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ABSTRACT
Pine polyphenols (PPs) are bioactive dietary constituents that enhance health and
help prevent diseases through antioxidants. Antioxidants reduce the level of oxidative
damages caused by ionizing radiation (IR). The main purpose of this paper is to study
the protective effect of PPs on peripheral blood, liver and spleen injuries inmice induced
by IR. ICR (Institute of Cancer Research) male mice were administered orally with PPs
(200 mg/kg b.wt.) once daily for 14 consecutive days prior to 7 Gy γ -radiations. PPs
showed strong antioxidant activities. PPs significantly increased white blood cells, red
blood cells and platelets counts. PPs also significantly reduced lipid peroxidation and
increased the activities of superoxide dismutase, catalase and glutathione peroxidases,
and the level of glutathione. PPs reduced the spleen morphologic injury. In addition,
PPs inhibited mitochondria-dependent apoptosis pathways in splenocytes induced by
IR. These results indicate that PPs are radioprotective promising reagents.

Subjects Biochemistry, Food Science and Technology, Toxicology
Keywords Pine polyphenols, γ -radiation, Antioxidant, Redox, Apoptosis

INTRODUCTION
Polyphenols, divided into phenolic acids, flavonoids and tannins, are bioactive dietary
constituents widely spread throughout the plant kingdom and most abundant in coffee,
tea, red wine, some vegetables and fruits. Human consumption studies indicate that
500–1,500 mg of polyphenols are frequently consumed per day, and it is not anticipated
that any acute or lethal toxicity would be observed by the oral intake route (Vogiatzoglou
et al., 2014). Polyphenols can enhance health and help prevent chronic diseases (Birt &
Jeffery, 2013), such as hypoglycemic (Son et al., 2013), hypolipidemic (Bao et al., 2014) and
visceral fat reduction (Heber et al., 2014).

Ionizing radiation (IR) is a common treatment modality against various cancers;
however, it also damages normal cells and tissues (Stone et al., 2003). The risk of IR is
rapidly increasing. Exposure to IR damages biological macromolecules such as proteins,
lipids and DNA in direct and indirect pathways. IR also triggers the radiolysis of water
in the cellular system and induces the generation of extraordinary high levels of reactive
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oxygen species (ROS) in milliseconds, which induces immediate and widespread oxidative
damages (Sagar, 2005). ROS causes a redox imbalance in cells and living tissues. Although
endogenous cellular antioxidants such as superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px), catalase (CAT) and reduced glutathione (GSH) act in concert
to eliminate ROS accumulation in a physiological state, under pathological conditions
ROS overload might exceed the cellular antioxidant capacity, affecting critical biological
macromolecules and triggering oxidative stress (Guelman et al., 2005).

Antioxidants reduce the level of oxidative damages caused by free radicals and ionizing
radiation (Oršolić & Bašić, 2005). Pine polyphenols is distributed in pine skin, pine needles
and pine cones; they are antioxidant (Ugartondo et al., 2007), anti-tumor (Hsu et al., 2005),
anti-inflammatory (Ince et al., 2009), antidiabetic (Zibadi et al., 2008), anti-UV radiation
(Kyriazi et al., 2006), etc. The main active ingredient of pine polyphenols is catechin-based
flavonoids and phenolic acids. Polyphenols from Pinus koraiensis have a strong antioxidant
activity in ABTS·+ radical (Li & Wang, 2015). Fractionation of pine bark extracts in
Pinus pinaster and P. radiata contained mainly flavan-3-ol monomers and procyanidins
oligomers and have antioxidant activity in DPPH stable radicals (Jerez, Sineiro & Nuñez,
2009). Pine bark extracts, obtained by water extraction of the raw bark of the P. maritime,
contain mainly catechin, epicatechin, taxifolin and procyanidins and have free radical
scavenging activity such as the stable radical DPPH and the oxygen free radicals O·−

2 and
HO·, and act as a protective factor against ultraviolet (UV)-radiation-induced injury by
virtue of its antioxidant capacity (Packer, Rimach & Virgili, 1999). IR is a routine treatment
modality against various cancers; it also damages normal cells and tissues around the tumor.
Polyphenol has the potential for new drugs in antitumor and anti-radiation treatment at the
same time; it can effectively reduce normal tissue damage caused by radiotherapy. In recent
years, interest in exploring the radioprotective potentials of plants and phytochemicals has
escalated (Arora, 2008). For our studies, we have evaluated the radioprotective property
of varieties of plants with polyphenols, flavonoids and anthocyanin. However, it is rarely
reported that pine polyphenols (PPs) from Pinus koraiensis have a radioprotective effect
in mice. This article is the first attempt to investigate the radioprotective efficacy of PPs
against γ -radiation-induced peripheral blood, liver and spleen injuries in mice.

MATERIALS AND METHODS
Chemicals
Phenazine methosulphate (PMS), nitrotetrazolium blue chloride (NBT) and 2, 2-diphenyl-
1-picrylhydrazyl (DPPH) were purchased from Sigma (St. Louis, MO, USA). Nicotinamide
adenine dinucleotide (NADH) was purchased from Roche (Basel, Switzerland). D101
macroporous resin was obtained from the Chemical Plant of Nankai University (China).
Food grade 95% ethanol was purchased from a local reagent corporation. The total protein
(BCA, NO: A045-3), SOD (NO: A001-1), GSH-Px (NO: A005), CAT (NO: A007-1),
MDA (NO: A003-1) and GSH (NO: A006-2) assay kits were purchased from Nanjing
Jiancheng (China). Rabbit anti-Bcl-2 (sc-492, 1:200), Bax (sc-526, 1:200), cytochrome c
(sc-7159, 1:200) and caspase-3 (sc-7148, 1:200) polyclonal antibodies were purchased
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from Santa Cruz (Santa Cruz, CA, USA), Rabbit anti-β-actin (AC006, 1:2,000) polyclonal
antibody were purchased from ABclonal (USA) and HRP-conjugated goat anti-rabbit
IgG (ZB-2301,1:20,000) polyclonal antibody were purchased from ZSGB-BIO (Beijing,
China). Potent ECL was purchased from Multisciences (Hangzhou, China). All other
chemicals with the highest purity grade available were purchased from reputed local
manufacturers/suppliers.

PPs was perpetrated according to our previous method (Li & Wang, 2015) and was
again enriched with the chromatographic column of D101 macroporous resins. Identified
by HPLC, its main ingredient is catechin-3-O-glucose, which accounted for more than
half. Other ingredients include catechin, epicatechin, massonianoside B, catechin 3-O-
rutinoside, cedrusin and massonianoside C.

Antioxidant assay
DPPH free radical scavenging activity
DPPH free radical scavenging activity was measured by means of the absorbance of DPPH
at 517 nm (Xia et al., 2014). Briefly, 1.0 mL sample solution was added to 1.0 mL of DPPH
solution (0.2 mM in methanol). The decrease in the solution absorbance at 517 nm was
measured after 30 min of incubation. DPPH free radical scavenging activity was calculated
using the following formula:

DPPH free radical scavenging activity (%)= (1−A1/A0)×100

where A0 is the absorbance of DPPH free radicals without sample, and A1 is the absorbance
of DPPH free radicals with samples. The efficient concentration of samples that scavenges
50% of DPPH free radical (EC50) was calculated and expressed as µg/mL.

