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ABSTRACT

This study aimed to evaluate the role of FRT in ROS/DNA regulation with or without PARP-1 in radiation-injured
thymus cells. The administration of FRT to PARP-1-/- (KO) mice demonstrated that FRT significantly increased
the viability of thymus cells and decreased their rate of apoptosis through PARP-1. Radiation increased the
levels of ROS, y-H2AX and 53BP1, and induced DNA double strand breaks. Compared with wild type (WT) mice,
levels of ROS, y-H2AX and 53BP1 in KO mice were much less elevated. The FRT treatment groups also showed
little reduction in these indicators in KO mice compared with WT mice. The results of the KO mice study
indicated that FRT reduced ROS activation through inhibition of PARP-1. Furthermore, FRT reduced the
concentrations of y-H2AX by decreasing ROS activation. However, we found that FRT did not regulate 53BP1, a
marker of DNA damage, because of its elimination of ROS. Levels of apoptosis-inducing factor (AIF), exhibited
no significant difference after irradiation in KO mice. To summarize, ROS suppression by PARP-1 knockout in KO
mice highlights potential therapeutic target either by PARP-1 inhibition combined with radiation or by
treatment with a drug therapy alone. AlF-induced apoptosis could not be activated in KO mice.

INTRODUCTION

Poly (ADP-ribose) polymerase-1 (PARP -1) is the most
abundant isoform in the PARP gene family and
participates in the DNA base excision repair system [1].
PARP-1 is implicated in many cellular functions,
including DNA repair, regulation of post-transcriptional
gene expression and inflammation, and cell death [2-4].
PARP-1 is recruited to the site of DNA damage to
facilitate DNA repair and ensure cell survival [5-7].
PARP-1 can be activated by damaged DNA and

catalyzes the cleavage of NAD™ into nicotinamide and
ADP-ribose to form long branches of ADP-ribose
polymers on target proteins [8]. However, overactivation
of PARP results in the concomitant depletion of its
substrate NAD* and consequently ATP. This failure in
energy supply results in cell dysfunction and can
culminate in necrosis [9, 10]. PARP-1 can be activated
by high glucose or hyperglycemia in endothelial cells
[11-13]. High glucose or hyperglycemia increases
oxidative stress and induces DNA damage. PARP-1
overactivation contributes to the development of
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morbidity through two mechanisms [14]. Thus,
expression of PARP-1 may be related to oxidation state.
Oxidative stress promotes the formation of large numbers
of DNA breaks which induces over-activation of PARP-
1, resulting in apoptotic and necrotic cell death [15].
PARP inhibition reduces ROS-induced cell death,
suppresses production of mitochondrial reactive oxygen
species (ROS) and protects mitochondrial membrane
potential in an ATF4 and MKP-1 dependent manner [16].

ROS originates from mitochondria and increases in
concentration when exposed to ionizing radiation. As an
agent of DNA injury, ROS causes damage to bases,
single or double-strand breaks (SSB/DSB) and
stimulates mitotic cell cycle arrest [8, 17, 18]. Recently,
it has been shown that ROS-mediated DNA damage
triggers activation of PARP-1 and subsequent cell death
[19].

However, the specific mechanism of radioprotection in
KO mice has been poorly reported. This study further
explores the intrinsic relationship between PARP-1 and
ROS/DNA in a KO mouse model of radiation damage.

PARP-1-mediated cell death has many characteristics
that are associated with apoptotic cell death, for
example, apoptosis-inducing factor (AIF) to be
transferred from mitochondria to the nucleus [20, 21].
Sphingosine and radiation have been shown to
synergistically enhance caspase-independent apoptotic
cell death in radiation-resistant Jurkat T cell clones,
establishing that PARP-1 activation is implicated in the
nuclear translocation of AIF [22]. The pathway leading
to cell death induced by PARP-1 activation is an
important mechanism of AlF-mediated apoptosis and
AIF appears to be the key mediator of PARP-1 in
downstream cell death [23]. When the level of DNA
damage is serious, PARP-becomes over-activated and
consumes cellular energy (NAD, ATP) in the process of
autologous poly-ADP nucleosylation, which causes AlF
to move to the nucleus to mediate non-caspase-
dependent apoptosis [24]. The transfer of AIF from
mitochondria to the nucleus is a necessary condition for
PARP-1-mediated cell death. We also found that PARP-
1 activation is involved in the nuclear translocation of
AIF and the subsequent cell death of radiation-resistant
Jurkat clones. Pretreatment with PARP-1 inhibitor or
transfection with PARP-1 sSiRNA has been
demonstrated to effectively inhibit AIF translocation
from mitochondria, nuclear aggregation and subsequent
cell death induced by combined treatment [25].

The flavonoid fraction of the fruits of Rosa roxburghii
Tratt (FRT), which has excellent antioxidant properties,
has been extracted with a purity of 73.85%, its principal
components consisting of catechin (34.26%) and

quercetin  (2.97%) [26]. Flavonoids have been
demonstrated to exhibit significant radioprotective
capabilities [27]. Previous studies have shown that FRT
reduces apoptosis by regulating caspase 3/8-10, AlF and
PARP-1, with inflammatory reactions suppressed
through regulation of ICAM-1, IL-1o/IL-6p and TNF-
a/NF-KB, thereby enhancing radiation protection [28].
The aim of this study was to explore the effect of FRT on
KO mice including the relationship between PARP-1 and
ROS, also ROS and DNA following their exposure to
radiation.

RESULTS

FRT reduced radiation damage through PARP-1 in
vivo and in vitro

A promoterless neomycin gene replaced part of exon 2
and intron 2. The neomycin sequences were fused in-
frame to the coding sequence of the PARP-1 gene. DNA
was extracted from the tip of the mouse tails, and then
subjected to PCR amplification and agarose
electrophoresis. PARP-1 mice had a band at 350bp, WT
mice had a band at 112bp, and 160bp was a non-specific
amplified band (Figure 1A). A mouse model of radiation
damage was successfully established in accordance with
previous articles published by our team (Figure 1B). The
thymus in the mouse is very sensitive to radiation injury.
After 6 Gy irradiation, the volume of each thymus from
the mice had severely atrophied, their size clearly
decreased. Compared with WT mice, the volume of the
thymus in KO mice decreased less than that those of
normal mice. The difference between the FRT group and
radiation groups was smaller than observed in WT mice.
Therefore, FRT reduced the degree of atrophy of the
thymus caused by radiation through the action of PARP-
1, delivering good protection against radiation exposure
to the mouse thymus (Figure 1C). The viability of thymus
cells in the radiation group of WT mice was significantly
lower than that of the normal group, but the viability of
cells from KO mice was only slightly lower than that of
normal group. The difference between the FRT group and
radiation group was significantly reduced, compared with
that of WT mice (Figure 1D). The results indicated that
FRT increased the viability of thymus cells by regulating
PARP-1.

FRT improved morphological structure and reduced
apoptosis of cells due to PARP-1 in thymus tissue

In mice where the PARP-1 gene was knocked out,
damage to the thymus, as observed by histopathology,
was significantly reduced after radiation, with no
apparent damage to the thymus tissue in the radiation
group. Compared with the radiation-only group, the
reduction in damage to tissues from radiation as a result
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of administration of FRT was not as significant as that ROS levels increased significantly half an hour after

