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Introduction

Radiotherapy is a general application to treat cancers after surgery.

However, the amounts of irradiation that can be used to treat

malignant tumors are often limited because of cytotoxicity to normal

tissues and organs (1). In some cases, therapeutic irradiation induces

irrecoverable damages to intact tissues and leads to radionecrotic

injuries (2,3).

Many investigators have attempted to understand the mechanisms

involved in irradiation-mediated cellular damages. It has been

demonstrated that exposing cells to ionizing radiation induces

oxidative stress via excessive generation of reactive oxygen species

(ROS) (1). Irradiation itself interacts with other atoms or molecules

within cells, particularly water, and then produces ROS that directly

cause oxidative damage to cells and tissues (4,5). Moreover,

exposure to total body irradiation causes a dysfunction in bone

marrow (BM)-derived hematopoietic stem cells (HSCs), in which the

capacities of HSCs to self-renew and repopulate are reduced (6,7).

These impairments of HSCs are considered to be related to an

increase in ROS production and senescence rather than a direct

induction of apoptotic cell death (8,9). Accordingly, it is suggested

that total body irradiation causes residual BM damages by inducing

senescence of HSCs with increased ROS generation.

Naturally occurring phenolic compounds have been shown to

protect cells against radiation-induced damages (10). Specifically,

hydroxycinnamates are a class of major phenolic compounds present

in the plant kingdom and exert various biological, pharmacological,

and medicinal abilities (11). For example, caffeic acid, which is found

mostly in coffee, some fruits, and wines, shows anti-oxidative (12),

anti-inflammatory (13), and cancer chemopreventive activities (14).

Ferulic acid also exhibits a strong potential to scavenge free radicals

as well as to protect irradiation-mediated DNA and cellular damages

(15,16). In addition, ferulic acid ameliorates radiation-induced

inflammation with great bioavailability and low toxicity in a murine

model (17). Furthermore, p-coumaric acid is a common dietary

compound that is able to suppress inflammatory responses in vitro

and in vivo (18). All these findings indicate that dietary hydroxy-

cinnamates such as caffeic acid, p-coumaric acid, and ferulic acid

might act as a radioprotector because of their anti-oxidant and anti-

inflammatory potentials.
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Abstract Dietary hydroxycinnamates are considered as attractive materials for radioprotection. This

study explores whether hydroxycinnamates protect against γ-radiation-induced cellular damages and

hematopoietic stem cell senescence. C57BL/6 mice were orally administered with each of caffeic acid,

p-coumaric acid, and ferulic acid (20 mg/kg body weight) once per three days for five times before

exposure to total body radiation (5 Gy). Irradiation increased the activities of alanine amino transaminase

and aspartate aminotransferase in blood serum but decreased the anti-oxidant defense enzyme

activities in the liver and spleen tissues. Oral administration of the compounds almost completely

prevented irradiation-mediated changes in these enzyme activities. The hydroxycinnamates also

inhibited the irradiation-mediated increases in the mitochondrial superoxide anions of Lin−Sca-1+c-Kit+

(LSK) cells and CD150+CD48− LSK cells in the bone marrow. These results suggest that dietary

hydroxycinnamates protect against irradiation-mediated oxidative damages of tissues and bone

marrow progenitor cells.

Keywords: total body irradiation, reactive oxygen species, bone marrow, radioprotection, phenolic

compounds
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This study explores whether these phenolic compounds protect

against total-body-irradiation-induced oxidative damages and HSC

senescence using an experimental model of an animal. To this

purpose, we orally administered C57BL/6 mice with caffeic acid,

ferulic acid, and p-coumaric acid prior to total body irradiation at a

sub-lethal dose and then analyzed various biochemical and cellular

parameters in the liver, spleen, blood serum, and BM.

Materials and Methods

Chemicals and laboratory wares Primary anti-bodies for the

nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (sc-722) and β-actin

(sc-47778) were purchased from Santa Cruz Biotechnology (Santa

Cruz, CA, USA). Phenolic acid compounds such as caffeic acid, p-

coumaric acid, and ferulic acid were obtained from Sigma-Aldrich (St.

