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Benzo(< alpha >)pyrene [B(< alpha >)P], widely originated from environmental pollution or food process
such as roasting and frying, is a strong mutagen and potent carcinogen. Utilization of hawthorn has been reported against physical mutagens. Our study found that hawthorn extract (HE) contained abundant phenolic
compounds, wherein chlorogenic acid was 2.78 mg/g, procyanidine B2 was 3.58 mg/g, epicatechin was
2.99 mg/g DW, which may contribute to anti-genotoxicity activity. So, the role of HE against B(< alpha >)Pinduced genotoxicity in C57BL/6 mice was further assessed. Fifty mice were distributed into ﬁve groups: control
group, B(< alpha >)P group (30 mg/kg, i.p.), B(< alpha >)P + HE-L group (100 mg/kg, i.g.), B(< alpha >)
P + HE-M group (200 mg/kg, i.g.), B(< alpha >)P + HE-H group (400 mg/kg, i.g.). Mice were orally administered with solutions of HE for 10 days and injected intraperitoneally with B(< alpha >)P for 3 days from
the 8th day. Results showed that B(< alpha >)P can induce signiﬁcantly pathological damage in liver, lung and
spleen, as well as decrease white blood cells (WBCs). Remarkably elevated levels of reactive oxygen species
(ROS), DNA strand breaks (DSBs) and G1 cell cycle arrest were also found in B(< alpha >)P group, with upregulated expressions of p-H2AX, p-p53 and p21 in bone marrow cells. With administration of HE, liver, lung
and spleen injury signiﬁcantly mitigated, while WBCs were evidently increased in B(< alpha >)P-treated mice.
Consistently, HE markedly reduced level of ROS, DSBs and G1 cell cycle arrest accompanied by reducing expressions of p-H2AX, p-p53 and p21 in bone marrow cells. Combined, these results indicated a protective role of
HE on B(< alpha >)P-induced genotoxicity.

1. Introduction
Benzo(< alpha >)pyrene [B(< alpha >)P] is the most characterized and toxic member of polycyclic aromatic hydrocarbons (PAHs)
(Samanta et al., 2002). It has been reported that B(< alpha >)P is a
carcinogen, which has been recognized as ‘‘carcinogenic substancelevel 1″ by International Agency for Research on Cancer (IARC)
(Pokhariyal et al., 2019). Persistent exposure to B(< alpha >)P can
increase the risk for lung carcinoma and colorectal adenoma, etc.
(Kasala et al., 2015; Sinha et al., 2005). B(< alpha >)P production by
human pollution is ineluctable and generally exist in burning coal, oil
and natural gas, as well as smoked food and tobacco (Urbancova et al.,

2017; Xia et al., 2010). On the one hand, during food processing, B
(< alpha >)P can be formed in heat-treated foods owing to the thermal
polymerization of coking product of fat and attached to the food surface, which is the main source of B(< alpha >)P in baked food. Besides,
imperfect combustion of sugar and fat can also generate B(< alpha >)P
in smoked ﬁsh and meat, and the level of B(< alpha >)P in the fumes is
likely high (Singh et al., 2016). A study has evaluated various heattreated foods in China, B(< alpha >)P level of 105 samples were
0.03–19.75 μg/kg. Especially in 12 animal foods, B(< alpha >)P contents were higher than the Chinese maximum permissible level (5 μg/
kg), and the highest level was up to 19.75 μg/kg (Chen et al., 2012). On
the other hand, B(< alpha >)P also can be produced by incomplete
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2.2. Preparation of HE