Superoxide anion radical scavenging activity
The superoxide anion radical scavenging activity was established by monitoring the
competition of those with NBT for the superoxide anion generated by the PMS–NADH
system (Biswas, Chatli & Sahoo, 2012). The reduction mixture contained 150 µL NBT
(100 µM), 450 µL NADH (100 µM) and a sample solution 200 µL. Total volume was made
up to 1 mL with distilled water and then 1.9 mL of Tris–HCl buffer (0.02 M, pH 8.0) was
added. The reaction was started by adding 100 µL of PMS (100 µM) and then the change
in absorbance (A) was recorded at 560 nm after 1 min at 37 ◦C. The superoxide anion free
radical scavenging activity was calculated with the following equation:

Superoxide anion radical scavenging activity (%)= (1−A1/A0)×100

where A0 is the absorbance of superoxide anion radicals without sample; and A1 is the
absorbance of superoxide anion radicals with sample. The efficient concentration of
samples that scavenges 50% of the superoxide anion radicals (EC50) was calculated and
expressed as µg/mL.

Hydroxyl radical scavenging activity
The hydroxyl radical scavenging activity was investigated using Fenton’s reaction
(Fe2++H2O2→ Fe3++OH−+OH·) (Jiang, Chen & Shi, 2013). The reaction mixture
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containing 1 mL sample solution was incubated at 37 ◦C for 2 h with 1 mL of 9 mM
salicylic acids, 1 mL of 9 mM FeSO4, and 1 mL of 8.8 mM H2O2, and then the absorbance
was read at 510 nm. The hydroxyl radical scavenging activity was calculated from the
following equation:

Hydroxyl radical scavenging activity (%)= [1− (Ai−Aj)/A0]×100

where A0 is the absorbance of the hydroxyl radical with a treated control. Ai and Aj are
the absorbances of the hydroxyl radical with the treated sample, and the absorbance of the
hydroxyl radical with the non-treated sample. The efficient concentration of samples that
scavenges 50% of the hydroxyl radicals (EC50) was calculated and expressed as µg/mL.

Reducing power (RP) assay
The RP assay was conducted (Seo et al., 2012). The reducing power of the antioxidant is
measured by the transformation of the Fe3+/ferricyanide complex into the ferrous form.
A freshly prepared sodium phosphate buffer (1.0 mL, 0.2 M, pH 6.6) and 1% K3Fe(CN)6
(1.0 mL) were added to the sample solution (1.0 mL). After incubating the mixtures at
50 ◦C for 20 min, 10% trichloroacetic acid (1.0 mL) was added. The resulting mixtures
were centrifuged at 3,000 rpm for 10 min at 4 ◦C . The upper layer (1.0 mL) was diluted
with water (1.0 mL), and 0.1% FeCl3 (0.5 mL) was hereby added. The absorbance of the
resultant solution was measured at 700 nm. The efficient concentration of samples that
were of 0.5 absorbance value (RP0.5) was calculated and expressed as µg/mL.

Animals
Male ICR (Institute of Cancer Research) mice, 4-6-week-old with body weight 20 ± 2 g
were obtained from the HarbinMedical University (Harbin, China). Themice were housed
in a mouse room at room temperature with a 12-h light/dark cycle and were provided with
free access to standard mouse chow and water ad libitum. The experimental protocols were
approved by Heilongjiang University of Chinese Medicine (SCXKHei 2008004). All efforts
were made to minimize animal suffering.

Screening of the dose of PPs
Mice were divided into five groups of six animals each. PPs (50, 100 and 200 mg/kg
bwt/d) were given by oral administration for 14 consecutive days prior to irradiation.
The control group and the IR group were given with the equal volume of normal saline
every day. Irradiation was performed at a dose rate of 1.3 Gy/min using a 60Co irradiator
(Heilongjiang Academy of Agricultural Sciences, China). The irradiation dose was 7 Gy
(Park et al., 2008). The source-to-mice distance was 400 cm at room temperature. After
24 h, the mice were sacrificed by cervical dislocation and their spleen were excised and
weighted.

Spleen index was calculated according to the following equation:

Spleen index= Spleen weight/body weight×100.
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Groups and irradiation
Mice were divided into four groups of ten animals each, detailed below:

Control group—normal saline + Sham irradiation.
PPs group—200 mg/kg bwt/d PPs + Sham irradiation.
IR group—normal saline + 7 Gy 60Co γ -irradiation.
PPs + IR group—200 mg/kg bwt/d PPs + 7 Gy 60Co γ -irradiation.
PPs were given by oral administration for 14 consecutive days prior to irradiation. The

irradiation dose was 7 Gy. After 24 h, the mice were sacrificed by cervical dislocation and
their eyeball blood, liver and spleen were excised and weighted. The blood was centrifuged
for 15 min at 3,500 rpm in 4 ◦C . Supernatant was plasma. 10% (w/v) homogenates were
prepared in normal saline.

Hematological parameters
After 24 h post-irradiation, the eyeball blood of mice was collected and analyzed by animal
automatic blood analyzer. White blood cells (WBC), red blood cells (RBC) and platelets
were counted.

Spleen lymphocyte transformation assay
Spleens were removed after 24 h post-irradiation and spleenocytes were isolated according
to a previously described procedure. Briefly, spleens were cut into small pieces and then
expelled through a 200 mesh nylon cell strainer. After washing the cell strainer with 10 mL
RMIP-1640, the cells were pelleted at 800× g for 5 min. The cell pellet was resuspended
in 1 mL ACK lysis buffer and incubated for 5 min to lyse erythrocytes. Subsequently,
lysis was stopped by adding 9 mL of RMIP-1640; the cells were pelleted at 800× g for
5 min, resuspended in RMIP-1640 with 10% FBS, and incubated for 30 min at 37 ◦C in a
regular CO2-controlled incubator to allow cells to recover from isolation. After checking
spleenocyte viability by a trypan blue dye exclusion test, 1× 106 cells/mL were seeded
in 96-well plates, half of which added lipopolysaccharide (LPS, 10 µg/mL) as mitogen,
and incubated for 72 h at 37 ◦C in a humidified chamber with 5% CO2. Cell vitality was
determined by MTT.

Spleen cell transformation= (ODLPS−ODControl)/ODControl×100.

Antioxidant status assessment
The SOD, CAT, GSH-Px activities and the levels MDA and GSH in plasma, 10% liver and
spleen homogenates were determined according to experimental procedure provided by
manufacturers. Tissue protein was estimated according to the kit (BCA method) using
BSA as standard.