observed in WT mice (Figure 2A), indicating that FRT irradiation of WT mice, while levels of ROS in KO
significantly reduced damage to the thymus through mice did not change much. This result suggested that
PARP-1, as demonstrated histopathologically. Similar inhibition of PARP-1 might protect mice from radiation
findings were detected in the spleen and liver by decreased ROS levels caused by radiation (Figure
(Supplementary Figure 1A, 1B). 3A and Supplementary Figure 3A).
Apoptotic cells in the radiation group, measured by The levels of ROS in the thymus cells increased
FCM, increased in number significantly, with significantly due to irradiation. Treatment with 100
radiation-induced apoptosis significantly reduced after pug/mL and 50 ug/mL FRT significantly reduced levels of
administration of FRT. However, in the KO mice, ROS in the cells from WT mice. As to cells from KO
apoptosis of the thymus cells following exposure to mice, ROS levels did not change significantly after
radiation decreased significantly compared with irradiation. The change in ROS levels due to FRT was
radiation group in WT mice. The difference in not as significant as in the WT mice (Figure 3B and
apoptosis in the thymus cells in the FRT group Supplementary Figure 3B). ROS levels in the thymus
compared with the radiation group was relatively increased significantly due to irradiation, and the
smaller. In summary, the results demonstrated that radiation group was 12.31 times that of the normal group
FRT reduced the apoptosis of thymocytes caused by in WT mice, compared with 2.83 times in KO mice.
radiation because of regulation by PARP-1 (Figure 2B Correspondingly, the reduction of ROS by 30 mg/kg and
and Supplementary Figure 2). 60 mg/kg FRT in KO mice was far less significant than
that of WT mice. These results demonstrate that PARP-1
FRT scavenged ROS after exposure to radiation due plays an important role in maintenance of the levels of
to PARP-1 in vivo and in vitro ROS in the thymus of irradiated mice (Figure 3C and
Supplementary Figure 3C).
After the mouse thymus cells were exposed to 6 Gy
irradiation, their levels of ROS in two breeds of mice In the present study, ELISA was used to measure the
were measured using a reactive oxygen species concentration of ROS in the serum of mice. In the WT
detection kit after 30 min. The results demonstrated that mice treated with 30 mg/kg and 60 mg/kg FRT, ROS
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Figure 1. FRT protected against radiation damage through PARP-1 both in vivo and in vitro. (A) PCR was used to identify PARP-1
gene in KO mice; (B) Animal model of radiation injury induced by 6 Gy irradiation in mice; (C) Mice were administered FRT orally for 4 days
prior to irradiation. The thymus was harvested 4 days after irradiation and the tissue appearance observed by using a digital camera (n=5).
(D) Thymus cells were prepared from WT mice and KO mice and irradiated with a dose of 6 Gy. FRT of 50 and 100 ug/mL were provided to
cells 2 h prior to irradiation. The CCK-8 method was used to measure cell viability 6 h after irradiation. Data was expressed as mean +SD, n=5.
(** P<0.01 compared with normal group; ## P< 0.01 compared with radiation group).
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Figure 2. FRT significantly improved the histopathological change of thymus and reduced the rate of apoptosis after
radiation by PARP-1. (A) WT and KO mice were randomly divided into 4 groups according to their body weight @ Normal group, @
Radiation group, @ Radiation +FRT 30 mg/kg, @ Radiation +FRT 60 mg/kg). Mice were given different doses of FRT by gastrointestinal
administration for 4 days, and were irradiated at the dose of 6 Gy. Thymus was removed 4 days after irradiation. The tissues were fixed
overnight with 4% paraformaldehyde, and then embedded in paraffin. After sectioning, the tissues were stained with hematoxylin and eosin
(n=5). (B) Thymus cells were pretreated with or without FRT (50 and 100 pg/mL) prior to 6 Gy irradiation. Cells were harvested, and apoptosis
was assessed by FCM (staining with both Annexin V-FITC and PI) 6 h after irradiation. The percentages of survival cells were compared
(** P<0.01 compared with normal group; ## p < 0.01 compared with radiation group; AA P<0.01 compared with the KO mouse radiation
group). PARP-1 knockout in mice can reduce apoptosis rate of thymus cells after radiation injury. Data was expressed as mean =SD, n=5.
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Figure 3. Effect of FRT on scavenging intracellular ROS due to PARP-1. (A) Representative flow cytometry histogram illustrating the
radiation-induced change in ROS levels as detected by the DCFH-DA probe in thymus cells 0.5 h after radiation. (NS, not significant; ** P
<0.01). Data was expressed as mean *SD, n=5. (B) ROS levels in thymus cells measured by DCFH-DA probe. The thymus cells were irradiated
at a dose of 6 Gy 2 hours after pretreatment with FRT (50 and 100 pug/mL). Cells were collected 0.5 h after irradiation. (** P<0.01 compared
with normal group; ## P<0.01 compared with radiation group). Data was expressed as mean +SD, n=5. (C) ROS levels in mice measured using
DCFH-DA probe. Mice were pretreated with FRT (30 and 60 mg/kg) 4 days prior to 6 Gy irradiation, then sacrificed and thymus harvested 4
days after radiation. (¥**P <0.01 compared with normal group; ## P<0.01 compared with radiation group). Data was expressed as mean *SD,
n=5. (D) ROS levels in serum were quantified by ELISA 4 days after irradiation. (** P<0.01; ## P<0.01; AA P<0.01). Data was expressed as
mean xSD, n=5. (E) Representative luciferase labeling instrument displaying MitoSOX fluorescence in thymus cells under different conditions.
Mitochondrial ROS as measured with the MitoSOX probe (**P<0.01 compared with normal group; ## P<0.01 compared with radiation
group). Data was expressed as mean +SD, n=5. (F) Thymus cells were treated with FRT 2 h before irradiation. The cells were incubated with
MitoTEMPOL (50 uM) inhibitor for 1 h before irradiation then collected by centrifugation 0.5 h after irradiation. Flow cytometry was used to
measure intracellular ROS levels. (** P<0.01; ## P<0.01; AA P<0.01). Data was expressed as mean =SD, n=5. (G) Thymus cells were pretreated
with FRT for 2 h before irradiation. The cells were incubated with DPI (10 uM) for 1 h prior to irradiation and 0.5 h after irradiation. The effect
of DPI on ROS levels in thymus cells after irradiation was measured by flow cytometry. (** P<0.01; ## P<0.01; AA P<0.01). Data was expressed
as mean +SD, n=5. (H) The survival fraction of thymus cells treated with or without ROS inhibitor in mitochondria (MitoTEMPOL, 50 uM). Cell
viability was measured 6 h after radiation by CCK-8 assay. MitoTEMPOL reduced the sensitivity of thymus cells to radiation and enhanced the
viability of thymus cells (** P<0.01; ## P<0.01; AA P<0.01). Data was expressed as mean SD, n=5. (I) Proportion of surviving thymus cells
treated with or without inhibitor of NAPDH oxidase (DPI, 10 uM). Cell viability was measured 6 h after radiation by CCK-8 assay. DPI reduced
the sensitivity of thymus cells to radiation and enhanced their viability (** P<0.01; ## P<0.01; AA P<0.01). Data was expressed as mean +SD,
n=>5.

WWww.aging-us.com 16372 AGING



concentration reduced significantly. However, in the
KO mice, the levels in serum did not increase greatly
after irradiation. The reduction in ROS due to FRT was
less than that observed in the WT mice, indicating that
knockout of the PARP-1 gene reduced the active
oxygen species in serum, the reduction in ROS by FRT
being related to PARP-1 (Figure 3D). Administration of
FRT reduced the levels of ROS labeled by MitoSOX in
mitochondria, demonstrating that the ROS in thymic
cells reduced by FRT after irradiation was partially
derived from mitochondria (Figure 3E).

To illustrate the effect of FRT on mitochondrial
reactive oxygen, MitoTEMPOL, an inhibitor of
mitochondrial reactive oxygen, was added to the
thymus cell culture. The results indicated that intra-
cellular ROS levels in thymus cells in the irradiated
group were higher than those in the control group and
in the irradiated FRT group the level was less than that
in the irradiated group. After intervention with
MitoTEMPOL, the reduction in ROS due to FRT was
significantly reduced (Figure 3F and Supplementary
Figure 3D).

To illustrate the effect of FRT on reactive oxygen
induced by NADPH oxidase, DPI, an inhibitor of
NADPH oxidase, was added to the thymus cell culture.
The results demonstrated that the level of ROS in the
thymus cells in the irradiated group was higher than that
in the control group. Intracellular ROS levels in the
irradiated FRT group were smaller than those in the
irradiated group. After intervention with DPI, the
reduction in ROS due to FRT was significantly reduced
(Figure 3G and Supplementary Figure 3E).

In order to further verify the effect of FRT on ROS
from mitochondria and NADPH oxidase, cell viability
was measured after MitoTEMPOL and DPI were added.
The cell viability of cultures with added MitoTEMPOL
(Figure 3H) and DPI (Figure 31) in the irradiation group
was significantly higher than that in the irradiation
thymus cells from radiation injury. It also demonstrated
that FRT increased cell activity by removing ROS from
mitochondrial and NADPH oxidase.

FRT protected from radiation-induced DNA damage
due to ROS in thymus tissue

Following identification of the relationship between
PARP-1 and ROS, the relationship between ROS and
DNA required clarification. In comparison with KO
mice, the tail in the comet assay of WT mice in the
irradiated group was longer, indicating greater DNA
damage. The tail in the FRT intervention group was
shorter than in the radiation group (Figure 4A,
Supplementary Figure 4A, 4B). In WT mice, radiation-

induced DNA double bond breaks and fragmentation
increased more than in KO mice, exhibiting a more
pronounced trapezoidal band (Figure 4B). The
phosphorylation level of y-H2AX in thymus cells within
an hour of irradiation was measured by flow cytometry.
Compared with KO mice, levels of y-H2Ax in the
thymus cells of WT mice were significantly higher,
indicating that knockout of PARP-1 protected DNA
(Figure 4C and Supplementary Figure 4C, 4A).