combustion of coal and oil, which will be absorbed through air pollution and accumulated in vegetables and grain, indicated that health risk
of B(< alpha >)P is widely exist in foods (Muntean et al., 2013).
Therefore, it is noteworthy to investigate functional foods to mitigate
toxicity induced by B(< alpha >)P.
Despite human body possessed capacity of immunity and invertase
system to inactivate exogenous toxic molecules and achieve detoxiﬁcation purposes, exposure to hazardous environmental chemicals can
lead to irreversible genotoxicity. A Study has shown that B(< alpha >)
P can be transformed to benzo(a)pyrene-trans-7,8-dihydrodio1-9,10epoxide (BPDE) and directly react with DNA to form BPDE-DNA adducts (Arlt et al., 2015). Besides, research indicated that B(< alpha >)
P can lead to generation of reactive oxygen species (ROS) such as superoxide anion radicals and hydrogen peroxide (Zhu et al., 2014). With
the rise of oxidative stress, DNA strand breaks (DSBs), a probable mechanism of genotoxicity may occur (Nwagbara et al., 2007; Shukla
et al., 2011). Searching proper materials to inhibit genotoxicity is attracting much concern of researchers at present.
Fruits with abundant phenolic compounds have been reported with
potential antimutagenic eﬀects (Delgado-Vargas et al., 2018). Moreover, phenolic compounds showed beneﬁcial properties including anticancer, cardiovascular protective and anti-inﬂammatory eﬀects. It's
believed that antioxidant activity of phenolic compounds probably
contributed to the gorgeous physiological function of these fruits
(Trumbeckaite et al., 2011). Hawthorn has a long history of use in
traditional Chinese medicine and widely consumed as food. Studies
showed that many biological eﬀects of hawthorn extract (HE), such as
cardiotonic, hypotensive, anti-atherosclerosis and immune-regulation
eﬀects, related to its antioxidant activities (Fujisawa et al., 2005; Kwok
et al., 2010). Phytochemical study further revealed that HE contained
abundant phenolic compounds including procyanidine B2, epicatechin,
chlorogenic acid and catechin, which have powerful antioxidant activity (Liu et al., 2011). Moreover, it has been reported that the main
antioxidant mechanisms of HE included increasing DPPH and H2O2
radical-scavenging activities, and elevating levels of glutathione and
activity of superoxide dismutase etc. (Kwok et al., 2013; Rabiei et al.,
2012; Shatoor et al., 2019). Research showed that utilization of hawthorn revealed protective eﬀect against physical mutagenesis such as
UVB (Liu et al., 2019). Therefore, it's essential to evaluate the eﬀect of
HE on B(< alpha >)P-induced genotoxicity. In this study, we employed
mice treated with B(< alpha >)P to investigate the eﬀect of HE on B
(< alpha >)P-induced genotoxicity. In addition, bone marrow cells in
B(< alpha >)P treated mice also have been investigated to further
explore the detailed molecular mechanisms of HE resisted B
(< alpha >)P-induced genotoxicity.

Fresh hawthorn was denucleated and cut into ﬂakes, then freezedried and crushed to attain fresh hawthorn powder by sieving. Aqueous
ethanol (75%) was added to the powdered (20 g) and homogenized
with ice bath for 10 min. Then the precipitate was separated by centrifugation at 3000 r/min for 10 min and repeated extraction 3 times.
Merged the extracts, and dried them via rotary evaporation. Ethanol
was evaporated under reduced pressure at 40 °C and the remained
water extract was freeze-dried. In this way, extract powder was obtained.

2.3. High performance liquid chromatography (HPLC) analysis
The phenolic compounds of HE were analyzed by HPLC method.
Before HPLC analysis, 0.5 mL of the HE was diluted with HPLC-grade
methanol to 1 mL. The diluted HE were ﬁltered through a 0.22 μm
Millipore ﬁlter for analysis. The identiﬁcation of phenol in hawthorn
was performed on Shimadzu HPLC system. Chromatographic separations were conducted with a C18 column (4.6 mm × 250 mm, 5 μm)
with ﬂow rate of 1 mL/min and injection volume of 10 μL at 30 °C. The
detection wavelength was set at 280 nm and the mobile phase was
composed of 0.1% aqueous formic acid (A) and acetonitrile (B). The
following gradient procedures were used: 0 min, 5% B; 5 min, 10% B;
6 min, 14% B; 31 min, 26% B; 35 min, 26% B; 38 min, 60% B; 41 min,
60% B; 43 min, 80% B; 48 min, 80% B; 55 min, 5% B. Chlorogenic acid,
procyanidin B2, epicatechin, hyperin, isoquercitrin were identiﬁed and
quantiﬁed by their retention time and peak area.