Histopathology assay of spleen tissues
Spleen tissues were fixed in 4% paraformaldehyde solution, and then processed by routine
techniques for embedding in paraffin. Blocks were sectioned at a thickness of 5 µm and
stained with hematoxylin and eosin for a histopathological examination, which were
performed under a light microscopy and documented by an Olympus microphotocamera.
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Western blotting
The expression levels of Bcl-2, Bax, caspase-3 and cytochrome c proteins in spleen were
examined by Western blotting. 10% of spleen homogenates were prepared by T10 basic
homogenizer (IKA, Staufen, Germany) in RIPA Buffer containing 1 mM PMSF. Denatured
protein samples (20 µg) were subjected to electrophoresis in a 5–10% SDS-PAGE and then
transferred onto a PVDF membrane. After treated with PBS-T Blocking Buffer, PVDF
membranes were incubated overnight at 4 ◦C with primary antibodies for Bcl-2, Bax,
caspase-3, cytochrome c or β-actin. After incubated with HRP linked secondary antibodies
in PBS-T, chemiluminescent reaction was developed by an ECL hydrogen peroxide solution
and detected in the Image Lab System (Bio-Rad, Hercules, CA, USA).

Statistical analysis
Multiple group comparison was done using one-way analysis of variance followed by the
Tukey post hoc test using SPSS10. All values were represented as mean ± S.D. Values of
P < 0.05 were considered significant.

RESULTS
PPs show the strong antioxidant activities in vitro
DPPH radical, superoxide anion radical, hydroxyl radical scavenging activities and reducing
power assay of PPs were assayed. PPs showed strong antioxidant activities in DPPH radical
(EC50 = 324.0±13.52 µg/mL), superoxide anion radical (EC50 = 117.1±6.13 µg/mL),
hydroxyl radical (EC50 = 519.9± 25.91 µg/mL) and reducing power assay (RP0.5 =
363.2± 5.34 µg/mL) (Fig. 1 and Table S1). DPPH radical, superoxide anion radical
scavenging activities and reducing power assay of PPs were lower than catechin and gallic
acid; hydroxyl radical scavenging activity was lower than gallic acid, but higher than
catechin. Here, PPs show strong antioxidant activities in vitro.

The optimal dose of PPs
Radioprotective effects of PPs with different doses were investigated. Radiation dose 7 Gy
was supposed to radiate the mice (Park et al., 2008). The spleen is radiation sensitive organ,
and the spleen index analysis dose–response effect. The results were presented in Fig. 2.
PPs of different doses showed radioprotective effect. 200 mg/kg bwt/d PPs showed the best
radioprotective effect.

PPs protect the hematological parameters in irradiated mice
IR significantly decreased WBC, RBC and platelets counts in mice in comparison to
the control group (Table 1), from 3.53± 0.323× 109/L, 9.88± 0.866× 1012/L and
511.6±40.41×109/L to 0.61±0.052×109 (P < 0.05), 6.40±0.463×1012 (P < 0.05)
and 61.7±5.92×109 (P < 0.05) respectively; PPs reduced the loss of WBC, RBC and
platelets counts compared to the IR group. PPs alone had no significant influence onWBC,
RBC and platelets counts. But platelets counts in PPs group were lower than the control
group (not significant). Therefore, PPs have an antagonistic effect on radiation-induced
peripheral blood damage.
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Figure 1 Antioxidant activities of PPs from Pinus koraiensis. (A) DPPH free radical scavenging activ-
ity; (B) superoxide anion radical scavenging activity; (C) hydroxyl radical scavenging activity; (D) reduc-
ing power assay. Each value represents mean± SD (repeat three times).

Table 1 WBC, RBC and platelets counts, spleen index and spleen lymphocyte transformation in mice.

Groups WBC (109/L) RBC (1012/L) Platelets (109/L) Spleen index Transformation (%)

Control 3.53± 0.323 9.88± 0.866 511.6± 40.41 2.89± 0.352 30.59± 4.112
PPs 3.64± 0.244 9.91± 0.927 471.7± 31.53 3.02± 0.374 27.52± 3.523
IR 0.61± 0.052* 6.40± 0.463* 61.7± 5.92* 1.31± 0.131* 8.33± 1.123*

PPs+ IR 1.03± 0.083* 9.10± 0.832** 370.9± 33.86*,** 1.92± 0.283* 23.89± 2.031**

Notes.
PPs of 200 mg/kg bwt/d were given by oral administration for 14 consecutive days prior to irradiation (7 Gy). Each group was
of ten animals except spleen lymphocyte transformation (n= 4), and every group experiments were duplicate.
*P < 0.05 vs control.
**P < 0.05 vs IR.
n is number of mice.

PPs show the immunomodulatory effect in irradiated mice
The immunomodulatory effect in irradiated mice was assayed by spleen index and spleen
lymphocyte transformation. Irradiation significantly decreased spleen index and spleen
lymphocyte transformation from 2.89 ± 0.352 and 30.59 ± 4.112 to 1.31 ± 0.134
(P < 0.05) and 8.33 ± 1.122 (P < 0.05) respectively; PPs increased the spleen index

Li et al. (2016), PeerJ, DOI 10.7717/peerj.1870 7/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.1870


Figure 2 The radioprotective effect of different doses PPs pretreatment on spleen index (n= 6) in mice.
The irradiation dose was 7 Gy. ∗P < 0.05 vs Control, #P < 0.05 vs IR. n is number of mice.

and spleen lymphocyte transformation compared to the IR group (Table 1). Here,
PPs strengthened the spleen lymphocyte transformation proliferation. Thus, PPs show
immunomodulatory effects in irradiated mice.

PPs inhibit the lipid peroxidation in irradiated mice
Malondialdehydes (MDA) are biomarkers of lipid peroxidation. Irradiation significantly
increased the level of MDA in plasma, liver and spleen; PPs pretreatment significantly
reduced the level of radiation-induced MDA (Fig. 3). Thus, lipid peroxidation increases
after irradiation whereas PPs ameliorate the change.

PPs increase the SOD, CAT, GSH-Px activities and the level of GSH in
irradiated mice blood, liver and spleen
SODs comprise a family of metal-containing proteins that catalyze dismutation of
superoxide anion (O2−) to form H2O2 and O2. CATs are heme-containing enzymes
that convert H2O2 into H2O and O2. GSH-Px inactivates peroxides by using GSH as
a source of reducing equivalents. GSH is the most abundant intracellular antioxidant
which prevents protein thiol groups from oxidation, either by directly reacting with
reactive species or indirectly through GSH-Px. Irradiation significantly decreased SOD,
CAT, GSH-Px activities and the level of GSH in plasma, liver and spleen; PPs pretreatment
interdictted radiation-induced loss of SOD, CAT, GSH-Px activities and the level of GSH
(Fig. 4). Thus, PPs prevent radiation-induced redox imbalance by protecting the SOD,
CAT, GSH-Px activities and the level of GSH.
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Figure 3 The effect of PPs (200 mg/kg bwt/d) pretreatment on the levels of MDA on plasma (n = 10),
liver (n= 10) and spleen (n= 6) in mice. The irradiation dose was 7 Gy. ∗ P < 0.05 vs Control, # P < 0.05
vs IR. n is number of mice.