The mechanism of action of FRT in relation to the
protection of DNA is currently unclear, although given
the relationship between PARP-1 and ROS, we should
consider that it involves interaction of ROS with DNA.
The levels of y-H2AX in thymus cells in the irradiated
group were significantly higher than in the control group.
The intracellular y-H2AX level in the irradiated NAC
group was lower than that in the irradiated group (without
NAC). In the NAC groups, the effect of FRT on the
reduction of y-H2AX was less significant than in groups
without NAC. The results above indicated that FRT
reduced y-H2AX by eliminating ROS (Figure 4D and
Supplementary Figures 4, 3B). 53BP1 is another
important regulatory factor in response to double-strand
breaks. Compared with the control group, intracellular
53BP1 levels in thymus cells in the irradiation group were
significantly higher than those in the normal group,
whereas the level in the irradiated NAC group was lower
than in the irradiated group (without NAC). In the NAC
groups, the effect of FRT on the reduction of 53BP1 was
as significant as in the groups without NAC (Figure 4E
and Supplementary Figures 4, 3C). The results above
indicated that the action of FRT was principally towards a
reduction in 53BP1, not through the elimination of ROS.

FRT played a role in radiation protection by
regulating PARP-1/AIF

In the WT mice, compared with the normal group, the
expressions of PARP-1 and AIF mRNA in the radiation
group increased significantly. Compared with the
radiation group, 30 mg/kg and 60 mg/kg FRT
significantly down-regulated the expressions of related
genes (Figure 5A, 5B). In KO mice, there was no
significant difference in the mMRNA expression of AlF
in each experimental group (Figure 5C).

Following the exposure of WT mice to radiation, the
protein expressions of C-PARP-1 and AIF increased,
but decreased significantly when treated with 30 mg/kg
and 60 mg/kg FRT. These data suggested that FRT
protected cells from radiation damage through the
PARP-1/AIF pathway. KO mice did not express PARP-
1 protein, and there was no significant difference in the
protein expressions of AIF in any group, So it can be
concluded that PARP-1 knockout inhibited AlF release,
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suggesting that PARP-1 was the upstream regulatory
molecule of AIF (Figure 5D).

FRT played a role in radiation protection by
inhibiting PARP-1 activation and reducing AIF
release

The fluorescence intensity of C-PARP-1 in thymus
tissues of WT mice following irradiation was

significantly higher than that observed in the normal
group. The expressions of C-PARP-1 decreased
significantly after 30 and 60 mg/kg FRT treatment
compared with that in the radiation group alone. So,
treatment with 30 mg/kg FRT, 60 mg/kg FRT caused a
slightly stronger inhibitory effect on C-PARP-1 after
radiotherapy. Therefore, FRT inhibited the activation of
PARP-1 and reduced the apoptosis of thymocytes
(Figure 6A).
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Figure 4. Protective effect of FRT on radiation-induced DNA damage due to ROS in thymus tissue. (A) Effect of FRT on radiation-
induced DNA damage measured by comet assay in thymus tissue of KO mice (**P <0.01 compared with normal group; ## P<0.01 compared
with radiation group). Data was expressed as mean +SD, n=5. (B) Protective effects of FRT on radiation-induced DNA fragments measured by
DNA Ladder assay in thymus tissue of KO mice. PARP-1 knockout reduced radiation-induced DNA fragmentation in irradiated thymus cells
(n=5). (C) The thymus was removed from WT mice and KO mice then ground into a cell suspension prior to allocation into a control group or 6
Gy radiation group. Thymus cells were harvested 1h after irradiation and y-H2AX levels were measured by flow cytometry (** P<0.01; ##
P<0.01). Data was expressed as mean +SD, n=5. (D) Thymus cells were treated with FRT and inhibitor of ROS (NAC, 0.5 mM) 2 h before
irradiation. Intracellular 53BP1 levels were measured by flow cytometry 1 h after irradiation. (** P<0.01; *** P<0.01). Data was expressed as
mean +SD, n=5. (E) Thymus cells were treated with FRT and inhibitor of ROS (NAC, 0.5 mM) 2 h before irradiation. Intracellular y-H2AX levels
were measured by flow cytometry 1 h after irradiation. (** P<0.01; *** P<0.01). Data was expressed as mean +SD, n=5.
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In KO mice, there was no significant difference in the DISCUSSION
expression of AIF fluorescence intensity in thymus

tissues between the FRT drug groups and the radiation The major finding of this study was that FRT could
group. Therefore, FRT acted to protect against radiation protect against radiation-induced DNA damage by
by inhibition of PARP-1 cleavage to reduce the release regulating PARP-1/ROS/DNA both in vivo and in vitro.
of AIF (Figure 6B). Our previous research results demonstrated that FRT
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then after 4 days irradiated with a dose of 6 Gy. Thymus tissue was removed 4 days after radiation. (A) RNA was extracted using a
homogenizer and the expression of PARP-1 gene was quantified using fluorescent quantitative PCR. PARP-1 gene expression was increased
after irradiation of WT mice. FRT was effective in inhibiting activation of PARP-1 after irradiation (*** P<0.01 compared with the control
group; ### P<0.01 compared with radiation group). Data was expressed as mean SD, n=5. (B) AIF gene expression increased after
irradiation in WT mice. FRT was effective in inhibiting activation of AIF after irradiation (*** P<0.01 compared with the control group; ###
P<0.01 compared with radiation group). Data was expressed as mean 1SD, n=5. (C) In the thymus tissues of KO mice, there was no
significant difference in AIF gene expressions between the control, radiation group and FRT drug groups (NS, not significant). Data was
expressed as mean 1SD, n=5. (D) Proteins in thymus tissues were extracted by RIPA lysis buffer. Protein expressions of PARP-1 and AlF, as
measured by Western blot analysis, increased after irradiation in WT mice. FRT effectively inhibited the activation of PARP-1 and AIF after
irradiation. In the thymus tissues of KO mice, there was no significant difference in AIF protein expressions between the control, radiation
group and FRT drug groups (NS, not significant; *** P<0.01 compared with the control group; ### P<0.01 compared with radiation group).
Data was expressed as mean +SD, n=5.
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inhibited pathway of apoptosis by downregulation of
C-caspase-3 and C-PARP-1. In addition, we found that
FRT attenuated intracellular ROS levels and
scavenged OHe, DPPH and +O% in vitro [27].
However, our previous studies did not indicate
whether FRT regulated ROS through PARP-1 to
protect DNA. For the first time, this study
demonstrated that FRT protected against radiation
damage by regulating the PARP-1/ROS/DNA
pathway.

PARP-1 inhibitor provides radio-sensitivity to tumor
cells. ROS suppression by PARP-1 in muscle-invasive
bladder cancer is a potential therapeutic target either
for PARP-1 inhibitor combined with radiation or
treatment with a drug alone [29]. In a KO mouse
model, ROS levels increased with age and a significant
number of genes linked to oxidative stress and ROS
production were dysregulated compared with wild-
type mice [30]. Interestingly, this study demonstrated
that in a KO mouse model, ROS levels produced in the
thymus after irradiation were lower than those
produced in wild type mice. A major finding of this
study is that PARP-1 knockout decreases oxidative
stress by decreasing NAD(P)H oxidase-derived and
mitochondrial-derived ROS in thymus cells after
irradiation. Scavenging of ROS using MitoTEMPOL
or inhibition of NAD(P)H oxidase with DPI
significantly reversed the levels of ROS in irradiated
mouse thymus cells. FRT (50 and 100 pg/mL) was
administered 2 hours prior to irradiation with
MitoTEMPOL (50 pM) or DPI (10 uM) inhibitor
administered 1 hour prior to irradiation, which
inhibited the release of ROS in thymus cells. After the
use of a ROS inhibitor, the ability of FRT to reduce
ROS was significantly reduced. It was suggested that
FRT regulated ROS in these two pathways through
PARP-1. Thus, PARP-1 causes different effects on the
regulation of ROS in both normal and tumor cells after
irradiation. Inhibition of PARP-1 significantly
promotes the production of ROS in cancer cells after
irradiation, which may be related to differences in cell
type [31, 32].

DNA-damage is the principal process by which
apoptosis is induced by irradiation of the cells. ROS
acts as an agent to damage DNA by producing a series
of DNA lesions, including base damage, single or
double-strand breaks, DNA-DNA or DNA-protein
crosslinks. Double-strand breaks are the most harmful
form of DNA damage often resulting in cell death [33—
35]. We have also proposed a novel mechanism
explaining how FRT regulated ROS-DNA to protect
against radiation damage. Excessive ROS can lead to
DNA double strand breakage and DNA damage,
ultimately resulting in oxidative damage [36]. H2AX

is a subgroup of histone H2A, which is first
phosphorylated under ionizing radiation, and the
activated y-H2AX reaches the highest level within 0.5
h after radiation. It plays an important role in the
repair of DNA double strand breaks induced by
radiation [37]. Tt was found that y-H2AX could be
used as a protein marker for the degree of DNA
damage. Flow cytometry showed that the
phosphorylation of H2AX around chromatin DNA
double strand breaks was almost correlated with the
number of DNA double strand breaks at 1:1 [38]. P53
binding protein 1 (p53-binding protein 1, 53BP1) plays
an important role in the signal transduction of DSBs
response to double strand break damage [39, 40]. In
the early stage of DNA double strand fracture, H2AX
rapidly is phosphorylated into gamma H2AX and
aggregates to the DSB site, and then provides a
platform to collect other DNA repair proteins (such as
53BP1, BRCAL, etc.) to the damage site [41]. Studies
have found that gamma H2AX and 53BP1 have the
function of joint localization under conditions such as
ionizing radiation [42]. This study verified that levels
of y-H2AX and 53BP1, receptors of DNA damage,
reflected this impairment. We also found that FRT
reduced H2AX and 53BP1 by removing ROS, but the
ability of FRT to reduce H2AX was significantly
reduced after the addition of NAC. Surprisingly, after
NAC was added, FRT significantly reduced expression
of 53BP1, indicating that FRT protects DNA from
radiation damage by y-H2AX, not by 53BP1 through
the removal of ROS.

