (Biyuntian Biotech-
nology Co., Ltd., Shanghai, China) was added to it for staining 
for 30 min. The standard curve was based on calf thymus 
DNA. Fluorescence values of each group were measured by 
RF-5301PC fluorescence spectrometer (Shimadzu, Tokyo, 

Japan) under excitation light at 353 nm and emission light 
at 455 nm. The concentrations of free DNA and cross-linked 
DNA were quantified according to the standard curve. The 
DPCs level was calculated by the following formula: DPCs 
= cross-linked DNA concentration/(cross-linked DNA 
concentration + free DNA concentration) ×100%.

Micronucleus assay. Cells were digested by trypsin and 
collected. Then hypotonic KCl solution was used for  
3 min. Finally, the cells were fixed, dripped, and stained 
by Giemsa (Solarbio). One thousand cells were randomly 
observed on each slide. Most of the micronucleus contained 
in the cells were round with smooth, neat edges. Their 
diameter was 1/16-1/3 of the main nucleus, without refrac-
tion, not connected with the main nucleus, and consistent 
with chromophile, purplish or blue-purple. One or more 
micronucleus could appear in a cell. The number of cells 
with micronuclei is counted. Micronucleus cell rate (‰) 
= total number of cells with micronucleus/total number of 
observed cells × 1000‰.

Quantitative real time polymerase chain reaction (qRT- 
-PCR) assay. The expression of mRNA XPA, XPC, 
ERCC1, RPA1, and RPA2 were detected by qRT-PCR. 
Cells in the logarithmic growth phase were taken. Total 
RNA was extracted using TRIzol Reagent (Invitrogen, 
Carlsbad, CA, USA) and reverse transcribed to cDNA 
using the RT2 First Strand Kit according to the manu-
facturer’s instructions (Qiagen, Duesseldorf, Germany). 
Gene expression level was detected according to the 
instructions of the RT2 SYBR® Green qPCR Mastermix 
(Qiagen). qRT-PCR was performed in CFX96TM Ther-
mal Cycler (Bio-Rad). The formula D Ct = Ct average 
— average Ct of housekeeping genes, DD Ct = D Ct  
(experimental group) — D Ct (control group), was used 
to calculate D Ct and DD Ct value of the gene expression. 
2-DDCt was used to calculate the relative gene expression 
level of the experiment group. The primer details of XPA, 
XPC, ERCC1, RAP1, and RAP2 were shown in Table 1.

Table 1. The sequence of each primer in qRT-PCR

mRNA Primer sequence Product length

XPA Forward primer 5’-CTACTGGAGGCATGGCTAAT-3’ 132bp

Reverse primer 5’-CCATAACAGGTCCTGGTTGA-3’

XPC Forward primer 5’-ACTGCGCAGCCAGAAATCC-3’ 107bp

Reverse primer 5’-CTTTGGAGAGAAGGCTCTTC-3’

ERCC1 Forward primer 5’-ATGGACCCTGGGAAGGACA-3’ 133bp

Reverse primer 5’-TCTGTGTAGATCGGAATAAGG-3’

RPA1

RAP2

Forward primer
Reverse primer 
Forward primer
Reverse primer

5’-ATGCAGAAGGGGGATACAA-3’
5’-ACTGTGTCGCCAACATGAA-3’
5’-ATGACAGCTGCACCCATG-3’ 
5’-TGTTCTGAAAAGATCTCAGG-3’

145bp

124bp
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Figure 1. Astragalus polysaccharide (APS) reduced cytotoxic-
ity in bone marrow mesenchymal stem cells (BMSCs) exposed 
to formaldehyde (FA). Human BMSCs were incubated in the 
D-MEM/F12 medium for 24 h in the presence of FA (120 
μmol/L) and FA + APS at the concentrations of 40, 100 or 
400 μg/mL as described in Methods. Cytotoxicity to BMSCs 
was determined by MTT test that assessed proliferation ac-
tivity. Proliferation activity in human BMSCs exposed to FA 
decreased significantly compared with control (Ctrl) group. 
Cell proliferation activity increased significantly compared 
with that in FA + APS groups. *P < 0.05, **P < 0.01 vs. Ctrl 
group. #P < 0.05, ##P < 0.01 vs. FA group.