PPs weaken the spleen injury in morphology in irradiated mice
The splenic morphology was characterized by hematoxylin and eosin staining. The results
were shown in Fig. 5. The spleen is made of red pulp and white pulp. Red pulp contains
T lymphocytes, and white pulp contains B lymphocytes. Lymphocytes belong to the
radiation sensitive cells. Radiation exposure significantly reduced the cellularity of white
pulp, decreased the width and the density of the layer of lymphocytes, and reduced the
cellularity of red pulp and accompanied by tissue congestion. Compared with IR group,
PPs pretreatment before IR caused lower damage in the cellularity of white pulp and red
pulp. Thus, PPs prevent radiation-induced spleenmorphologic injury by protecting splenic
lymphocytes.

PPs regulate the expression level of apoptosis-related proteins in
irradiated mice spleens
A western blot analysis of specific apoptosis-related proteins was carried out to
determine whether PPs had any effect on their expression levels. Irradiation increased
the expression of Bax, cytochrome c and caspase-3 proteins accompanying a decrease in
the expression of Bcl-2 protein. PPs restrained irradiation induced expression increase of
Bax (Figs. 6A and 6C), cytochrome c (Figs. 6A and 6E) and caspase-3 (Figs. 6A and 6F)
proteins substantially and promoted the expression of Bcl-2 (Figs. 6A and 6B) protein,
thus decreased the ratio of Bax/Bcl-2 (Figs. 6A and 6D), from 4.76 to 2.70 times higher
than those of the control group. PPs alone treatment did not significantly affect expression
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Figure 4 The effect of PPs (200 mg/kg bwt/d) pretreatment on the levels of enzymatic and non-
enzymatic antioxidants on plasma (n= 10), liver (n= 10) and spleen (n= 6) in mice. The irradiation dose
was 7 Gy. (A) SOD; (B) CAT; (C) GSH-Px; (D) GSH. ∗ P < 0.05 vs Control, # P < 0.05 vs IR. n is number
of mice.

level of apoptosis-related proteins. These findings suggest that PPs presumably prevent
radiation-induced mitochondria-dependent apoptosis pathways.

DISCUSSION
The main aim to find a suitable radio-protectant from phytochemicals is that it should
ameliorate themice peripheral blood, liver and spleen injuries after radiation exposure. The
liver is the main metabolism and detoxification organ, the spleen is a center of activity of
the mononuclear phagocyte system and blood can effectively reflect the body’s metabolism
and health. Therefore the peripheral blood, the liver and the spleen were chosen to evaluate
the efficacy of the radiation protection of PPs.

The antioxidant analysis found that PPs have strong antioxidant activities and
efficiently scavenged the free radicals such as superoxide anion, hydroxyl radical and
DPPH radical in a dose-dependent manner. Superoxide anion and hydroxyl radical
belongs to the active oxygen free radicals, which can be formed by IR. Flavonoids,
including epicatechin, rutin, catechin, epigallocatechin, quercetin, etc, can scavenge
superoxide anions and hydroxyl radical (Hort et al., 2008). Pine (Pinus pinaster and
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Figure 5 Photomicrographs of spleen sections stained with hematoxylin and eosin staining. PPs were
given at a dose of 200 mg/kg body weight daily for 14 consecutive days prior to irradiation (7 Gy). Spleen
histology: magnification: 10×. (A) Spleens of mice with the Control are comprised of both red (RP) and
white pulps (WP). (B) Spleens in mice with PPs. (C) Spleens in mice with IR. (D) Spleens of mice in mice
with PPs+ IR.

Pinus radiate) bark fractions showed antioxidant activity (Touriño et al., 2005; Jerez
et al., 2011). The water soluble extracts of Korean black pine (Pinus thunbergiana),
catechin, epicatechin, quercetin and ferulic acid as active compounds, showed the
radical scavenging activities of DPPH and reductive potential of ferric ion (Shen et
al., 2010). A wide range of antioxidant phytochemicals, including flavonoids, and
polyphenols, are antioxidants that are radioprotective in experimental systems.

The RBCs carry oxygen from the respiratory organs to the rest of the body (Epstein
& Hsia, 1998). WBCs are the cells of the immune system and are produced and derived
from bone marrow a hematopoietic stem cell. Platelets are fragments of cytoplasm which
are derived from the megakaryocytes of the bone marrow (Machlus, Thon & Italiano,
2014). IR causes bone marrow suppression, which suppress the hematopoietic stem and
progenitor cells proliferation and differentiation (Wang et al., 2006; Meng et al., 2003).
The rapidly dividing cells of the blood system, especially leukocytes and erythrocytes,
and the immune organs and immune cells are highly sensitive to IR (Widel et al., 2003;
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Figure 6 PPs (200 mg/kg bwt/d) inhibits the expression levels of Bax, cytochrome c and caspase-3 in-
duced by irradiation (7 Gy) and inceases the expression levels of Bcl-2 in spleen (n = 6). (A) The ex-
pression of Bcl-2, Bax, cytochrome c and caspase-3 in spleen by Western blotting. (B) The expression
level of Bcl-2. (C) The expression level of Bax. (D) The ratio of Bax/Bcl-2. (E) The expression level of cy-
tochrome c. (F) The expression level of caspase-3. ∗P < 0.05 vs Control, #P < 0.05 vs IR. n is number of
mice.

Yang et al., 2012). Radiation significantly decreased peripheral blood WBC, platelet and
RBC counts (Jiang et al., 2015; Suryavanshi et al., 2015). The PPs pretreatment significantly
decreased radiation-induced damage in RBC, WBC and platelet counts. Previously reports
have shown that tea polyphenols rich in catechins were given oral administration at 50
and 100 mg/kg body weight and had a radioprotective effect on the hematopoietic system
of radiation-induced damage in mice (Hu et al., 2011). RBCs, WBCs, and platelets all
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come from bone marrow hematopoietic system, which showed that PPs may protect bone
marrow hematopoietic system against radiation-induced damage.

The immune system is one of the most important defense mechanisms against IR
(Zhao et al., 2014). The damage degree of normal tissue in radiation is dependent on the
dose, tissue sensitivity, repair capacity, and prevailing endogenous antioxidant defenses.
Spleen tissue is one of the most seriously damaged organs by radiation, which may be
because spleen tissue contains a high proportion of lymphocytes. The spleen synthesizes
antibodies in its white pulp and contains half of the body’s monocytes within the red pulp
(Swirski et al., 2009). Radiation severely damaged the spleen lymphocytes and reduced the
size and weight of spleen (Koo et al., 2013). Eckol significantly decreased the mortality
of lethally irradiated mice by an improvement in hematopoietic recovery, the repair of
damaged DNA in immune cells and an enhancement of their proliferation (Park et al.,
2008). The PPs pretreatment significantly decreased radiation-induced damage in spleen
index and spleen lymphocytes transformation. The IR group revealed an enlarged fused
white pulp with increased sinusoidal spaces; the matrix was completely destroyed when
compared to the control group. Pretreatment with PPs prevented the radiation-induced
spleen damage. So PPs, like as other polyphenols, prevented radiation-induced injury by
immunomodulatory effects.