Louis, MO, USA). Unless otherwise specified, all other chemicals and

laboratory items were purchased from Sigma-Aldrich and Falcon

Labware (Becton-Dickinson, Franklin Lakes, NJ, USA), respectively.

Animals Male C57BL/6 mice (six weeks old) were supplied by

Orient Bio (Daejeon, Korea) and assigned randomly into five groups

(n=10/group): control, irradiation, and three experimental groups.

The mean body weights among the groups did not differ. Mice were

housed under the general conditions: 22±1oC, 55±5% humidity, and

12-h light/dark auto-cycling during the experimental periods. All

animal care and guidelines for use were strictly followed as per the

recommendations from the Chonbuk National University Committee

on Ethics in the Care and Use of Laboratory Animals (Approval

number: CBU 2014-00055).

Phenolic acid treatment and total body irradiation Phenolic

compounds were dissolved in 99% ethanol and mixed with distilled

water prior to use. The final concentration of ethanol administered

did not exceed 0.5%. Three experimental groups of mice were

administered orally with 200 μL of solutions containing caffeic acid,

ferulic acid, and coumaric acid at the final concentration of 20 mg/kg

body weight once per three days for five times. The control and

irradiation groups received only 200 μL of the solutions without

phenolic compounds at the same times throughout the experiment.

One day after the last administration, the irradiation and experimental

groups were exposed to 5 Gy total body irradiation at a rate of 0.5

Gy/min using a soft M-150 WE (Softex, Tokyo, Japan) 60Co source.

Mice (n=5/group) were anesthetized with halothane two days after

irradiation, and then the body and organ weights, anti-oxidant

enzyme activity, and anti-oxidant-sensitive gene expression were

determined. A part of the animal group (n=5/group) was sacrificed

two months after the irradiation via CO2 asphyxiation; then, the

mitochondrial ROS levels in Lineage−Sca-1+c-Kit+ (LSK) and CD150+

CD48−LSK (SLAM LSK) cells in the BM were measured. In the LSK

cells, lacking mature lineage cells characterized by lineage markers

were made up of a heterogeneous mix of multipotent/committed

progenitors and more primitive stem cell populations isolated using

SLAM family markers, i.e., CD150+CD48−LSK cells. Therefore, LSK cells

are characterized by short-term repopulating capacity, whereas,

SLAM LSK cells are referred to as HSCs with long-term repopulating

and self-renewal potentials.

Preparation of blood and tissue samples After two days of

irradiation, the peripheral blood of mice were isolated from the vena

cava and collected into serum separation tubes (BD Bioscience, San

Jose, CA, USA). Blood samples were kept at room temperature for 20

min and then centrifuged at 10,000×g for 10 min to obtain blood

serum. The serum samples were used to determine the enzyme

activities specific to alanine amino transaminase (ALT) and aspartate

aminotransferase (AST). Liver and spleen tissues were obtained from

mice after collecting peripheral blood. The tissue samples were

stored at 80oC prior to the analyses of the biochemical parameters.

The tissues were rinsed with phosphate buffered saline to remove

red blood cells and clots and then dissected into two parts. A part of

the dissected tissues was homogenized in 50 mM KH2PO4 solution

for 5 min using a homogenizer (PRO Scientific Inc., Oxford, CT, USA)

and then centrifuged at 14,000×g for 10 min. The supernatants were

collected, and the activity of superoxide dismutase (SOD) was

determined. Other dissected tissues (10 mg per sample) were

homogenized in a 200-μL cold assay buffer provided by BioAssay

Systems (Hayward, CA, USA) and then centrifuged at 14,000×g for 10

min. The supernatants were collected to determine the activities of

glutathione peroxidase (GPx) and catalase (CAT).