Western blot analysis. Western blot detected the expression 
of XPA, XPC, ERCC1, RPA1, and RPA2 proteins. Cells 
in the logarithmic growth stage were taken and 200 μL  
lysate solution (Biyuntian Biotechnology) was added. Cells 
were scraped with a cell scraper, collected, and centrifuged. 
Then the supernatant was collected and the loading buffer, at 
a ratio of 1:3, was added into supernatant before boiling it at 
98°C and setting aside in the refrigerator at –20°C. The pro-
tein was separated by electrophoresis with 12% polyacryla-
mide gel. After membrane transfer with PVDF (Millipore 
Corporation, Burlington, MA, USA), the protein was sealed 
for 2 h by skimmed milk. The XPA, XPC, ERCC1, RAP1, 
and RAP2 antibody (1:1000, all from Ruiying Biological Co., 
Ltd.) was incubated at 4°C overnight and the goat anti-rabbit 
antibody (1:4000, Ruiying Biological Co., Ltd.) was incubat-
ed at room temperature for 2 h. The image was developed 
with ECL light agent (Cyagen Biosciences). The grayscale 
ratio of each target band and corresponding GAPDH was 
analyzed by Quantity One image analysis software (Bio-Rad) 
to represent the relative expression level of each protein.

Statistical analysis. Homogeneity test of variance and one-
way ANOVA were used for comparison between groups. 
The statistical analysis of data obtained from each experi-
ment used SPSS 26.0 for Windows software (Microsoft Cor-
poration, Redmond, WA, USA). Values represented mean 
± standard deviation. The vakues *, # [upper index) = zk]  
and **, ## denote P < 0.05 and P < 0.01, respectively which 
were considered to be statistically significant.

Results

Protective effect of APS against cytotoxicity  
in BMSCs exposed to FA
MTT assay was used to determine the cytotoxicity by 
calculating the proliferation rate of human BMSCs. 
MTT results (Fig. 1) showed that the cytotoxicity 
in FA-treated BMSCs increased significantly com-
pared with control cells (P < 0.01) and cytotoxic-
ity decreased significantly in cells incubated with 
FA plus APS at 40, 100 and 400 μg/mL compared 
with FA-treated BMSCs (P < 0.01). Among them,  
100 μg/mL APS had the highest protective effect 
against cytotoxicity in BMSCs exposed to FA.

Protective effect of APS against DNA breakage  
in BMSCs exposed to FA
We used comet assay to identify DNA breakage in 
human BMSCs and DNA breakage was quantified 
as the OTM. The results (Fig. 2) showed that DNA 
breakage in BMSCs induced by FA was remarkably 
higher than that in control cells (P < 0.01). Compared 
with the FA-treated BMSCs, DNA breakage was 
significantly reduced in cells incubated with FA plus 

APS at 40, 100 and 400 μg/mL (P < 0.01). Among 
them, DNA breakage of cells treated with FA and 
100 μg/mL was the least, and there was no significant 
difference compared with Ctrl group.

Protective effect of APS against DPCs  
in BMSCs exposed to FA
In order to determine DPCs formation in human 
BMSCs, KCl-SDS precipitation assay was used. The 
results (Fig. 3) showed that FA could significantly 
induce DPCs formation in BMSCs compared with 
Ctrl group (P < 0.01). Compared with the FA group, 
DPCs level was significantly reduced in cells incubated 
with FA plus APS at 40, 100 μg/mL (P < 0.01). How-
ever, when 400 μg/mL APS was used, the DPCs level 
increased but it was still significantly lower than that 
in the FA group (P < 0.01).

Protective effect of APS against micronucleus  
in BMSCs exposed to FA
The micronucleus assay results (Fig. 4) showed that 
the micronucleus frequency of FA-treated BMSCs 
was significantly increased compared with control 
cells (P < 0.01), and the micronucleus frequency was 
significantly decreased by the incubation of the cells 
with FA plus APS at the concentrations of 40, 100, and 
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Figure 2. Astragalus polysaccharide (APS) reduced DNA breakage in BMSCs exposed to formaldehyde (FA). The comet 
assay was used to identify DNA breakage in human BMSCs. DNA breakage effect in human BMSCs exposed to FA was 
significantly higher than that in Ctrl group. Compared with FA group, DNA breakage in cells was significantly reduced in 
FA + APS groups. *P < 0.05, **P < 0.01 vs. control (Ctrl) group. #P < 0.05, ##P < 0.01 vs. FA group. Magnification: 400×. 
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Figure 3. Astragalus polysaccharide (APS) reduced 
DNA-protein crosslinks (DPCs) in BMSCs exposed to formal-
dehyde (FA). DPCs was measured by KCl-SDS precipitation 
assay as described in Methods. FA significantly increased the 
formation of DPCs in human BMSCs compared with that in 
control (Ctrl) group. Compared with FA group, DPCs in cells 
was significantly decreased in FA + APS groups. *P < 0.05, 
**P < 0.01 vs. Ctrl group. #P < 0.05, ##P < 0.01 vs. FA group.