IR passing through living tissues generates excessive ROS, which causes lipid
peroxidation, damages redox homeostasis within cells and living tissues, generates MDA,
and decreases the levels of enzymatic and non-enzymatic antioxidants (Sagar, 2005;Rodeiro,
Delgado & Garrido, 2014; Kumar et al., 2015). IR inhibited the expression of SOD1, SOD2,
CAT, and GPX1 mRNA in hematopoietic stem cells and the enzyme activity of SOD, CAT,
and GPX1 in bone marrow cells (Xu et al., 2015). Under normal physiological conditions,
the levels of enzymatic (SOD, CAT, GSH-Px) and non-enzymatic (GSH) antioxidants
could prevent or limit oxidative damages. Here, the pretreatment with PPs reduced the
levels of MDA and restored the SOD, CAT, GSH-Px activities and the level of GSH induced
by radiation. These restored SOD, CAT, GSH-Px and GSH additionally play an essential
role to fight ROS induced by IR. The decrease in the activities of SOD, CAT and GSH-Px
in irradiated mice is due to the inhibition or oxidative inactivation of enzyme caused by
ROS generation, which in turn can impair the antioxidant defense mechanism (Jagetia &
Reddy, 2005). The depletion of GSH in mice is known to inhibit GSH-Px activity and has
been shown to increase lipid peroxidation (Nair, Parida & Nomura, 2001). Acorus calamus
extract (250 mg/kg body weight), rich in polyphenols, significantly increased the enzyme
activity of the antioxidant defense system, especially SOD, CAT and GPx and the level
of GSH and decreased the formation of MDA (Sandeep & Nair, 2012). PPs reduced the
radiation-induced redox imbalance and lipid peroxidation in plasma, spleen and liver
tissue, and partly restored redox balance. Many studies have found that the protection
of redox balance in cells and tissues is one of the important mechanisms of polyphenol
in anti-radiation and anti-oxidative stress (Yagi, Tan & Tuan, 2013; Ghosh, Dey & Saha,
2014; Srinivasan et al., 2006).

Apoptosis represents a universal and exquisitely efficient suicide pathway. Radiation
caused apoptosis in blood lymphocytes and splenocytes (Zhu et al., 2014). Here, IR induced
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in a mitochondria-dependent cell death in splenocytes (Park et al., 2011). Furthermore,
PPs pretreatment before IR to mice decreased in the expression levels of Bax and increased
in the expression levels of Bcl-2, thus reducing the Bax/Bcl-2 ratio, which favors survival.
Decrease in Bax/Bcl-2 ratio as antiapoptotic signal, reduced the release of cytochrome c from
mitochondria into cytoplasm, which further lowered the cleavage of pro-caspase 3 to its
activated form caspase-3 (Park et al., 2015). EGCG pretreatment suppressed apoptosis and
enhanced the Bcl-2/Bax ratio, which is consistent with its protective role for mitochondria
(Bing et al., 2013), and the result is similar to ours. These results showed that PPs inhibited
mitochondria-dependent apoptosis pathways induced by IR in splenocytes.

PPs reduced the ionizing radiation-induced the peripheral blood, the liver and the
spleen damages in many aspects in ICR mice. However, PPs alone preatment did
not produce significant side effects compared to the control group. The main active
ingredients of PPs are catechin-3-O-glucose, catechin, epicatechin, massonianoside B,
cedrusin, catechin-3-O-rutinoside, massonianoside C, etc. Packer, Rimach & Virgili (1999)
reported that Pycnogenol displays greater biologic effects as a mixture than its purified
components do individually, indicating that the components interact synergistically.
It is previously reported that catechin and epicatechin ameliorate ionizing radiation-
induced oxidative stress and injury in vivo and in vitro (Hu et al., 2011; Sinha et al., 2012).

Polyphenols has been involved in a reduced risk of a number of chronic diseases,
including cancer, cardiovascular disease and neurodegenerative disorders (Vauzour et al.,
2010). Humans consumed 500–1,500 mg of polyphenols per day from foods and beverages,
and any acute or lethal toxicity was not observed (Vogiatzoglou et al., 2014). Concord grape
juice polyphenols reduce cardiovascular risk factors in a dose-dependent manner with
0–1,500 mg/day (Blumberg et al., 2015). Therefore, it is safe and reasonable for humans to
consume 1,500 mg of PPs daily by oral intake.

In conclusion, PPs played a central role in protecting the ICRmice peripheral blood, liver
and spleen tissues from radiation hazards by inhibiting the damage of the hematopoietic
and immune systems and the antioxidant defense system, and attenuating the redox
imbalance and inhibiting mitochondria-dependent apoptosis pathways. Therefore, the
current study has revealed that PPs are promising radioprotective reagents.

Abbreviations

PPs Pine Polyphenols
SOD Superoxide Dismutase
GSH Reduced Glutathione
CAT Catalase
MDA Malondialdehyde
GSH-Px Glutathione Peroxidases
BSA Bovine Serum Albumin
FBS Fetal Bovine Serum
MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
ROS Reactive Oxygen Species
IR Ionizing Radiations

Li et al. (2016), PeerJ, DOI 10.7717/peerj.1870 14/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.1870


RBC Red Blood Cell
WBC White Blood Cell
LPS Lipopolysaccharide
ICR Institute of Cancer Research

ACKNOWLEDGEMENTS
We would like to thank Dr. Yan Diao, Haina Bai, Keli Yun and Junqiang Qiu for the help
with animal experiment material collection.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
Financial support was provided by the National Natural Science Foundation of China (NO.
31170510) and the National Natural Science Foundation of China (NO. 81160445). The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 31170510, 81160445.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Hui Li conceived and designed the experiments, performed the experiments, analyzed
the data, contributed reagents/materials/analysis tools, wrote the paper, prepared figures
and/or tables, reviewed drafts of the paper.
• Zhenyu Wang conceived and designed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, reviewed drafts of the paper.
• Yier Xu analyzed the data, contributed reagents/materials/analysis tools, reviewed drafts
of the paper.
• Guicai Sun reviewed drafts of the paper.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The experimental protocols were approved by Heilongjiang University of Chinese
Medicine (SCXK Hei 2008004). All efforts were made to minimize animal suffering.

Data Availability
The following information was supplied regarding data availability:

Data is uploaded as Supplemental Information.

Li et al. (2016), PeerJ, DOI 10.7717/peerj.1870 15/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.1870/supplemental-information
http://dx.doi.org/10.7717/peerj.1870


Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.1870#supplemental-information.