In summary, the experimental model in this study
provided mechanistic insight indicating interplay
between PARP-1 function, ROS production and DNA
damage. The radioprotection by FRT relied on PARP-
1 to control increased ROS production to protect
DNA. This study was the first to report that PARP-1
deletion can inhibit production of ROS after exposure
to radiation and that FRT administration can protect
DNA from radiation damage through PARP-1
regulation. Our results suggest that PARP-1 may be
the principal target of FRT in protecting cells from
radiation damage. PARP-1 and ROS are the two main
participants in radiation injury, consistent with the role
of PARP-1 inhibitors [25]. We have demonstrated that
ionizing radiation combined with FRT can enhance
radiation resistance through PARP-1-dependent cell
death pathways by inhibiting ROS production and
PARP-1 activation. Combined FRT and PARP-1
knockout treatment significantly reduced intracellular
ROS levels and inhibited mitochondrial translocation
of AIF (Figure 7). Taken together, PARP-1 inhibitor
treatment for radiation damage may thus represent a
promising biomarker-directed therapeutic or preven-
tive strategy.
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6 Gy+FRT 30mg/kg 6 Gy+FRT 60mg/kg

C-PARP-1 activity (WT)
6 Gy 6 Gy+FRT 30mg/kg 6 Gy+FRT 60mg/kg

ATF activity (KO)

Figure 6. FRT played a role in radiation protection by inhibiting PARP-1 activation and reducing AIF release. (A, B) Expressions
of C-PARP-1 and AIF in mouse thymus tissues measured by immunofluorescence. Paraffin-embedded specimens were sliced into sections (4
pum), stained with Cy3 labeled fluorescent secondary antibody (1:500) combined with primary antibody against specific proteins and with
DAPI for nuclear staining, sealed with anti-fluorescence quencher, then observed immediately using confocal laser scanning microscopy

(n=5).
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MATERIALS AND METHODS
Materials

Ko Mice 6 to 8 weeks old were purchased from the
Jackson Lab (stock No. 002779) in the United States.
WT mice purchased from Beijing Wei-tong-li-hua
Experimental Animal Technology Co., Ltd. All mice
were individually housed under specific pathogen-free
facilities with standard environment, diet and water. All
of the animal experiments were conducted in
accordance with the Guide for the Care and Use of
Laboratory Animals, and the study was approved by the
Animal Center of Xinxiang Medical University.

Thymus cells were cultured in suspension in RPMI-
1640 medium containing 10% fetal bovine serum, 100
U/mL penicillin and 100 U/mL streptomycin at 37 °C in
a humidified atmosphere containing 5% COx.

PARP-1 antibody was purchased from Wan-Lei
Biotechnology Co., Ltd (WL01932, Shenyang, China).
Cleaved-PARP-1 antibody was from Elabscience
Biotechnology Co., Ltd (E-AB-30080). AIF was obtained
from CST Corp. (4642, MA, USA). Secondary antibodies
included goat anti-rabbit 1gG-Cy3 (A0516, Bi-Yun-Tian
Biotechnology Co., Ltd, Shanghai, China) and
horseradish peroxidase (HRP)-labeled antibody (CST,
7074S, MA, USA). A rapid identification kit for mouse
tail genotyping was purchased from Bi-Yun-Tian

Biotechnology Co., Ltd. (D7283S, Shanghai, China).
ELISA Kkits for the analysis of serum ROS were provided
by Wuhan Hualianke biotechnology Co., Ltd (DER0297,
Wuhan, China). Flow cytometry (FCM) Annexin V-FITC
apoptosis detection kits were purchased from Bi-Yun-
Tian Biotechnology Co., Ltd (C1062M, Shanghai, China).
53BP1 (ab36823) and H2AX (ab11174) antibodies were
purchased from Abcam, UK, and stored at -20°C. An
Alexa-488 secondary antibody (ab150077) was purchased
from Abcam, UK, and stored in the dark at -20°C.

Diphenyleneiodonium  chloride  (DPI, Selleck
Chemicals, S8639) was dissolved in DMSO at a
concentration of 10 mM and stored at -20 °C as a stock
solution then diluted to 10 uM when required for use.
N-acetylcysteine (NAC, Biyuntian Biotechnology,
S0077) and MitoTEMPOL (Abcam, ab144644) were
dissolved in ddH,O and stored at -20 °C then used
experimentally at 0.5 mM and 50 puM, respectively. The
compounds were stored in the dark separately, to avoid
excessive numbers of freeze thaw cycles. Prior to each
use, the ROS probe dichlorodihydro-fluorescein
diacetate (DCFH-DA, Biyuntian Biotechnology, S0033)
was diluted 1:1000 in serum-free medium to a final
concentration of 10 uM. MitoSOX (Thermo Fisher
Scientific, M36008) was dissolved in DMSO to a
concentration of 5 mM then diluted to 5 pM with
HBSS. The following reagents were used to quantify
gene expressions, RNAiso Plus reagent (Takara Bio
Inc.), ReverTra Ace gPCR RT Master Mix kit (Toyobo

Figure 7. FRT protected against radiation damage by regulating the PARP-1/ROS/DNA pathway, and by inhibiting the

activation of PARP-1/AIF.
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Co., Ltd. Life Science Department, Osaka, Japan) and
SYBR1 Green Real-time PCR Master Mix kit (Toyobo
Co., Ltd.).

Irradiation

Cells were irradiated in vitro at room temperature at a
dose rate of 100 cGy/min for a total dose of 6 Gy [27].
Cells in the treatment group were supplemented at
concentrations of 50 pg/mL and 100 pg/mL for 2 hours
prior to irradiation.

For the in vivo studies, animals were restrained in
bespoke boxes [43] and then exposed to 6 Gy of total-
body radiation at a dose rate of 100 cGy/min. FRT was
administered orally for 4 days at a dose of 30 mg/kg or
60 mg/kg prior to irradiation. On the 4™ day following
irradiation, the mice were sacrificed and each thymus
harvested.

Thymus appearance and shape

After 4 days of irradiation, the mice were sacrificed and
the appearance and shape of each thymus recorded
using a digital camera.

Histological analysis of thymus tissue (in addition to
liver and spleen)

Pre-adapted mice were divided into normal (non-
irradiated), irradiated (untreated), and drug treatment
groups. All drugs were administered orally. The normal
and irradiation groups were administered distilled water.
The treatment group was administered FRT at doses of
30 or 60 mg/kg prior to irradiation for 4 days. Mice were
sacrificed 4 days after irradiation (6 Gy). Excised tissue
was fixed in 4% paraformaldehyde, dehydrated in an
ascending gradient of ethanol, embedded in paraffin,
sliced into 4 pm-thick sections, stained using
hematoxylin and eosin (HE) then examined using a light
microscope (Nikon, Tokyo, Japan).

Detection of cell activity and mitochondrial ROS
using plate reader

Cell viability assay

Two hundred pL of thymus cells (1x10° cells/mL) were
inoculated into each of the wells of a 96-well plate and
grouped according to the experimental design, with
repeats. After incubation with FRT for 2 hours,
MitoTEMPOL(50 puM) or DPI(10 puM) were added to
cells 1 h before radiation. The cells were irradiated
using a single dose of 6 Gy. Six hours after irradiation,
10 pL CCK-8 was added to the cells and incubated at
37°C for 4 hours. The absorbance at 450 nm was
measured using a plate reader.

Mitochondrial ROS quantity

The cells were collected and incubated with 600 pL
MitoSOX 0.5 h after radiation and washed with HBSS
(37 °C in advance) at 37 °C for 10 min. The cells were
washed with HBSS (37 °C in advance) for three times.
Finally, the fluorescence intensity of 200 uL cell suspen-
sion per hole was detected by a plate reader (excitation/
emission maxima of approximately 510/580 nm).

Flow cytometry assays (FCM)

Annexin V-FITC was used to detect apoptotic cells.
Thymus cells (1x10° cells/mL) were inoculated into 6-
well plates in RPMI-1640 medium and divided equally
into normal, radiation, FRT 50 pg/mL and FRT 100
pg/mL groups. Cells were incubated with treatment
drugs for 2 hours then irradiated with 6 Gy radiation.
After six hours, the cells in each group were centrifuged
at 1000g for 5 minutes. After discarding the
supernatant, the cells were gently resuspended in PBS
then counted. The cells were pelleted and washed three
times with cold PBS then gently resuspended in 195 pL
Annexin V-FITC binding solution. Ten pL Annexin V-
FITC and 5 pL propidium iodide (Pl) dye were then
carefully added prior to incubation at room temperature
for 15 minutes in the dark. Apoptosis was detected by
flow cytometry (FCM).