Determination of enzyme activities All enzyme activity assays

were performed according to the manufacturer’s instructions. In

brief, AST (2.6.1.1) and ALT (EC 2.6.1.2) activities in the serum

samples were measured using an automated chemical analyzer

(ADVIA 1650; Bayer, Leverkusen, Germany). SOD (EC 1.15.1.1)

activity in the liver and spleen tissues was measured using an assay

kit provided by Cayman Chemical (No. 706002; Ann Arbor, MI, USA).

The activities of CAT (EC 1.11.1.6) and GPx (EC 1.11.1.9) in these

tissues were determined using an EnzyChrom™ CAT assay kit (ECAT-

100; BioAssay Systems) and GPx assay kit (EGPX-100; Bioassay

System), respectively.

Western blot analysis Whole protein lysates were prepared from

the liver and spleen tissues, and protein samples (20 μg/sample)

were separated by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis in 8–12% gels and electroblotted onto polyvinylidene

fluoride membranes. The blots were washed, blocked, and incubated

with a primary anti-body specific to Nrf2. The anti-body for â-actin

was used as the internal control. The membranes were incubated

with horseradish peroxidase-conjugated anti-IgG for 1 h and then

treated with enhanced chemiluminescence (GE Healthcare,

Buckinghamshire, UK) followed by exposure to an X-ray film
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(Eastman-Kodak, Rochester, NY, USA). The intensities of the immuno-

reactive bands were quantified using ImageJ densitometry software

provided by National Institutes of Health (Bethesda, MD, USA).

MitoSoxTM Red Flow staining This study determined the effects of

phenolic compounds on the production of mitochondrial superoxide

anions in the BM cells of irradiated mice. Initially, BM cells were

collected from mice after two months of irradiation and then stained

with various lineage markers specific to LSK and SLAM LSK cells. In

this study, PE-Cy7-conjugated anti-CD3, anti-CD4, anti-CD8, anti-

CD45R, anti-CD11b, anti-Gr-1, and anti-TER-119 (BD Bioscience);

FITC- or PE-conjugated anti-Sca-1 (BD Bioscience); APC-conjugated

anti-c-Kit (BD Bioscience); PerCP/Cy5.5-conjugated anti-CD150

(eBioscience, San Diego, CA, USA); and APC-Cy7-conjugated anti-

CD48 (BD Bioscience) were used as five different colors of anti-bodies

to assess LSK and SLAM LSK cells in the BM. Thereafter, the BM cells

were stained with PE-conjugated MitoSoxTM Red (Invitrogen, Carlsbad,

CA, USA), which reacts with mitochondrial superoxide anions. The

frequency of the BM cells was investigated via flow cytometry (BD

Bioscience) followed by cell sorting (BD Calibur), and a FlowJo

software program was used to sequentially gate the cell populations.

In this study, the c-Kit and Sca-1 were used as cell-surface markers to

phenotypically identify LSK cells (Sca-1+/c-Kit+ cells), and SLAM LSK

cells (CD150+/CD48- cells) were gated from the LSK cells.

Statistical analysis All data are presented as the mean±standard

error. One-way analysis of variance (ANOVA) was applied to

determine significant differences among groups using the Statistical

Package for the Social Science 12.0 program. Scheffe’s test was used

to determine the differences among groups when one-way ANOVA

was significant. A value of p<0.05 was considered as statistically

significant.

Results and Discussion

Oral supplementation with phenolic compounds inhibits irradiation-

mediated increases of AST and ALT activities in the blood

serum Figure 1 represents the chemical structures of the phenolic

compounds used in this study (Fig. 1A) and the experimental design

(Fig. 1B). In this study, mice were exposed to 5 Gy of total body γ-

irradiation at a sub-lethal dose, which all mice survived for more than

two months. This was because total body irradiation with a high dose

(10 Gy) led to the death of mice at a median of five days on account

of acute radiation toxicity to the epithelium of the small intestine

(data not shown). The weight of the spleen, but not of the whole

body and liver, in the mice exposed to irradiation was significantly

lower (p<0.05) than that in the non-irradiated mice (Table 1). These

results are in good agreement with previous findings, which show

that sub-lethal irradiation causes an acute and abnormal decrease in

the weight of the spleen (19).