REFERENCES
Arora R. 2008.Herbal radiomodulators: applications in medicine, homeland defence and

space. Wallingforrd: CABI Publishing, 175–194.
Bao SQ, Cao YL, Fan CL, Fan YX, Bai ST, TengWP. 2014. Epigallocatechin gallate

improves insulin signaling by decreasing toll-like receptor 4 (TLR4) activity in
adipose tissues of high-fat diet rats.Molecular Nutrition & Food Research 58:677–686
DOI 10.1002/mnfr.201300335.

Bing SJ, Ha D, KimMJ, Park E, Ahn G, KimDS, Ko RK, Park JW, Lee NH, Jee Y. 2013.
Geraniin down regulates gamma radiation-induced apoptosis by suppressing DNA
damage. Food and Chemical Toxicology 57:147–153 DOI 10.1016/j.fct.2013.03.022.

Birt DF, Jeffery E. 2013. Flavonoids. Advances Nutrition 4:576–577
DOI 10.3945/an.113.004465.

Biswas AK, Chatli MK, Sahoo J. 2012. Antioxidant potential of curry (Murraya
koenigii L.) and mint (Mentha spicata) leaf extracts and their effect on colour and
oxidative stability of raw ground pork meat during refrigeration storage. Food Chem-
istry 133:467–472.

Blumberg JB, Joseph A, Vita JA, Chen CYO. 2015. Concord grape juice polyphenols and
cardiovascular risk factors: dose–response relationships. Nutrients 7:10032–10052
DOI 10.3390/nu7125519.

Epstein FH, Hsia CCW. 1998. Respiratory function of hemoglobin. New England Journal
of Medicine 338:239–247.

Ghosh D, Dey SK, Saha C. 2014. Antagonistic effects of black tea against gamma
radiation-induced oxidative damage to normal lymphocytes in comparison
with cancerous K562 cells. Radiation and Environmental Biophysics 53:695–704
DOI 10.1007/s00411-014-0551-8.

Guelman LR, Cabana JI, Luján-Pagotto RM, Zieher LM. 2005. Ionizing radiation-
induced damage on developing cerebellar granule cells cultures can be prevented
by an early amifostine post-treatment. International Journal of Developmental
Neuroscience 23:1–7 DOI 10.1016/j.ijdevneu.2004.10.001.

Heber D, Zhang YJ, Yang JP, Ma JE, Henning SM, Li ZP. 2014. Green tea, black
tea, and oolong tea polyphenols reduce visceral fat and inflammation in mice
fed high-fat, high- sucrose obesogenic diets. Journal of Nutrition 6:1385–1393
DOI 10.3945/jn.114.191007.

Hort MA, DalBó S, Brighente IM, Pizzolatti MG, Pedrosa RC, Ribeiro-do-Valle
RM. 2008. Antioxidant and Hepatoprotective Effects of Cyathea phalerataMart.
(Cyatheaceae). Basic & Clinical Pharmacology & Toxicology 103:17–24
DOI 10.1111/j.1742-7843.2008.00214.x.

Li et al. (2016), PeerJ, DOI 10.7717/peerj.1870 16/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.1870#supplemental-information
http://dx.doi.org/10.7717/peerj.1870#supplemental-information
http://dx.doi.org/10.1002/mnfr.201300335
http://dx.doi.org/10.1002/mnfr.201300335
http://dx.doi.org/10.1016/j.fct.2013.03.022
http://dx.doi.org/10.3945/an.113.004465
http://dx.doi.org/10.3390/nu7125519
http://dx.doi.org/10.3390/nu7125519
http://dx.doi.org/10.1007/s00411-014-0551-8
http://dx.doi.org/10.1007/s00411-014-0551-8
http://dx.doi.org/10.1016/j.ijdevneu.2004.10.001
http://dx.doi.org/10.3945/jn.114.191007
http://dx.doi.org/10.3945/jn.114.191007
http://dx.doi.org/10.1111/j.1742-7843.2008.00214.x
http://dx.doi.org/10.7717/peerj.1870


Hsu TY, Sheu SC, Liaw ET,Wang TC, Lin CC. 2005. Anti-oxidant activity and effect of
Pinus morrisonicolaHay. on the survival of leukemia cell line U937. Phytomedicine
12:663–669 DOI 10.1016/j.phymed.2004.03.013.

Hu Y, Guo DH, Liu P, Cao JJ, Wang YP, Yin J, Zhu Y, Rahman K. 2011. Bioactive
components from the tea polyphenols influence on endogenous antioxidant defense
system and modulate inflammatory cytokines after total-body irradiation in mice.
Phytomedicine 18:970–975 DOI 10.1016/j.phymed.2011.02.012.

Ince I, Yesil-Celiktas O, Karabay-Yavasoglu NU, Elgin G. 2009. Effects of Pinus brutia
bark extract and Pycnogenols in a rat model of carrageenan induced inflammation.
Phytomedicine 16:1101–1104 DOI 10.1016/j.phymed.2009.05.004.

Jagetia GC, Reddy TK. 2005.Modulation of radiation-induced alteration in the antioxi-
dant status of mice by naringin. Life Science 77:780–794
DOI 10.1016/j.lfs.2005.01.015.

Jerez M, Deive FJ, Sineiro J, NúñezMJ. 2011. Antioxidant activity of pine bark procyani-
dins in bulk corn oil and corn oil-in-water emulsions. European Journal of Lipid
Science and Technology 113:1402–1411 DOI 10.1002/ejlt.201100199.

Jerez M, Sineiro J, NuñezMJ. 2009. Fractionation of pine bark extracts: selecting
procyanidins. European Food Research and Technology 229:651–659
DOI 10.1007/s00217-009-1096-y.

Jiang X, Chen YJ, Shi L. 2013. Optimization of flavonoids extraction from Bombyx
batryticatus using response surface methodology and evaluation of their antioxidant
and anticancer activities in vitro. Food Science and Biotechnology 22:1707–1715
DOI 10.1007/s10068-013-0270-y.

Jiang SQ, Shen XR, Liu YM, He Y, Jiang DW, ChenW. 2015. Radioprotective effects
of Sipunculus n,udus L. polysaccharide combined with WR-2721, rhIL-11 and
rhG-CSF on radiation-injured mice. Journal of Radiation Research 56:515–522
DOI 10.1093/jrr/rrv009.

KooHJ, Jang SA, Yang KH, Kang SC, Namkoong S, Kim TH, Hang DTT, Sohn EH.
2013. Effects of red ginseng on the regulation of cyclooxygenase-2 of spleen cells
in whole-body gamma irradiated mice. Food and Chemical Toxicology 62:839–846
DOI 10.1016/j.fct.2013.10.009.

Kumar A, Selvan TG, Tripathi AM, Choudhary S, Khan S, Adhikari JS, Chaudhury
NK. 2015. Sesamol attenuates genotoxicity in bone marrow cells of whole-body
γ -irradiated mice.Mutagenesis 30:651–661 DOI 10.1093/mutage/gev026.