To evaluate the formation of intercellular ROS, mouse
thymus cells were collected 0.5 h after radiation (50 pM
MitoTEMPOL or 10 uM DPI were added to cells 1 h
before radiation), then loaded with the fluorogenic
probe. DCFH-DA, which was diluted 1:1000 with
serum-free medium to achieve a final concentration of
10uM. The cells were suspended in diluted DCFH-DA
then incubated at 37°C for 20 minutes. The cells were
inverted every 3-5 minutes to ensure they had full
contact with the probe. The cells were washed three
times with serum-free cell culture medium. Rosup (final
concentration 50 pg/mL) was added to the positive
control well only. Fluorescence from the fluorogenic
probe was detected by FCM.

DNA damage induced by radiation was assessed by
FCM as follows. Cells were collected 1 h after radiation
(0.5 mM NAC or FRT were added 2 h before radiation),
washed twice with PBS then fixed in 80% methanol for
10 minutes. The methanol was removed by
centrifugation of the cells which were washed once with
PBS then permeabilized in 0.3% Triton X-100 for 20
minutes. The Triton X-100 was removed by
centrifugation and the cells were blocked using 10%
sheep serum for 1 hour. The sheep serum was removed
by centrifugation and 200 pL H2AX/53BP1 antibody
(1:2000/1:1000) added to the cells which were
incubated at 37°C for 2 hours. The cells were then
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washed twice with PBS after which they were incubated
at room temperature for 1 hour with 200 pL Alexa-488
antibody (diluted 1:3000). One mL PBS was added to
each sample then 20 pL of 1 mg/mL RNase and 10 pL
of 500 pg/mL Pl added. After 10 minutes of incubation,
the cells were analyzed by FCM (BD Biosciences).

Detection of ROS in serum using ELISA

About 1 mL blood collected from the eyeballs of mice
was clotted, from which serum was collected. Ten wells
of the ELISA plate were used to create a standard curve.
After dilution, the quantity of standard in each well was
50 pg, with final concentrations of 480 pg/mL, 320
pg/mL, 160 pg/mL, 80 pg/mL and 40 pg/mL.

Forty pL of sample diluent were added to all the wells of
the enzyme-coated plate to be tested and then 10 pL
sample were added (except for blanks) and the plate was
gently shaken then mixed. Fifty uL of enzyme-labeled
reagent were added to each well, except for blanks. The
plate was heated for 30 minutes at 37°C after sealing,
after which the plate sealing film was carefully removed,
the liquid discarded and the plate dried. Each well was
filled with detergent which was discarded after 30
seconds, a procedure that was performed a total of five
times. fifty L chromogenic agent A and chromogenic
agent B were added in turn to each well and the plate was
then shaken gently and placed in the dark at 37°C for 10
minutes. Finally, 50 pL of stop reagent were added to
each well and then the absorbance of each was measured
at 450nm.

Identification of PARP-1 gene in mouse tail tissue

Scissors and tweezers were washed in 70% ethanol prior
to experimentation. The final 0.2~1 cm of the tails of
experimental mice were placed in 100 pL digestive fluid
(preparation: 960 pL Extraction Solution + 40 pL
enzyme mix), making sure the tip was completely
immersed in solution. The samples were placed in the
PCR instrument at 55 °C and incubated for 15 min, then
at 95 °C for 5 min. One hundred pL of stop solution were
added to each sample which were then vortex mixed. The
undigested tissue was removed by centrifugation and
then agarose gel electrophoresis performed after PCR
amplification (94 °C, 3min; 94 °C, 30S, 35 cycles; 55 °C,
30S; 72 °C, 8.46S; 72 °C, 10 min; 4 °C, hold).

Comet assay (alkaline single cell gel electrophoresis,
ASCGE)

Thymus cells (1x106cells/mL) from mice that had been
treated with the experimental drug and irradiated were
suspended in 0.4% low melting point agarose and
transferred to frosted glass slides pre-coated with 0.8%

normal melting point agarose, followed by an additional
layer of 0.4% low melting point agarose to cover the
surface. For each layer of agarose, the slides were
placed in a refrigerator at 4 °C for 20 min to solidify the
agarose gel. The slides were then immersed in freeze-
cracking buffer (2,500 mM NaCl, 100 mM Na2-EDTA,
100 mM Tris base at pH 10, 1% sarcosine Na, 1% Triton
X-100 in 10% DMSOQO) then soaked at 4 °C for 1.5 h.
The slides were then transferred to a horizontal
electrophoresis tank and the DNA unfolded in frozen
electrophoresis buffer (30 mM NaOH, 1 mM Na2-
EDTA) for 20 min. Electrophoresis was performed at
19V for 20 min at 4 °C. After electrophoresis, the slides
were placed in neutralizing buffer (400 mM Tris-HCI,
pH 7.5) at 4 °C for 15 min then stained with propionate
iodide. Images of the comet were obtained using a laser
scanning confocal microscope.

DNA fragmentation assay (DNA ladder)

Cells (1x106 cells/mL) were centrifuged (1800 rpm,
4°C, 5 min) then washed twice with PBS. Fifty pL
lysate were added to the pelleted cells which were then
gently resuspended and centrifuged, the supernatant
being retained. Five pL enzyme A were added and the
mixture incubated for 15 minutes at 37°C after which 5
HL enzyme B were added, the tube gently mixed and
incubated at 50°C for 30 min. Forty pL of ammonium
acetate and 200 pL of cold ethanol were then added, the
mixture stirred and reacted at 20°C for 30 minutes. Each
tube was then centrifuged (12000 rpm, 4°C, 10 min)
until DNA precipitation was achieved. Ten pL Tris-
EDTA (TE) buffer were added after each DNA
precipitate had been dried at room temperature for 10
min. Ten pL DNA sample were mixed with 2 pL buffer
which were then analyzed by electrophoresis in a 1.5%
agarose gel at a voltage of 4V/cm.

Western blot analysis

Thymus tissue was removed and cut into fine fragments.
Lysis buffer was added to the tissue at a ratio of 150-250
ML lysis buffer per 20 mg tissue and then homogenized
until fully dispersed. The suspension was centrifuged at
10000-14000 g for 5 minutes, from which the supernatant
was retained and the precipitate discarded. The protein
concentration was quantified using a BCA assay and
protein levels of AIF and PARP-1 (C-PARP-1)
determined by Western blotting. The density of protein
bands was ascertained using image J software.

Quantitative real-time polymerase chain reaction
(RT-PCR)

Total RNA was extracted from 50 mg thymus tissue by
the addition of 1 mL RNAiso Plus reagent. The
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corresponding cDNA was created from 1 pg of the
RNA from each sample using a ReverTra Ace gPCR
RT Master Mix Kkit, in accordance with the
manufacturer’s instructions, incubating at 37°C for 15
min, 50°C for 5 min and 98°C for 5 min. Quantitative
PCR was conducted using an ABI5500 RT-PCR system
with a SYBR1 Green Real-time PCR Master Mix Kkit,
using the following procedure: 95°C for 1 min, 40
cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 45
s. The following primer sequences were used. PARP-1-
F: AGGACGCTGTTGAGCACTTC and PARP-1-R:
GCTTCTTTACTGCCTCTTCG; AlF-F. CAGCCAGA
CAGCATCATCCA and AIF-R: TAAAGCCGCCCAT
AGAAACC; GAPDH-F: AGGTCGGTGTGAACGGA
TTTG and GAPDH-R: TGTAGACCATGTAGTTGAG
GTCA. mRNA levels of the target genes were
calculated relative to the endogenous control GAPDH,
using the 22T method.

Detection of C-PARP-1 and AIF by
immunofluorescence

Each thymus was harvested 4 days after irradiation,
fixed in 4% paraformaldehyde at 4°C for overnight then
embedded in paraffin. The tissue blocks were sliced to 4
pum with a paraffin slicer then individual sections placed
on polylysine-treated slides, dewaxed by placing in
xylene and a gradient of alcohol concentrations. The
sections were then placed in a 0.01M sodium citrate
solution at pH=6.0 for antigen retrieval. The thymus
sections were permeabilized by treatment with 0.3%
Triton X-100 for 20 minutes, washed 3 times with 0.01
M PBS for 5 minutes, then blocked using 10% sheep
serum in a wet box for 30 min at 37°C. The appropriate
volume of C-PARP-1 and AIF primary antibodies were
pipetted onto the tissue sections which were placed in a
humid chamber at 4°C overnight. The primary antibody
was then washed off with PBS for 3 times and any PBS
remaining on the specimen was removed carefully with
filter paper. Slides were then incubated with Cy3
fluorescent secondary antibody (1:500) in a humid
chamber at room temperature for 1 h, then rinsed 3
times in PBS for 3 min each. DAPI solution was added
then the slides were incubated for 2 minutes at room
temperature followed by rinsing 3 times in PBS for 3
min each. Anti-fluorescent quencher was added to the
tissue sections in the dark. Fluorescence of tissue
sections was imaged using a laser scanning confocal
microscope.