2.4. Animals and treatment
Male C57BL/6 mice (n = 50; 6–8 weeks old; weighing 18–22 g)
were supplied from Guangdong Medical Laboratory Animal Center
(Guangzhou, China).All the animal housed in standard cages (5 mice/
cage) under the experimental condition of temperature (~24 °C), humidity (~45%), 12 h light–dark cycle, and free access to deionized
drinking water. Treatments were followed the “Guideline for the Care
and Use of Laboratory Animals” published by the US National Institutes
of Health (NIH Publication No. 85–23, 1996). The animal experiments
were approved by the Laboratory Animal Ethics Committee of South
China Agricultural University. Mice were divided into 5 groups including the control group, B(< alpha >)P group, B(< alpha >)
P + HE-L group (100 mg/kg), B(< alpha >)P + HE-M group (200 mg/
kg), B(< alpha >)P + HE-H group (400 mg/kg). All animal experiments were conducted in accordance with standards of humane animal
care. During 10 consecutive days of treatment, the control and B
(< alpha >)P groups were received physiological saline by intragastric
(i.g.) administration, B(< alpha >)P + HE-L group, B(< alpha >)
P + HE-M group and B(< alpha >)P + HE-H group were respectively
treated with HE (100/200/400 mg/kg, i.g.). From the 8th day of
treatment, B(< alpha >)P group, B(< alpha >)P + HE-L group, B
(< alpha >)P + HE-M group and B(< alpha >)P + HE-H group were
treated by intraperitoneal (i.p.) injection of B(< alpha >)P (30 mg/kg)
for 3 consecutive days, while the control group was treated with solvent
(corn oil, i.p.) on the same schedule.

2. Meterials and methods
2.1. Chemicals and antibodies
The species of hawthorn is Dajinxing (C. pinnatiﬁda Bge Var.major)
that was cultivated and provided by Shandong Linqu County Piankouge
Ecological Agriculture Company (Weifang, China). The hawthorn was
stored in glass vials with dry, cool, and dark environment. B
(< alpha >)P was purchased from sigma (St. Louis, MO, USA).
Standars like chlorogenic acid, procyanidin B2, epicatechin, hyperin,
isoquercitrin (Purity > 98%) were purchased from Yuanye
Biotechnology Co., Ltd. (Shanghai, China). Cell Cycle Analysis Kit,
Reactive Oxygen Species Assay Kit and 4′, 6-diamidino-2-phenylindole
(DAPI) and Alexa Fluor 488-labeled Goat Anti-Rabbit were purchased
from Beyotime Biotechnology Co., Ltd. (Shanghai, China). BPDE-DNA
Elisa Kit was applied from Jianglai Biotechnology Co., Ltd. (Shanghai,
China). Anti-bodies against p-H2AX, H2AX, p-p53, p53, p21, β-actin
and secondary antibodies were purchased from Cell Signaling
Technology (USA).