Kyriazi M, Yova D, Rallis M, Lima A. 2006. Cancer chemopreventive effects of Pinus
Maritima bark extract on ultraviolet radiation and ultraviolet radiation-7, 12,
dimethylbenz(a)anthracene induced skin carcinogenesis of hairless mice. Cancer
Letter 237:234–241 DOI 10.1016/j.canlet.2005.06.005.

Li H,Wang ZY. 2015. Enrichment and purification of polyphenols in pine cone extracts
of Pinus koraiensis Sieb. et Zucc. using a novel multi-channel parallel-serial chro-
matographic system packed with macroporous resin. RSC Advances 5:30711–30718
DOI 10.1039/C5RA02923F.

Li et al. (2016), PeerJ, DOI 10.7717/peerj.1870 17/20

https://peerj.com
http://dx.doi.org/10.1016/j.phymed.2004.03.013
http://dx.doi.org/10.1016/j.phymed.2011.02.012
http://dx.doi.org/10.1016/j.phymed.2009.05.004
http://dx.doi.org/10.1016/j.lfs.2005.01.015
http://dx.doi.org/10.1002/ejlt.201100199
http://dx.doi.org/10.1007/s00217-009-1096-y
http://dx.doi.org/10.1007/s10068-013-0270-y
http://dx.doi.org/10.1007/s10068-013-0270-y
http://dx.doi.org/10.1093/jrr/rrv009
http://dx.doi.org/10.1093/jrr/rrv009
http://dx.doi.org/10.1016/j.fct.2013.10.009
http://dx.doi.org/10.1016/j.fct.2013.10.009
http://dx.doi.org/10.1093/mutage/gev026
http://dx.doi.org/10.1016/j.canlet.2005.06.005
http://dx.doi.org/10.1039/C5RA02923F
http://dx.doi.org/10.1039/C5RA02923F
http://dx.doi.org/10.7717/peerj.1870


Machlus KR, Thon JN, Italiano JE. 2014. Interpreting the developmental dance of the
megakaryocyte: a review of the cellular and molecular processes mediating platelet
formation. British Journal of Haematology 165:227–236 DOI 10.1111/bjh.12758.

Meng A,Wang Y, VanZant G, Zhou D. 2003. Ionizing radiation and busulfan induce
premature senescence inmurine bone marrow hematopoietic cells. Cancer Research
63:5414–5419.

Nair CK, Parida DK, Nomura T. 2001. Radioprotectors in radiotherapy. Journal of
Radiation Research 42:21–37 DOI 10.1269/jrr.42.21.

Oršolić N, Bašić I. 2005. Antitumor, hematostimulative and radioprotective action
of water-soluble derivative of propolis (WSDP). Biomedicine & Pharmacotherapy
59:561–570 DOI 10.1016/j.biopha.2005.03.013.

Packer L, Rimach G, Virgili F. 1999. Antioxidant activity and biologic properties of a
procyanidin-rich extract from pine (Pinus Maritma) bark, pycnogenol. Free Radical
Biology and Medicine 27:704–724 DOI 10.1016/S0891-5849(99)00090-8.

Park E, Ahn G, Lee NH, Kim JM, Yun JS, Hyun JW. 2008. Radioprotective properties
of eckol against ionizing radiation in mice. FEBS Letter 582:925–930
DOI 10.1016/j.febslet.2008.02.031.

Park S, Ahn G, Lee NH, Park JW, Jeon Y, Jee Y. 2011. Phloroglucinol (PG) purified
from Ecklonia cava attenuates radiation-induced apoptosis in blood lymphocytes and
splenocytes. Food and Chemical Toxicology 49:2236–2242
DOI 10.1016/j.fct.2011.06.021.

Park J, Loh SH, Cho E, Choi H, Na T, Nemeno JGE, Lee JI, Yoon TJ, Choi I, Lee
M, Lee J, Kang Y. 2015. SIGN-R1 and complement factors are involved in the
systemic clearance of radiation-induced apoptotic cells in whole-body irradiated
mice. Biochemical and Biophysical Research Communications 463:1064–1070
DOI 10.1016/j.bbrc.2015.06.059.

Rodeiro I, Delgado R, Garrido G. 2014. Effects of aMangifera indica L. stem bark extract
and mangiferin on radiation-induced DNA damage in human lymphocytes and
lymphoblastoid cells. Cell Proliferation 47:48–55 DOI 10.1111/cpr.12078.

Sagar SM. 2005. Should patients take or avoid antioxidant supplements during
anticancer therapy? An evidence-based review. Current Oncology 12:44–54.

Sandeep D, Nair CK. 2012. Protection from lethal and sub-lethal whole body exposures
of mice to γ -radiation by Acorus calamus L.: studies on tissue antioxidant status
and cellular DNA damage. Experimental and Toxicologic Pathology 64:57–64
DOI 10.1016/j.etp.2010.06.006.

Seo ON, KimG, Park S, Lee JH, Kim Y, LeeWS. 2012. Determination of polyphenol
components of Lonicera japonica Thunb. using liquid chromatography–tandem
mass spectrometry: contribution to the overall antioxidant activity. Food Chemistry
134:572–577 DOI 10.1016/j.foodchem.2012.02.124.

Shen CZ, Jun HY, Choi SH, Kim YM, Jung EJ, Oh GS. 2010. Evaluation of antiox-
idant activities and active compounds separated from water soluble extracts of
Korean Black Pine Barks. Bulletin of the Korean Chemical Society 31:3567–3572
DOI 10.5012/bkcs.2010.31.12.3567.

Li et al. (2016), PeerJ, DOI 10.7717/peerj.1870 18/20

https://peerj.com
http://dx.doi.org/10.1111/bjh.12758
http://dx.doi.org/10.1269/jrr.42.21
http://dx.doi.org/10.1016/j.biopha.2005.03.013
http://dx.doi.org/10.1016/S0891-5849(99)00090-8
http://dx.doi.org/10.1016/j.febslet.2008.02.031
http://dx.doi.org/10.1016/j.fct.2011.06.021
http://dx.doi.org/10.1016/j.bbrc.2015.06.059
http://dx.doi.org/10.1016/j.bbrc.2015.06.059
http://dx.doi.org/10.1111/cpr.12078
http://dx.doi.org/10.1016/j.etp.2010.06.006
http://dx.doi.org/10.1016/j.etp.2010.06.006
http://dx.doi.org/10.1016/j.foodchem.2012.02.124
http://dx.doi.org/10.5012/bkcs.2010.31.12.3567
http://dx.doi.org/10.5012/bkcs.2010.31.12.3567
http://dx.doi.org/10.7717/peerj.1870


SinhaM, Kr Das D, Manna K, Datta S, Ray T, Sil AK. 2012. Epicatechin ameliorates
ionising radiation-induced oxidative stress in mouse liver. Free Radical Research
46:842–849 DOI 10.3109/10715762.2012.684245.

SonMJ, MinakawaM,Miura Y, Yagasaki K. 2013. Aspalathin improves hyperglycemia
and glucose intolerance in obese diabetic ob/ob mice. European Journal of Nutrition
52:1607–1619 DOI 10.1007/s00394-012-0466-6.