Statistical analysis

Randomization was used to assign samples to the
experimental groups and treatment conditions for all in
vivo studies. Data was expressed as mean + standard
deviation (SD). The data was analyzed using analysis of

variance (ANOVA) on SPSS/PC* (statistical package
for social sciences, personal computer) and Image J
software. A value of P<0.05 was considered to be
statistically significant.

CONFLICTS OF INTEREST

We declare that we have no financial or personal
relationships with other people or organizations that
inappropriately influence our work. There is no
professional or other personal interest of any nature in
any product, service or company that could be
construed as influencing the position presented in the
manuscript entitled “Flavonoids from Rosa roxburghii
Tratt prevent reactive oxygen species-mediated DNA
damage in thymus cells both combined with and
without PARP-1 expression after exposure to radiation
in vivo”.

FUNDING

This work was supported by the National Science
Foundation of China (NSFC) (Nos. U1504824,
81773358, 11705158) and the Young Teachers Plan of
Higher Schools in Henan Province (2014GGJS-098).

REFERENCES

1. Virag L, Szab6é C. The therapeutic potential of
poly(ADP-ribose) polymerase inhibitors. Pharmacol
Rev. 2002; 54:375-429.
https://doi.org/10.1124/pr.54.3.375
PMID:12223530

2. Rajawat J, Shukla N, Mishra DP. Therapeutic
Targeting of Poly(ADP-Ribose) Polymerase-1 (PARP1)
in Cancer: Current Developments, Therapeutic
Strategies, and Future Opportunities. Med Res Rev.
2017; 37:1461-1491.
https://doi.org/10.1002/med.21442
PMID:28510338

3. Langelier MF, Servent KM, Rogers EE, Pascal JM. A
third zinc-binding domain of human poly(ADP-ribose)
polymerase-1 coordinates DNA-dependent enzyme
activation. J Biol Chem. 2008; 283:4105-14.
https://doi.org/10.1074/jbc.M708558200
PMID:18055453

4. Tao Z, Gao P, Hoffman DW, Liu HW. Domain C of
human poly(ADP-ribose) polymerase-1 is important for
enzyme activity and contains a novel zinc-ribbon motif.
Biochemistry. 2008; 47:5804-13.
https://doi.org/10.1021/bi800018a
PMID:18452307

5. Haince JF, McDonald D, Rodrigue A, Déry U, Masson JY,
Hendzel MJ, Poirier GG. PARP1-dependent kinetics of

WWW.aging-us.com 16381

AGING


https://doi.org/10.1124/pr.54.3.375
https://pubmed.ncbi.nlm.nih.gov/12223530
https://doi.org/10.1002/med.21442
https://pubmed.ncbi.nlm.nih.gov/28510338
https://doi.org/10.1074/jbc.M708558200
https://pubmed.ncbi.nlm.nih.gov/18055453
https://doi.org/10.1021/bi800018a
https://pubmed.ncbi.nlm.nih.gov/18452307

10.

11.

12.

13.

recruitment of MRE11 and NBS1 proteins to multiple
DNA damage sites. J Biol Chem. 2008; 283:1197-208.
https://doi.org/10.1074/jbc.M706734200
PMID:18025084

Chalmers A, Johnston P, Woodcock M, Joiner M,
Marples B. PARP-1, PARP-2, and the cellular response
to low doses of ionizing radiation. Int J Radiat Oncol
Biol Phys. 2004; 58:410-19.
https://doi.org/10.1016/j.ijrobp.2003.09.053
PMID:14751510

Veuger SJ, Curtin NJ, Richardson CJ, Smith GC, Durkacz
BW. Radiosensitization and DNA repair inhibition by
the combined use of novel inhibitors of DNA-
dependent protein kinase and poly(ADP-ribose)
polymerase-1. Cancer Res. 2003; 63:6008—15.
PMID:14522929

Ryabokon NI, Cieslar-Pobuda A, Rzeszowska-Wolny J.
Inhibition of poly(ADP-ribose) polymerase activity
affects its subcellular localization and DNA strand
break rejoining. Acta Biochim Pol. 2009; 56:243-48.
PMID:19401788

Sodhi RK, Singh N, Jaggi AS. poly(ADP-ribose)
polymerase-1  (PARP-1) and its therapeutic
implications. Vascul Pharmacol. 2010; 53:77-87.
https://doi.org/10.1016/j.vph.2010.06.003
PMID:20633699

Underhill C, Toulmonde M, Bonnefoi H. A review of
PARP inhibitors: from bench to bedside. Ann Oncol.
2011; 22:268-79.
https://doi.org/10.1093/annonc/mdq322
PMID:20643861

Garcia Soriano F, Virag L, Jagtap P, Szabd E, Mabley JG,
Liaudet L, Marton A, Hoyt DG, Murthy KG, Salzman AL,
Southan GJ, Szabé C. Diabetic endothelial dysfunction:
the role of poly(ADP-ribose) polymerase activation. Nat
Med. 2001; 7:108-13.

https://doi.org/10.1038/83241 PMID:11135624

Du X, Matsumura T, Edelstein D, Rossetti L, Zsengellér
Z, Szabd C, Brownlee M. Inhibition of GAPDH activity
by poly(ADP-ribose) polymerase activates three major
pathways of hyperglycemic damage in endothelial
cells. J Clin Invest. 2003; 112:1049-57.
https://doi.org/10.1172/JCI118127

PMID:14523042

Piconi L, Quagliaro L, Da Ros R, Assaloni R, Giugliano D,
Esposito K, Szabd C, Ceriello A. Intermittent high
glucose enhances ICAM-1, VCAM-1, e-selectin and
interleukin-6  expression in  human  umbilical
endothelial cells in culture: the role of poly(ADP-ribose)
polymerase. J Thromb Haemost. 2004; 2:1453-59.
https://doi.org/10.1111/j.1538-7836.2004.00835.x
PMID:15304054

14.

15.

16.

17.

18.

19.

20.

21.

Pang J, Xi C, Dai Y, Gong H, Zhang TM. Altered
expression of base excision repair genes in response to
high glucose-induced oxidative stress in HepG2
hepatocytes. Med Sci Monit. 2012; 18:BR281-85.
https://doi.org/10.12659/msm.883206
PMID:22739728

Langelier MF, Pascal JM. PARP-1 mechanism for
coupling DNA damage detection to poly(ADP-ribose)
synthesis. Curr Opin Struct Biol. 2013; 23:134-43.
https://doi.org/10.1016/j.sbi.2013.01.003
PMID:23333033

Hocsak E, Szabo V, Kalman N, Antus C, Cseh A, Sumegi
K, Eros K, Hegedus Z, Gallyas F Jr, Sumegi B, Racz B.
PARP inhibition protects mitochondria and reduces
ROS production via PARP-1-ATF4-MKP-1-MAPK
retrograde pathway. Free Radic Biol Med. 2017;
108:770-84.
https://doi.org/10.1016/.freeradbiomed.2017.04.018
PMID:28457938

Swalwell H, Latimer J, Haywood RM, Birch-Machin MA.
Investigating the role of melanin in UVA/UVB- and
hydrogen peroxide-induced cellular and mitochondrial
ROS production and mitochondrial DNA damage in
human melanoma cells. Free Radic Biol Med. 2012;
52:626—634.
https://doi.org/10.1073/pnas.1700946114
PMID:28396406

Guo X, Li Q, Shi J, Shi L, Li B, Xu A, Zhao G, Wu L.
Perfluorooctane sulfonate exposure causes gonadal
developmental toxicity in caenorhabditis elegans
through ROS-induced DNA damage. Chemosphere.
2016; 155:115-26.
https://doi.org/10.1016/j.chemosphere.2016.04.046
PMID:27108369

Cole KK, Perez-Polo JR. poly(ADP-ribose) polymerase
inhibition prevents both apoptotic-like delayed
neuronal death and necrosis after H,O, injury. J
Neurochem. 2002; 82:19-29.
https://doi.org/10.1046/].1471-4159.2002.00935.x
PMID:12091461

Wang Y, An R, Umanah GK, Park H, Nambiar K, Eacker
SM, Kim B, Bao L, Harraz MM, Chang C, Chen R, Wang
JE, Kam TI, et al. A nuclease that mediates cell death
induced by DNA damage and poly(ADP-ribose)
polymerase-1. Science. 2016; 354:aad6872.
https://doi.org/10.1126/science.aad6872
PMID:27846469