400 μg/mL (P < 0.01). The micronucleus frequency 
of cells treated with FA and 100 μg/mL APS was the 
lowest among the FA plus APS groups at different 
concentrations.

Effect of APS on the expression of XPA, XPC, 
ERCC1, RPA1 and RPA2 genes in NER pathway  
of BMSCs exposed to FA
The results of qRT-PCR and Western blotting results 
(Fig. 5) showed that compared with the control cells, 
the expression of XPA protein, RPA1, RPA2 mRNA 
and protein were significantly down-regulated (P < 
0.01), and XPA mRNA, XPC, ERCC1 mRNA and 
protein were significantly up-regulated in FA-treat-
ed BMSCs (P < 0.01, 0.05). Compared with the FA 
group, the mRNA and protein expression of XPA, 
XPC, ERCC1, RPA1, and RPA2 were all remarkably 
up-regulated in BMSCs incubated with FA plus each 
concentration of APS (P < 0.01, 0.05). Of note, the 
gene expression reached a peak in BMSCs treated 
with FA plus 100 μg/mL APS.

Discussion

Our previous studies have confirmed that formalde-
hyde (FA) could inhibit the proliferative activity and 
enhance DNA-protein crosslinks (DPCs) formation in 
mice bone marrow mesenchymal stem cells (BMSCs) [7].  
Therefore, the main purpose of this study was to 
investigate the protective effect of Astragalus poly-
saccharide (APS) against cytotoxicity and genotoxicity 
in human BMSCs exposed to FA and its potential 
mechanisms. In the present study, we found that the 
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Figure 4. Astragalus polysaccharide (APS) decreased the micronucleus frequency in BMSCs exposed to formaldehyde (FA). 
The micronucleus frequency of human BMSCs was significantly increased in FA group compared with control (Ctrl) group. 
Compared with FA group, micronucleus frequency in cells was significantly decreased in FA + APS groups. *P < 0.05,  
**P < 0.01 vs. Ctrl group. #P < 0.05, ##P < 0.01 vs. FA group. Magnification: 400×.

proliferation activity decreased in BMSCs exposed 
to FA, but the proliferation activity significantly in-
creased after the cells were incubated with FA plus 
APS. These indicated that APS could reduce the 
cytotoxicity induced by FA in human BMSCs.

DNA breakage and DPCs formation are consid-
ered to be the main forms of DNA damage caused 
by FA [24]. It has even been reported that DPCs is  
a molecular marker of FA-related cancer risk [11, 25]. 
DPCs are necessary for DNA replication, transcrip-
tion, and cell growth in normal cells; however, exces-
sive DPCs produced by endogenous and exogenous 
agents block DNA replication resulting in genomic 
instability and tumorigenesis [26–28]. In this study, 
the degree of genotoxicity in BMSCs exposed to FA 
was studied by detecting the levels of DNA breakage, 
DPCs, and micronucleus formation. It was found that 
DNA breakage, DPCs and micronucleus formation in 
BMSCs exposed to FA were increased compared with 
control cells, however, after treatment with APS, they 
were decreased. This indicates that APS may protect 
against genotoxicity in BMSCs exposed to FA. This is 
consistent with study showing that APS can maintain 
genomic stability and reduce DNA damage in BMSCs 
incubated with the irradiated A549 cells [22, 29].

When external factors induce DNA damage, the 
cells can mobilize relevant repair mechanisms to re-
verse these damages in order to maintain genetic sta-