We next determined the activities of liver-specific enzyme markers

AST and ALT in the blood serum two days after irradiation (Table 2).

Irradiation increased the activity of AST in the serum at a significant

level (p<0.05) compared with the controls. Administration of phenolic

Fig. 1. Chemical structures of the phenolic compounds (A) and the

experimental design (B)

Table 1. Effects of irradiation on the weights of the body, spleen, and

liver of mice supplemented with and without phenolic acids1)

Groups
Body weight

(g)

Tissue weight (mg)

Spleen Liver

Control 20.9±1.0 58.6±15.8 877.6±135.5

IR2) 20.1±0.6 36.3±0.9* 876.8±131.4

IR+CA 19.2±1.3 38.2±6.00 865.6±108.6

IR+CO 19.9±0.4 36.7±5.60 811.8±90.30

IR+FA 20.4±0.8 39.2±4.70 856.6±20.60

1)The experimental mice groups were orally administered with each of the

phenolic acids at the final dose of 20 mg/kg body weight for five times in

the interval of two days prior to sub-lethal irradiation exposure (5 Gy).

The weights of the body (n=10), liver (n=5), and spleen (n=5) of the mice

were measured two days after irradiation. *p<0.05 compared with the

sham group. 
2)IR, irradiation; CA, caffeic acid; CO, p-coumaric acid; and FA, ferulic acid. 

Table 2. Inhibitory effects of dietary hydroxycinnamates on the

irradiation-mediated increases in AST and ALP activities in blood serum

Groups
Activity (U/l)

AST ALP

Control 182.2±16.71) 36.8±9.80

IR 0346.3±101.5* 42.6±4.4*

IR+CA 161.8±52.1#. 37.4±4.6#

IR+CO 170.4±62.9#. 37.1±6.1#

IR+FA 197.2±59.4#. 38.1±3.4#

1)The activities of AST and ALT in the liver and spleen were determined

two days after irradiation (n=5). *p<0.05 compared with the control

group. #p<0.05 compared with the irradiation group.
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compounds reduced the irradiation-induced increase in AST activity

up to the level of the control group, in which caffeic acid was the

most efficient compound. Similarly, the activity of ALP in the blood

serum was higher in irradiation-exposed mice than in the control

ones, whereas oral treatment with each of the phenolic compounds

significantly inhibited (p<0.05) the enzyme activity.

AST and ALT are liver-specific enzyme markers. The levels of these

markers released into the circulating system are correlated with the

levels present in the blood serum. Thus, it is commonly accepted that

an increase in these markers is closely related to cellular damage of

the liver. Serum ALT level also increases after hepatic injuries

including cellular membrane damage and bleb formation (20).

Overall, our current findings suggest that sub-lethal irradiation

exposure induces liver damages with increased releases of AST and

ALT, regardless of changes in the weight of the liver. Our results also

support the notion that dietary phenolic compounds may ameliorate

oxidative liver injury induced by irradiation.

Oral administration with phenolic compounds restores irradiation-

induced reduction of anti-oxidant enzyme activities Total body

irradiation significantly reduced (p<0.001) the SOD activity in the

liver, and this reduction was inhibited by supplementation with

phenolic compounds (Fig. 2A). Mice treated with p-coumaric acid or

ferulic acid showed an SOD activity similar to that of the untreated

control group. Total body irradiation also reduced the SOD activity in

the spleen, whereas only the mice group administered with ferulic

acid significantly prevented (p<0.05) the irradiation-mediated decrease

in SOD activity (Fig. 2B). When the CAT activity was determined in

the liver and spleen, the irradiation-mediated reduction in the

activity and its restoration by phenolic compounds was observed

(Fig. 2C and 2D). Similarly, the irradiated mice group showed a

significantly low GPx activity both in the liver (p<0.001) and spleen

(p<0.05) compared with the controls (Fig. 2E and 2F). Oral treatment

with p-coumaric acid or ferulic acid but not with caffeic acid

completely inhibited the irradiation-mediated reduction of the GPx

activity in the liver. Specifically, the GPx activity in the liver of mice

supplemented with ferulic acid was approximately 2.2 times higher

than that in the control group (Fig. 2E). Furthermore, the experimental

groups administered with caffeic acid or ferulic acid but not with p-

coumaric acid exhibited almost complete restoration of the GPx

activity in the spleen, similar to that observed in the control group

(Fig. 2F).