Hong SJ, Dawson TM, Dawson VL. Nuclear and
mitochondrial conversations in cell death: PARP-1 and
AIF signaling. Trends Pharmacol Sci. 2004; 25:259-64.
https://doi.org/10.1016/j.tips.2004.03.005
PMID:15120492

WWW.aging-us.com

16382

AGING


https://doi.org/10.1074/jbc.M706734200
https://pubmed.ncbi.nlm.nih.gov/18025084
https://doi.org/10.1016/j.ijrobp.2003.09.053
https://pubmed.ncbi.nlm.nih.gov/14751510
https://pubmed.ncbi.nlm.nih.gov/14522929
https://pubmed.ncbi.nlm.nih.gov/19401788
https://doi.org/10.1016/j.vph.2010.06.003
https://pubmed.ncbi.nlm.nih.gov/20633699
https://doi.org/10.1093/annonc/mdq322
https://pubmed.ncbi.nlm.nih.gov/20643861
https://doi.org/10.1038/83241
https://pubmed.ncbi.nlm.nih.gov/11135624
https://doi.org/10.1172/JCI18127
https://pubmed.ncbi.nlm.nih.gov/14523042
https://doi.org/10.1111/j.1538-7836.2004.00835.x
https://pubmed.ncbi.nlm.nih.gov/15304054
https://doi.org/10.12659/msm.883206
https://pubmed.ncbi.nlm.nih.gov/22739728
https://doi.org/10.1016/j.sbi.2013.01.003
https://pubmed.ncbi.nlm.nih.gov/23333033
https://doi.org/10.1016/j.freeradbiomed.2017.04.018
https://pubmed.ncbi.nlm.nih.gov/28457938
https://doi.org/10.1073/pnas.1700946114
mailto:https://pubmed.ncbi.nlm.nih.gov/28396406
https://doi.org/10.1016/j.chemosphere.2016.04.046
https://pubmed.ncbi.nlm.nih.gov/27108369
https://doi.org/10.1046/j.1471-4159.2002.00935.x
https://pubmed.ncbi.nlm.nih.gov/12091461
https://doi.org/10.1126/science.aad6872
https://pubmed.ncbi.nlm.nih.gov/27846469
https://doi.org/10.1016/j.tips.2004.03.005
https://pubmed.ncbi.nlm.nih.gov/15120492

22.

23.

24,

25.

26.

27.

28.

29.

Quiles-Perez R, Munoz-Gamez JA, Ruiz-Extremera A,
O’Valle F, Sanjuan-Nufiez L, Martin-Alvarez AB, Martin-
Oliva D, Caballero T, Mufioz de Rueda P, Ledn J,
Gonzalez R, Muntané J, Oliver FJ, Salmerdn J. Inhibition
of poly adenosine diphosphate-ribose polymerase
decreases hepatocellular carcinoma growth by
modulation of tumor-related gene expression.
Hepatology. 2010; 51:255-66.
https://doi.org/10.1002/hep.23249 PMID:20034026

Yu SW, Wang H, Poitras MF, Coombs C, Bowers WJ,
Federoff HJ, Poirier GG, Dawson TM, Dawson VL.
Mediation  of  poly(ADP-ribose)  polymerase-1-
dependent cell death by apoptosis-inducing factor.
Science. 2002; 297:259-63.
https://doi.org/10.1126/science.1072221
PMID:12114629

Koh DW, Dawson TM, Dawson VL. Mediation of cell
death by poly(ADP-ribose) polymerase-1. Pharmacol
Res. 2005; 52:5-14.
https://doi.org/10.1016/j.phrs.2005.02.011
PMID:15911329

Park MT, Kim MJ, Kang YH, Choi SY, Lee JH, Choi JA,
Kang CM, Cho CK, Kang S, Bae S, Lee YS, Chung HY, Lee
SJ. Phytosphingosine in combination with ionizing
radiation enhances apoptotic cell death in radiation-
resistant cancer cells through ROS-dependent and -
independent AIF release. Blood. 2005; 105:1724-33.
https://doi.org/10.1182/blood-2004-07-2938
PMID:15486061

Hao MH, Zhang F, Liu XX, Zhang F, Wang LJ, Xu SJ,
Zhang JH, Ji HL, Xu P. Qualitative and quantitative
analysis of catechin and quercetin in flavonoids
extracted from Rosa roxburghii tratt. Trop J Pharm Res.
2018; 17:71-76.

https://doi.org/10.4314/tjpr.v17i1.11 PMID:30853875

Xu P, Cai X, Zhang W, Li Y, Qiu P, Lu D, He X. Flavonoids
of rosa roxburghii tratt exhibit radioprotection and
anti-apoptosis properties via the Bcl-2(Ca?*)/Caspase-
3/PARP-1 pathway. Apoptosis. 2016; 21:1125-43.
https://doi.org/10.1007/s10495-016-1270-1
PMID:27401922

Xu SJ, Zhang F, Wang LJ, Hao MH, Yang XJ, Li NN, Ji HL,
Xu P. Flavonoids of Rosa roxburghii Tratt offers
protection against radiation induced apoptosis and
inflammation in mouse thymus. Apoptosis. 2018;
23:470-483.
https://doi.org/10.1007/s10495-018-1466-7
PMID:29995207

Liu Q, Gheorghiu L, Drumm M, Clayman R, Eidelman A,
Wszolek MF, Olumi A, Feldman A, Wang M, Marcar L,
Citrin DE, Wu CL, Benes CH, et al. PARP-1 inhibition
with or without ionizing radiation confers reactive
oxygen species-mediated cytotoxicity preferentially to

30.

31.

32.

33.

34.

35.

36.

37.

cancer cells with mutant TP53. Oncogene. 2018;
37:2793-805.
https://doi.org/10.1038/s41388-018-0130-6
PMID:29511347

Deschénes F, Massip L, Garand C, Lebel M. In vivo
misregulation of genes involved in apoptosis,
development and oxidative stress in mice lacking
both functional werner syndrome protein and
poly(ADP-ribose) polymerase-1. Hum Mol Genet.
2005; 14:3293-308.
https://doi.org/10.1093/hmg/ddi362

PMID:16195394

Bai P, Cantd C, Oudart H, Brunyanszki A, Cen Y, Thomas
C, Yamamoto H, Huber A, Kiss B, Houtkooper RH,
Schoonjans K, Schreiber V, Sauve AA, et al. PARP-1
inhibition increases mitochondrial metabolism through
SIRT1 activation. Cell Metab. 2011; 13:461-68.
https://doi.org/10.1016/j.cmet.2011.03.004
PMID:21459330

Marcar L, Bardhan K, Gheorghiu L, Dinkelborg P, Pfaffle
H, Liu Q, Wang M, Piotrowska Z, Sequist LV, Borgmann
K, Settleman JE, Engelman JA, Hata AN, Willers H.
Acquired resistance of EGFR-mutated lung cancer to
tyrosine kinase inhibitor treatment promotes PARP
inhibitor sensitivity. Cell Rep. 2019; 27:3422-32.€4.
https://doi.org/10.1016/j.celrep.2019.05.058
PMID:31216465

Jayakumar S, Pal D, Sandur SK. Nrf2 facilitates repair of
radiation induced DNA damage through homologous
recombination repair pathway in a ROS independent
manner in cancer cells. Mutat Res. 2015; 779:33-45.
https://doi.org/10.1016/j.mrfmmm.2015.06.007
PMID:26133502

Todorova PK, Fletcher-Sananikone E, Mukherjee B,
Kollipara R, Vemireddy V, Xie XJ, Guida PM, Story MD,
Hatanpaa K, Habib AA, Kittler R, Bachoo R, Hromas R,
et al. Radiation-induced DNA damage cooperates with
heterozygosity of TP53 and PTEN to generate high-
grade gliomas. Cancer Res. 2019; 79:3749-61.
https://doi.org/10.1158/0008-5472.CAN-19-0680
PMID:31088835

Valko M, Izakovic M, Mazur M, Rhodes CJ, Telser J.
Role of oxygen radicals in DNA damage and cancer
incidence. Mol Cell Biochem. 2004; 266:37-56.
https://doi.org/10.1023/b:mcbi.0000049134.69131.89
PMID:15646026

Curtin NJ. DNA repair dysregulation from cancer
driver to therapeutic target. Nat Rev Cancer. 2012;
12:801-17.

https://doi.org/10.1038/nrc3399 PMID:23175119

Tu WZ, Li B, Huang B, Wang Y, Liu XD, Guan H, Zhang
SM, Tang Y, Rang WQ, Zhou PK. yH2AX foci formation