2.5. Calculation of liver, lung and spleen indexes
After animal treatment, body weight of mice was recorded and then
they were sacriﬁced by cervical dislocation. The liver, lung and spleen
were removed and weighed. Based on previous studies (Ma et al., 2016;
Zhou et al., 2019), liver, lung and spleen indexes were calculated according to the equation: index (%) = organ weight (g)/body weight
(g) × 100.
2
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buﬀer on ice for 20 min. The lysates were centrifuged at 12,000 g for
10 min, and the supernatant containing total protein was collected.
Protein concentrations were determined by spectrophotometry at A280
using NanoDrop 2000 (Thermo Scientiﬁc, Wilmington, NC). The protein samples were then mixed with × 5 loading buﬀer, and heated at
100 °C for 10 min to achieve complete denaturation. Then total protein
(50 μg) was separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to PVDF membranes. The membranes
were blocked with 5% BSA and incubated with rabbit monoclonal antibodies speciﬁc for p-H2AX, H2AX, p-p53, p53, p21 (1:1000) and βactin (1:3000) at 4 °C overnight. Then the membranes were incubated
with HRP-conjugated goat anti-rabbit secondary antibody at room
temperature for 1 h. The bound antibodies were visualized using
Imaging System (GE Healthcare, USA).

2.6. Hematoxylin and eosin staining assay
At the end of the treatment period, food was removed for 12 h. Prior
to sacriﬁce by cervical dislocation, mice were adequately anesthetized
with ether. Liver, lung and spleen tissues were collected to ﬁx with 4%
paraformaldehyde. Hematoxylin and eosin staining were performed on
liver, lung and spleen ﬁxed sections. The tissues were dehydrated,
dipped in paraﬃn, sectioned and stained with hematoxylin and eosin.
Slides were observed by a microscope (Axio Observer A1, Carl Zeiss,
Germany).
2.7. Detection of white blood cells (WBCs)
After anesthetized, blood (1 mL) was collected from the orbit of
mice and transferred to tubes with 100 μL EDTA-Na2 (1.5 mg/mL).
Then blood was mixed upside down and detected the WBCs counts by a
Sysmex XS-800i automated hematology analyzer (Sysmex Co., Kobe,
Japan) in the First Aﬃliated Hospital of Jinan University. The analyzer
measured WBCs counts by a semiconductor red-diode laser to collect
forward and side scattered light information.

2.12. Statistics
Data analyses were performed using GraphPad Prism 5. Statistical
diﬀerences were determined by one-way ANOVA analysis followed by
Tukey multiple comparison test. Values were represented as
means ± SEM. Diﬀerent letters indicate signiﬁcant diﬀerences at
p < 0.05.

2.8. Determination of ROS level

3. Results and discussion

The hindlimb femur and tibia were obtained, and bone marrow cells
were collected by ﬂushing with PBS and ﬁltrated through a 40 μm nylon
cell strainer (BD Falcon, USA), which were then centrifuged at 400 g for
5 min, and resuspended in PBS. Bone marrow cells collected from 10
mice in each group were divided into 3 groups. Reactive Oxygen
Species Assay Kit was applied to detect ROS level in bone marrow cells.
Then, cells were incubated with DCFH-DA solution in the dark for
20 min at 37 °C. Bone marrow cells were then washed three times with
serum-free cell culture medium. The green ﬂuorescence (480–530 nm)
intensity was measured at the FL1-A channel with a ﬂow cytometer (BD
Accuri C6, USA). The experiment was performed three times.