SrinivasanM, Rajendra N, Prasad V, Menon P. 2006. Protective effect of curcumin
on γ -radiation induced DNA damage and lipid peroxidation in cultured human
lymphocytes.Mutation Research 611:96–103 DOI 10.1016/j.mrgentox.2006.07.002.

Stone HB, Coleman CN, Anscher MS, McBrideWH. 2003. Effects of radiation on
normal tissue: consequences and mechanisms. Lancet Oncology 4:529–536.

Suryavanshi S, Sharma D, Checker R, ThohM, Gota V, Sandur SK, Sainis KB. 2015.
Amelioration of radiation-induced hematopoietic syndrome by an antioxidant
chlorophyllin through increased stem cell activity and modulation of hematopoiesis.
Free Radical Biology and Medicine 85:56–70
DOI 10.1016/j.freeradbiomed.2015.04.007.

Swirski FK, Nahrendorf M, Etzrodt M,Wildgruber M, Cortez-Retamozo V, Panizzi
P, Figueiredo JL, Kohler RH, Chudnovskiy A,Waterman P, Aikawa E, Mempel
TR, Libby P,Weissleder R, Pittet MJ. 2009. Identification of splenic reservoir
monocytes and their deployment to inflammatory sites. Science 325:612–616
DOI 10.1126/science.1175202.

Touriño S, Selga A, Jimeänez A, Juliaä L, Lozano C, Lizaärraga D. 2005. Procyanidin
fractions from pine (Pinus pinaster) Bark: radical scavenging power in solution,
antioxidant activity in emulsion, and antiproliferative effect in melanoma cells.
Journal of Agricultural and Food Chemistry 53:4728–4735 DOI 10.1021/jf050262q.

Ugartondo V, Mitjans M, Touriño S, Torres JL, Vinardell MP. 2007. Comparative
antioxidant and cytotoxic effect of procyanidin fractions from grape and pine.
Chemical Research in Toxicology 20:1543–1548 DOI 10.1021/tx700253y.

Vauzour D, Rodriguez-Mateos A, Corona G, Oruna-ConchaMJ, Spencer JPE. 2010.
Polyphenols and human health: prevention of disease and mechanisms of action.
Nutrients 2:1106–1131 DOI 10.3390/nu2111106.

Vogiatzoglou A, Mulligan AA, Luben RN, Lentjes MAH, Heiss C, KelmM. 2014.
Assessment of the dietary intake of total flavan-3-ols, monomeric flavan-3-ols,
proanthocyanidins and theaflavins in the European Union. British Journal of
Nutrition 11:1463–1473 DOI 10.1017/S0007114513003930.

Wang Y, Schulte BA, LaRue AC, OgawaM, Zhou D. 2006. Total body irradiation
selectively induces murine hematopoietic stem cell senescence. Blood 107:358–366
DOI 10.1182/blood-2005-04-1418.

Widel M, Jedrus S, Lukaszczyk B, Raczek-Zwierzycka K, Swierniak A. 2003. Radiation-
induced micronucleus frequency in peripheral blood lymphocytes is correlated with
normal tissue damage in patients with cervical carcinoma undergoing radiotherapy.
Radiation Research 159:713–721
DOI 10.1667/0033-7587(2003)159[0713:RMFIPB]2.0.CO;2.

Li et al. (2016), PeerJ, DOI 10.7717/peerj.1870 19/20

https://peerj.com
http://dx.doi.org/10.3109/10715762.2012.684245
http://dx.doi.org/10.1007/s00394-012-0466-6
http://dx.doi.org/10.1016/j.mrgentox.2006.07.002
http://dx.doi.org/10.1016/j.freeradbiomed.2015.04.007
http://dx.doi.org/10.1126/science.1175202
http://dx.doi.org/10.1126/science.1175202
http://dx.doi.org/10.1021/jf050262q
http://dx.doi.org/10.1021/tx700253y
http://dx.doi.org/10.3390/nu2111106
http://dx.doi.org/10.1017/S0007114513003930
http://dx.doi.org/10.1182/blood-2005-04-1418
http://dx.doi.org/10.1182/blood-2005-04-1418
http://dx.doi.org/10.1667/0033-7587(2003)159[0713:RMFIPB]2.0.CO;2
http://dx.doi.org/10.7717/peerj.1870


Xia X, Cao JG, Zheng YX,Wang QX, Xiao JB. 2014. Flavonoid concentrations and
bioactivity of flavonoid extracts from 19 species of ferns from China. Industrial Crops
and Products 58:91–98 DOI 10.1016/j.indcrop.2014.04.005.

Xu GS,WuHY, Zhang JL, Li DG,Wang YY,Wang YY, Zhang H, Lu L, Li CC, Huang S,
Xing YH, Zhou DH,Meng AM. 2015.Metformin ameliorates ionizing irradiation-
induced long-term hematopoietic stem cell injury in mice. Free Radical Biology and
Medicine 87:15–25 DOI 10.1016/j.freeradbiomed.2015.05.045.

Yagi H, Tan J, Tuan RS. 2013. Polyphenols suppress hydrogen peroxide-induced
oxidative stress in human bone-marrow derived mesenchymal stem cells. Journal
of Cellular Biochemistry 114:1163–1173 DOI 10.1002/jcb.24459.

Yang Y, Li B, Liu C, Chuai Y, Lei J, Gao F. 2012.Hydrogen-rich saline protects immuno-
cytes from radiation-induced apoptosis.Medical Science Monitor 18:BR144–BR148.

Zhao SH, Yang YY, LiuW, Xua ZQ,Wu SM, Yu SF. 2014. Protective effect of hydrogen-
rich saline against radiation-induced immune dysfunction. Journal of Cellular and
Molecular Medicine 18:938–946 DOI 10.1111/jcmm.12245.

ZhuW, Xu J, Ge YY, Cao H, Ge XD, Luo JD, Xue J, Yang HY, Zhang SY, Cao JP. 2014.
Epigallocatechin-3-gallate (EGCG) protects skin cells from ionizing radiation
via heme oxygenase-1 (HO-1) overexpression. Journal of Radiation Research
55:1056–1065 DOI 10.1093/jrr/rru047.

Zibadi S, Rohdewald PJ, Park D,Watson RR. 2008. Reduction of cardiovascular risk
factors in subjects with type 2 diabetes by Pycnogenol supplementation. Nutrition
Research 28:315–320 DOI 10.1016/j.nutres.2008.03.003.

Li et al. (2016), PeerJ, DOI 10.7717/peerj.1870 20/20

https://peerj.com
http://dx.doi.org/10.1016/j.indcrop.2014.04.005
http://dx.doi.org/10.1016/j.freeradbiomed.2015.05.045
http://dx.doi.org/10.1002/jcb.24459
http://dx.doi.org/10.1111/jcmm.12245
http://dx.doi.org/10.1093/jrr/rru047
http://dx.doi.org/10.1016/j.nutres.2008.03.003
http://dx.doi.org/10.7717/peerj.1870