WWW.aging-us.com

16383

AGING


https://doi.org/10.1002/hep.23249
https://pubmed.ncbi.nlm.nih.gov/20034026
https://doi.org/10.1126/science.1072221
https://pubmed.ncbi.nlm.nih.gov/12114629
https://doi.org/10.1016/j.phrs.2005.02.011
https://pubmed.ncbi.nlm.nih.gov/15911329
https://doi.org/10.1182/blood-2004-07-2938
https://pubmed.ncbi.nlm.nih.gov/15486061
https://doi.org/10.4314/tjpr.v17i1.11
https://pubmed.ncbi.nlm.nih.gov/30853875
https://doi.org/10.1007/s10495-016-1270-1
https://pubmed.ncbi.nlm.nih.gov/27401922
https://doi.org/10.1007/s10495-018-1466-7
https://pubmed.ncbi.nlm.nih.gov/29995207
https://doi.org/10.1038/s41388-018-0130-6
https://pubmed.ncbi.nlm.nih.gov/29511347
https://doi.org/10.1093/hmg/ddi362
https://pubmed.ncbi.nlm.nih.gov/16195394
https://doi.org/10.1016/j.cmet.2011.03.004
https://pubmed.ncbi.nlm.nih.gov/21459330
https://doi.org/10.1016/j.celrep.2019.05.058
https://pubmed.ncbi.nlm.nih.gov/31216465
https://doi.org/10.1016/j.mrfmmm.2015.06.007
https://pubmed.ncbi.nlm.nih.gov/26133502
https://doi.org/10.1158/0008-5472.CAN-19-0680
https://pubmed.ncbi.nlm.nih.gov/31088835
https://doi.org/10.1023/b:mcbi.0000049134.69131.89
https://pubmed.ncbi.nlm.nih.gov/15646026
https://doi.org/10.1038/nrc3399
https://pubmed.ncbi.nlm.nih.gov/23175119

38.

39.

40.

in the absence of DNA damage: mitotic H2AX
phosphorylation is mediated by the DNA-PKcs/CHK2
pathway. FEBS Lett. 2013; 587:3437-43.
https://doi.org/10.1016/j.febslet.2013.08.028
PMID:24021642

Thiriet C, Hayes JJ. Chromatin in need of a fix:
phosphorylation of H2AX connects chromatin to DNA
repair. Mol Cell. 2005; 18:617-22.
https://doi.org/10.1016/j.molcel.2005.05.008
PMID:15949437

Lassmann M, Hanscheid H, Gassen D, Biko J, Meineke
V, Reiners C, Scherthan H. In vivo formation of gamma-
H2AX and 53BP1 DNA repair foci in blood cells after
radioiodine therapy of differentiated thyroid cancer. J
Nucl Med. 2010; 51:1318-25.
https://doi.org/10.2967/jnumed.109.071357
PMID:20660387

Noon AT, Goodarzi AA. 53BP1-mediated DNA double
strand break repair: insert bad pun here. DNA Repair
(Amst). 2011; 10:1071-76.

41.

42.

43.

https://doi.org/10.1016/j.dnarep.2011.07.012

PMID:21868291

Suchdnkova J, Kozubek S, Legartova S, Sehnalova P,
Kiuntziger T, Bartova E. Distinct kinetics of DNA repair
protein accumulation at DNA lesions and cell cycle-
dependent formation of yH2AX- and NBS1-positive
repair foci. Biol Cell. 2015; 107:440-54.
https://doi.org/10.1111/boc.201500050

PMID:26482424

Lottersberger F, Karssemeijer RA, Dimitrova N, de
Lange T. 53BP1 and the LINC complex promote
microtubule-dependent DSB mobility and DNA repair.
Cell. 2015; 163:880-93.
https://doi.org/10.1016/j.cell.2015.09.057

PMID:26544937

Ping X, Junging J, Junfeng J, Enjin J. Radioprotective
effects of troxerutin against gamma irradiation in mice
liver. Int J Radiat Biol. 2012; 88:607—-12.
https://doi.org/10.3109/09553002.2012.692494

PMID:22571496

WWW.aging-us.com

16384

AGING


https://doi.org/10.1016/j.febslet.2013.08.028
https://pubmed.ncbi.nlm.nih.gov/24021642
https://doi.org/10.1016/j.molcel.2005.05.008
https://pubmed.ncbi.nlm.nih.gov/15949437
https://doi.org/10.2967/jnumed.109.071357
https://pubmed.ncbi.nlm.nih.gov/20660387
https://doi.org/10.1016/j.dnarep.2011.07.012
https://pubmed.ncbi.nlm.nih.gov/21868291
https://doi.org/10.1111/boc.201500050
https://pubmed.ncbi.nlm.nih.gov/26482424
https://doi.org/10.1016/j.cell.2015.09.057
https://pubmed.ncbi.nlm.nih.gov/26544937
https://doi.org/10.3109/09553002.2012.692494
https://pubmed.ncbi.nlm.nih.gov/22571496

SUPPLEMENTARY MATERIALS

Supplementary Figures

A Control ) wT
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Supplementary Figure 1. Radiation changed the morphology of liver/spleen tissue, but FRT reduced these changes. (A, B)
Sacrificed mouse spleens and livers 4 days after radiation were fixed in 4% paraformaldehyde for overnight, embedded in paraffin, sectioned

and stained with HE, then imaged using light microscopy.
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Supplementary Figure 2. Effect of FRT on apoptosis of thymus cells after irradiation due to PARP-1. Apoptosis was detected
using an Annexin V-FITC labeled fluorescent probe with green fluorescence. Cells were treated with FRT 2 h before irradiation, then apoptosis

was measured 6 h after irradiation.
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Supplementary Figure 3. Effect of FRT on intracellular ROS scavenging. (A) Thymus cell suspensions from WT and KO mice were
divided into normal and radiation groups. Thymus cells were harvested 0.5 h after radiation, and levels of reactive oxygen species detected.
(B) Thymus cell suspensions were divided into four groups: Control, radiation (6 Gy), radiation+FRT 50 pg/mL and radiation+FRT 100 pg/mL
groups. After incubation of cells with FRT for 2 hours, thymus cells in the experimental group were given a one-time X-ray radiation of 6 Gy.
ROS levels in cells loaded with probes were measured by flow cytometry. (C) Thymus cells from WT and KO mice were divided into 4 groups:
control, radiation (6 Gy), radiation + FRT 30 mg/kg and radiation + FRT 60 mg/kg groups. Mice in the drug group were administered FRT for 4
days. Mice were exposed to a one-time X-ray radiation dose of 6 Gy. ROS levels in the thymus cells loaded with probes were measured by
flow cytometry. (D) Thymus cells treated with MitoTEMPOL (50 uM, an anti-oxidant targeting mitochondria) after FRT treatment for 1 h. Cells
were exposed to 6 Gy after another 1 h incubation, then ROS levels were detected by flow cytometry 0.5 h after irradiation. (E) Thymus cells
were treated with DPI (10 uM, an inhibitor of NADPH oxidase) after FRT treatment for 1 h, Cells were exposed to 6 Gy after another 1 h
incubation, then ROS levels were detected by flow cytometry 0.5 h after irradiation.
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Supplementary Figure 4-1. The effect of FRT on radiation-induced DNA damage measured by CASP software in thymus tissue

of WT mice.
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Supplementary Figure 4-2. The effect of FRT on radiation-induced DNA damage measured by CASP software in thymus tissue
of KO mice.

WWww.aging-us.com 16388 AGING



N g Control z
KO | |

'E 0* o' 0 !
-
@ g B
= 1 Control
1 o ]
WT | -
- 10 10 W ° 0° 10' 107 W'
B Alexa-488 Log (7-H2AX)
Control 6 Gy 6 Gy+FRT 50 ng/mL 6 Gy+FRT 100 pg/mL
84 z H 8
T [
g |
= ]
LUHJ ' 1" o W

60
“®

58
P4
&
7
P2
-
0

¢
NAC
o

A

D
10° 10" L B g 10" 10 ' B 1 10 10 0°
Alexa-488 Log (y-H2AX)

[
' - "
+NAC
]
T Hr
0 W w

10t

C Control 6 Gy 6 Gy+FRT 50 pg/mL 6 Gy+FRT 100 pg/mL

0 e -
i | s
1 D ] 1
) 1 10! 1w i
=] +NAC
| ) ‘
' i

FS Lin

03

D
T

' W

& +NAC
1

o w

w B W 0
Alexa 438 Log (53BP1)

@ 1w
i W Ly

Supplementary Figure 4-3. Protective effect of FRT on radiation-induced thymus DNA damage. (A) The thymus from WT and KO
mice were harvested and ground into a cell suspension. Intracellular y-H2AX levels were measured by flow cytometry one hour after 6 Gy
irradiation. (B, C) Thymus cells from WT mice were divided into eight groups. @ Blank control group; @ Pure radiation group 6 Gy; @
Radiation group + FRT 50 pg/mL group; @ Radiation group + FRT 100 pug/mL group; @ Control + NAC (0.5 mM); @ 6 Gy + NAC (0.5 mM);
@ 6 Gy + FRT 50 pg/mL+NAC (0.5 mM); 6 Gy + FRT 100 pg/mL+NAC (0.5 mM). NAC and FRT were added to cell cultures 2 h before
radiation, then collected 1 h after radiation. y-H2AX and 53BP1 was detected by flow cytometry.
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