3.1. Polyphenol content of HE
The phenolic compounds in many fruits can protect from side eﬀects
induced by destructive chemicals (Gholamine et al., 2019). It's well
known that phenolic compounds are main antioxidant components
among extraction of deseeded whole hawthorn fruit. Chemical analysis
showed that procyanidine B2, epicatechin and chlorogenic acid are
major phenolic components, among which chlorogenic acid (13.5%),
procyanidin B2 (19.2%), and epicatechin (18.8%) collectively accounted for 51.4% of total phenol content and represent the active
ingredients of hawthorn (Liu et al., 2018; Zheng et al., 2018). Conformably, in this study, HPLC analyses of the extracts conﬁrmed
chlorogenic acid, procyanidine B2 and epicatechin were the most prominent phenolic compounds identiﬁed. As shown in Fig. 1, the polyphenol substances were respectively calculated that chlorogenic acid
was 2.78 mg/g DW, procyanidine B2 was 3.58 mg/g DW, epicatechin
was 2.99 mg/g DW.
The unique antioxidant activities of HE may come from these phenolic compounds. Consistent to our results, studies have reported that
chlorogenic acid has vicinal hydroxyl groups on an aromatic residue,
which exerted activity of scavenging ROS (Rice-Evans et al., 1996).
Besides, cellular study showed that procyanidins extracted from grape
seeds have free radical scavenging activity, and inhibit low-density lipoprotein oxidation induced by metal ions or radical generators, which
further protect the membrane peroxidation induced by UVB in erythrocytes (Carini et al., 2000; Mazur et al., 1999). In addition, epicatechin displayed anti-aging eﬀect. Signiﬁcant decrease of epicatechin
uptake by human erythrocytes during age has been found, probably due
to the alteration of plasma membrane redox system activity (Kumar
et al., 2018). Though researches have shown that HE and its main
phenolic substances possess excellent antioxidant activities, studies on
the eﬀect of genotoxicity induced by B(< alpha >)P haven't been
progressed. In this study, protective eﬀects of HE on B(< alpha >)P
generated DNA damage and subsequent tissue injury were further
evaluated.

2.9. Assessment of p-H2AX using ﬂuorescent microscopy
The expression of p-H2AX, a speciﬁc marker of DSBs, was determined by immunoﬂuorescence assay using an antibody against pH2AX. Bone marrow cells collected from 10 mice in each group were
divided into 3 groups and cytospun onto glass slides, then bone marrow
cells were ﬁxed with 1:1 MeOH, acetone for 20 min at −20 °C. The
ﬁxed cells were incubated with anti-p-H2AX antibody at a concentration of 1:1000 diluted in Tris-buﬀered saline with Tween 20 (TBST)
containing 1% BSA at 4 °C overnight. Cells were washed 3 times with
TBST and then incubated with Alexa 488-conjugated goat anti-rabbit
for p-H2AX at room temperature for 1 h. The slides were continually
washed three times and stained with DAPI (500 ng/mL) for 3 min at
room temperature. The slides were subsequently washed three times
following anti-fade solution mounted. Images were taken by a confocal
microscope (Leica TCS SP8, Germany).
2.10. Cell cycle analysis
Cell Cycle Analysis Kit was applied to detect DNA content. Bone
marrow cells collected from 10 mice in each group were divided into 3
groups, which were then re-suspended in PBS and ﬁltered through cell
strainer (40 μm). Cells were centrifuged at 1000 g for 5 min, and ﬁxed
with 75% ethanol at 4 °Cfor 2 h. Then the cells were incubated with PI
staining solution in the dark for 30 min at 37 °C, and PI ﬂuorescence
was analyzed by the FL2-A channel of a ﬂow cytometry (BD Accuri C6,
USA) with a 580 nm laser and 610 nm ﬁlter equipped.

3.2. Protective function of HE on B(< alpha >)P-induced tissue
pathological damage

2.11. Western blot analysis
Current studies have conﬁrmed that exposure to high levels of environmental B(< alpha >)P was associated with elevated rates of

The bone marrow cells were harvested and resuspended in lysis
3
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Fig. 1. HPLC of the aqueous ethanol (75%) soluble fractions (supernatants) of hawthorn. (a) Standards analytes involved 1, chlorogenic acid; 2, procyanidine B2; 3,
epicatechin; 4, hyperin; 5, isoquercitrin. (b) The polyphenol content of HE.

Fig. 2. Protective eﬀects of HE in B(< alpha >)P-induced tissues pathological damage. (a) Liver, lung and spleen index in the groups. (b) The morphology of liver,
lung and spleen (magniﬁcation, × 200). Values are expressed as the means ± SEM (n = 10). Diﬀerent letters indicate signiﬁcant diﬀerence (p < 0.05).