bility. The nucleotide excision repair (NER) pathway, 
the major mechanism in the process of DNA repair, 
primarily eliminates bulky adducts arising from ex-
posure to environmental agents [30–32]. Xeroderma 
pigmentosum group A (XPA) and xeroderma pig-
mentosum group C (XPC) are the initial recognizing 
proteins responsible for the recruitment of relevant 
repair apparatus components to the DNA damage 
site [33–35]. Excision repair cross-complementation 
group 1 (ERCC1) has a global function in cellular 
DNA damage repair [36]. ERCC1 binds to XPF to 
form the ERCC1-XPF complex, which is responsible 
for cutting the damage-containing oligonucleotide 
[37, 38]. These core proteins involved in the NER 
reaction play a key role in the maintaining of genomic 
stability. Our study shows that the mRNA and protein 
expression levels of XPC and ERCC1 in FA-treated 
BMSCs were significantly higher than those in the 
control cells, indicating that XPC and ERCC1 may 
be involved in the repair of human BMSCs DNA 
damage caused by FA. This is in accordance with 
previous studies [7, 39]. The mRNA and protein 
expression levels of XPA, XPC, and ERCC1 in cells 
incubated with FA plus APS groups at different 
concentrations were significantly higher than those 
in the FA-treated cells. These findings demonstrate 
that APS promoted the repair of DNA damage by 
upregulating the mRNA and protein expressions of 
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Figure 5. A. Astragalus polysaccharide (APS) up-regulated the mRNA expression of XPA, XPC, ERCC1, RPA1 and RPA2 
in BMSCs exposed to formaldehyde. B. Astragalus polysaccharide (APS) up-regulated the protein expression of XPA, 
XPC, ERCC1, RPA1 and RPA2 in BMSCs exposed to formaldehyde. Relative levels of mRNA and protein content in the 
homogenates of BMSCs were measured by qRT-PCR and Western blotting as described in Methods. *P < 0.05, **P < 0.01 
vs. control (Ctrl) group. #P < 0.05, ##P < 0.01 vs. FA group.

XPA, XPC, and ERCC1, which was consistent with 
the results that APS significantly reduced the DNA 
breakage, DPCs, and micronucleus formation in 
human BMSCs exposed to FA. A similar mechanism 
of was demonstrated in other reports [40, 41]. In ad-
dition, the study also found that the expression level 
of XPA mRNA in BMSCs treated by FA was higher 
than that in Ctrl group, while the expression level of 
XPA protein was decreased, which may be related to 
protein degradation, or may be affected by miRNA, 
progressive regulation from the translation level so 
that the protein was not expressed or XPA mRNA 
was directly degraded.

Replication protein A (RPA), a eukaryotic sin-
gle-stranded DNA binding protein, is composed 
of three related subunits: RPA1 (RPA70), RPA2 
(RPA32), and RPA3 (RPA14). Much progress has 

been made to elucidate the critical roles for RPA 
in DNA metabolic pathways that help promote 
genomic stability [42]. RPA is not only involved 
in the initiation, extension of DNA replication, 
and the organization of Okazaki fragments but is 
also involved in NER repair. RPA can protect sin-
gle-stranded DNA from nuclear degradation and 
hairpin formation after DNA damage [43]. At the 
same time, RPA1 and RPA2 can bind to XPA to 
form the RPA-XPA complex, which is involved in 
the recognition of DNA damage [44]. In this study, 
we found that the mRNA and protein expression 
of RPA1, RPA2 decreased in FA-treated cells 
compared with control cells, indicating that RPA1, 
RPA2 did not participate in the repair of DNA 
damage caused by FA. On the other hand, DNA 
damage caused by FA blocks the cell cycle and DNA 
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replication, so the mRNA and protein expression 
of replication-related genes RPA1 and RPA2 were 
decreased in FA-treated cells. Compared with the 
FA group, the mRNA and protein expressions of 
RPA1, RPA2 in BMSCs incubated with FA plus each 
concentration of APS were significantly increased, 
suggesting that APS may promote the recognition 
of RPA1, RPA2, and DNA damage, and help in the 
formation of RPA-XPA complex, thus ensuring the 
smooth progression of NER. A similar mechanism of 
was demonstrated to be functional in study showing 
that XPA combined with RPA might be involved in 
damage-recognition in NER [40].

This study also found that the protective effect 
of APS on BMSCs treated by FA reached the peak 
when concentration of APS was 100 μg/mL. How-
ever, when APS mass concentration is greater than  
100 μg/mL, APS may have toxic effects on BM-
SCs and aggravate DNA damage. These findings 
suggested that although APS may promote DNA 
repair, there is still a certain safe range of the mass 
concentration when it is used. However, the in vitro 
experiments, have a limited relevance to the whole 
body system. Drugs in the body have to go through 
absorption, distribution, and first-pass effects, and 
their functions are also affected by complex fac-
tors such as neuroendocrine and immune systems. 
Therefore, experiments in vivo are needed to further 
determine the effective concentration of APS or to 
link the concentration that produces toxicity in vitro 
with the corresponding dose in vivo.

In conclusion, APS has a significant protective effect 
against FA-induced cytotoxicity and genotoxicity of 
BMSCs, especially at the concentration of 100 μg/mL,  
which may be related to the up-regulation of gene ex-
pression of XPA, XPC, ERCC1, RPA1, and RPA2 in 
the NER pathway and the promotion of DNA damage 
repair. However, its specific safe dose range in vivo 
remains to be further studied and defined. 
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