(< alpha >)P + HE-H group (p < 0.05). Spleen index also showed
markedly increased in B(< alpha >)P + HE-H group (p < 0.05). To
further conﬁrmed the protective eﬀect of HE on B(< alpha >)P induced tissue pathological damage, hematoxylin and eosin staining was
performed on liver, lung and spleen. Similar to previous research (Near
et al., 1999), our results showed that B(< alpha >)P lead to tissues
impair in mice as compared to the control group. The tissues pathological damage by B(< alpha >)P represented as dissociable hepatic cord
structure, swelling, turbidity and diﬀuse steatosis of hepatocyte cytoplasm. Inﬂammatory inﬁltration of alveolar wall and interstitial tissue,
as well as diﬀuse alveolar damage were also found in lung tissues.
Besides, the structure of spleen corpuscles was damaged, the splenic
cord and sinusoid were disordered in B(< alpha >)P group. Mice
treated with HE showed markedly reduced hepatocellular vacuolization, decreased inﬂammatory lung cells and mitigated splenic cord and
sinusoid injury induced by B(< alpha >)P (Fig. 2b).

cancer (Zhu et al., 2019). Animal experiments revealed that B
(< alpha >)P can cause advanced ﬁbrosis in liver specimens, tumor
nodules in lung and reduction of spleen cells (Chen et al., 2011). Encouragingly, radioprotective and cardioprotective eﬀect of HE has been
found (Hosseinimehr et al., 2007; Swaminathan et al., 2010), and
several studies have shown protective eﬀects of HE against atherosclerosis and hypertension (Zhang et al., 2014; Zheng et al., 2019),
which indicated that HE may act as a natural protective agent resist to
environmental toxic exposure. To investigate the protective function of
HE on B(< alpha >)P-induced impairment, liver, lung and spleen were
weighted and microscopically analyzed with a microscope. As illustrated in Fig. 2a, consistent to the previous studies, the average liver
index in B(< alpha >)P group signiﬁcantly increased, while lung and
spleen index were evidently lowered than the control group. Compared
with the B(< alpha >)P group, liver index was signiﬁcantly reduced by
HE treatment (p < 0.05), while lung index was remarkably high in B
4
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Fig. 3. Eﬀects of HE on WBCs counts and ROS level
in B(< alpha >)P-treated mice. (a) WBCs counts in
the groups. Values are expressed as the
means ± SEM (n = 10) (b) ROS level was determined by ﬂow cytometry. Values are expressed as
the means ± SEM, the experiment was repeated in
triplicate. Diﬀerent letters indicate signiﬁcant difference (p < 0.05).

Vijayaraman et al., 2012), B(< alpha >)P treatment signiﬁcantly increased the level of ROS compared with the control group. When B
(< alpha >)P-treated mice were simultaneously supplemented with
HE-M and HE-H, a signiﬁcant decrease in the level of ROS was observed
as shown in Fig. 3b (p < 0.05). Similar to our results, study has revealed that HE loaded with antioxidant properties to activate antioxidant enzymes, which can alleviate oxidative stress and inﬂammation
(Han et al., 2016). It appears that HE, particularly its phenolic components with strong DNA adducts reducing and ROS scavenging activity
may alleviate genotoxicity induced by B(< alpha >)P in mice bone
marrow cells. Due to the discovery, the potential eﬀect of HE on B
(< alpha >)P induced genotoxicity has been attracting attention and
requires further investigation.

It is well known that properties of immune cells can protect human
body against mechanical injury. However, overwhelming uptake of
dangerous chemicals is likely to lead to reduction of neutrophils, lymphocytes and monocytes, which are intrinsic to the injury tissue as
defense. Consistent with our results, previous studies showed that loss
of human lymphocytes induced by gamma irradiation or methyl methanesulfonate was signiﬁcantly modulated by HE treatment
(Hosseinimehr et al., 2009, 2011), which suggested that liver, lung and
spleen injury were relieved by HE treatment may attribute to immunologic enhancement.
3.3. Eﬀect of HE on WBCs and ROS levels
B(< alpha >)P can suppress systemic immunity, including signiﬁcant reduction of WBCs and apoptosis of bone marrow cells.
(Knuckles et al., 2001; Near et al., 1999). To investigate the eﬀect of HE
on immunologic disfunction induced by B(< alpha >)P, WBCs were
evaluated. In accordance with previous results, B(< alpha >)P can
signiﬁcantly reduce WBCs (4.26 × 109/L vs 6.96 × 109/L in control
group, p < 0.01), while the decline of WBCs was signiﬁcantly ameliorated by HE-H treatment (4.26 × 109/L, p < 0.05) (Fig. 3a). WBCs
were originated from bone marrow cells, and generally generate neutrophils, lymphocytes, monocytes and other cells, which play a major
role in tissues injury repair, while bone marrow cells serve as a backup
rescue system (Butterﬁeld et al., 2006). This indicated that bone
marrow cells may play a key role in immune system and support the
normality of tissues' function. However, B(< alpha >)P treatment can
cause a signiﬁcant induction of chromosomal aberration and micronuclei in mice bone marrow cells, which served as the factor of overall
tissue injury and genotoxicity (Prasad et al., 2008). Our results indicated that the protective eﬀect of HE against B(< alpha >)P may
associate with its beneﬁcial activity of systemic immunity, and further
studies need to be done to investigate the detail mechanism.
Toxic metabolites of B(< alpha >)P such as BPDE was capable of
binding to nucleic acids and forming BPDE-DNA, which has been indicated as one of the risk factors for generation of ROS (Briede et al.,
2004). Meanwhile, DNA has become the target of ROS during carcinogenesis process. Therefore, it's believed that supplement of natural
antioxidants with activity of reducing DNA dysfunction may considered
as eﬀective strategy to protect cells from B(< alpha >)P-mediated
genotoxicity. In our study, we have shown high content of antioxidants
like chlorogenic acid, procyanidine B2 and epicatechin in HE. To further study antioxidative eﬀect of HE against B(< alpha >)P, we measured the levels of ROS by ﬂow cytometry in bone marrow cells of mice
treated with B(< alpha >)P. Consistent with previous result (Perumal

3.4. HE reduced DSBs and cell cycle arrest of bone marrow cells in B
(< alpha >)P -treated mice
B(< alpha >)P can induce ROS generation and cause oxidization of
DNA bases through the orthoquinone pathway that may result in DSBs
(Toyooka et al., 2006). Histone H2AX phosphorylated at serine 139 is
very sensitive to bind with DSBs, which has been recognized as a speciﬁc indicator for the existence of DSBs. To further explore the eﬀect of
HE on B(< alpha >)P induced DSBs, immunoﬂuorescent assay was
applied to determine the expression of p-H2AX in bone marrow cells. As
shown in Fig. 4a and B(< alpha >)P noticeably increased p-H2AX
positive staining in mice bone marrow cells, which was in accordance
with previously reported results (Yan et al., 2011). By contrast, HE
treatment can markedly reduce expression of p-H2AX activated by B
(< alpha >)P. Among the types of DNA damage, DSBs is the most lethal type of damage to cells, which can lead to cell cycle arrest
(Karagiannis and El-Osta, 2004). In the process of DSBs, p-H2AX can
cause elevated expression of cell cycle arrest related proteins (Fragkos
et al., 2009). Current research showed that B(< alpha >)P or BPDE can
stimulate human prostate carcinoma cell line arrested at the G1 phase
(Onyinye et al., 2007). In this study, ﬂow cytometry was performed to
determine the eﬀect of HE on cell cycle arrest induced by B(< alpha >)
P in bone marrow cells. Consistently, as shown in Fig. 4b, B(< alpha >)
P induced an obvious G1 cell cycle arrest (75.48% vs. 58.97% in control
group). HE treatment can greatly attenuate the G1 cell cycle arrest induced by B(< alpha >)P. These ﬁndings indicated that HE can exert
protective eﬀect on G1 cell cycle arrest, which probably related to
lessen of DSBs.

5
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Fig. 4. HE inhibited B(< alpha >)P-induced increase in DSBs marker of p-H2AX and attenuated G1 cell cycle arrest of bone marrow cells in B(< alpha >)P-treated
mice. (a) Expression of p-H2AX was detected by immunoﬂuorescence. The confocal images were captured at a magniﬁcation of 400 × . (b) G1, S, and G2/M
populations analysis in bone marrow cells was detected by ﬂow cytometry assay. The experiment was repeated in triplicate.

3.5. Eﬀect of HE on cell cycle related proteins expression

4. Conclusion

Studies have illustrated that the cellular response to genotoxicity
involve a series of events that lead to cell cycle arrest (Ando et al., 2014;
Juan-Garcia et al., 2018). The role of p-H2AX foci in the DNA damage
signaling pathway induced by DSBs is to recruit signaling molecules
and cause further cell cycle arrest. It is essential that elevated expression of p53 can enhance p21 transcription, which in turn inhibited
cyclin-dependent kinase activity and facilitated cell cycle arrest at G1
phase (Fragkos et al., 2009). Previous researches showed that B
(< alpha >)P can induce DNA damage and lead to reduction of cell
viability, which may due to the elevated level of p53 and subsequent
up-regulate expression of p21 protein (Park et al., 2006).In order to
explore the underlying mechanism of HE inhibited G1 cell cycle arrest
induced by B(< alpha >)P, the cell cycle-regulatory proteins were
evaluated in bone marrow cells of B(< alpha >)P-treated mice. In
conformity with previous studies, our results revealed signiﬁcantly
elevated ratios of p-H2AX/H2AX and p-p53/p53 and remarkably increased expression of p21 in mice treated with B(< alpha >)P
(p < 0.05), while HE treatment evidently reduced ratios of the pH2AX/H2AX and p-p53/p53 and decreased the expression of
p21(p < 0.05) (Fig. 5). Similarly to our results, previous study found
polyphenol of HE as protective agent against UVB-induced skin damage
by attenuating oxidative stress and DNA damage, as well as modulating
the p53 mitochondrial pathway (Liu et al., 2019). These results suggested that HE may attenuate B(< alpha >)P induced G1 cell cycle
arrest by regulating p-H2AX/p-p53/p21 pathway.

The results of this study suggested that B(< alpha >)P exposure can
cause pathological damage in liver, lung and spleen, as well as decreasing WBCs. Besides, increasing levels of ROS, DSBs and G1 cell
cycle arrest were found with upregulated expressions of p-H2AX, p-p53
and p21 in bone marrow cells of B(< alpha >)P-treated mice. In addition, our results showed that treatment of HE with high contents of
phenolic compounds can mitigate damaged morphology of liver, lung
and spleen tissues in B(< alpha >)P-treated mice, which is accompanied with reducing levels of ROS and WBCs. Further results appeared
that HE possessed activity of alleviating B(< alpha >)P-induced DSBs
and G1 cell cycle arrest probably by regulating p-H2AX/p-p53/p21
pathway. Combined, our ﬁndings indicated favorable prospects for
dietary applications of HE to inhibit genotoxicity induced by B
(< alpha >)P.
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Fig. 5. Analysis of cell cycle arrest signaling related proteins expression. (a) Proteins expression of p-H2AX, H2AX, p-p53, p53, p21 and β-actin were evaluated by
Western blot. (b) The relative intensities of p-H2AX/H2AX, p-p53/p53 and p21. Values are expressed as the mean ± SEM, the experiment was repeated in triplicate.
Diﬀerent letters indicate signiﬁcant diﬀerence (p < 0.05).
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