Natural anti-oxidants can provide protection against irradiation-

mediated injury by decreasing the levels of cellular ROS (21). Primary

anti-oxidant defense systems mainly comprising glutathione, SOD,

CAT, and GPx also exist. These systems convert active oxygen

molecules into non-toxic substances and/or directly remove reactive

oxidants. SOD converts superoxide anions into a non-toxic agent

H2O2; the CAT and GPx present in H2O2 convert it into water and

oxygen. This indicates that inactivation of these enzymes causes

excessive generation of ROS, thereby leading to oxidative stress.

Consequently, the current findings highlight that the radioprotective

effects of phenolic compounds are at least partially associated with

their abilities to increase anti-oxidant enzyme activities.

Phenolic compounds reduce the irradiation-mediated induction of

Nrf2 protein in the liver and spleen As the induction of Nrf2 is

sensitively affected by oxidative stress, this study measured Nrf2

protein levels in the liver and spleen tissues. The induction of Nrf2

protein in the liver and spleen tissues of irradiated mice was greater

than that in the tissues of the non-irradiated ones (Fig. 3A and 3B).

This increase in liver-Nrf2 level in irradiated mice diminished

significantly (p<0.05) upon the administration of caffeic acid or ferulic

acid but not p-coumaric acid. In contrast, all experimental groups

administered with each of the phenolic acids significantly inhibited

the irradiation-mediated increase in the Nrf2 protein levels in the

spleen. Among the phenolic compounds, ferulic acid showed the

most effective potential to decrease the induction of Nrf2 in the

spleen.

Nrf2 is a transcription factor that efficiently regulates the gene

Fig. 2. Increases in the anti-oxidant enzyme activities in the liver and

spleen of irradiated mice after oral supplementation with phenolic

compounds. The activities of SOD (A, B), CAT (C, D), and GPx (E, F) in

the liver (A, C, E) and spleen (B, D, F) were determined two days after

irradiation (n=5/group). *p<0.05, **p<0.01, and ***p<0.001 compared

with the control group. #
p<0.05, ##

p<0.01, and ###
p<0.001 compared

with the irradiation group. CA, caffeic acid; CO, p-coumaric acid; and

FA, ferulic acid.
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expression of anti-oxidant and anti-inflammatory enzymes (22). In

general, oxidative stress induces translocation of Nrf2 into the

nucleus, in which Nrf2 stimulates transcriptional activation of redox-

sensitive target genes such as CAT and SOD. It has also been reported

that the induction of Nrf2 protects against oxidative-stress-induced

DNA damages (23). Therefore, it is hypothesized that irradiation-

mediated accumulation of intracellular ROS activates the Nrf2 signal,

and this activation positively controls cellular homeostasis and redox

balance. However, contradictory findings showing that the Nrf2

signal can play dual roles, i.e., Nrf2 activation in response to a mild

oxidative stress exerts protective roles whereas its activation under a

prolonged and persistent oxidative stress predominantly mediates

cell death (8), have also been reported. This study revealed that

exposure to sub-lethal irradiation increases the levels of Nrf2 in the

liver and spleen and that this induction is prevented by caffeic acid,

p-coumaric acid, or ferulic acid. This may suggest that total body

irradiation at sub-lethal doses cause oxidative stress in the organs

and activates the induction of Nrf2, which negatively affects the

primary anti-oxidant defense systems. However, it is important to

consider that phenolic compounds are capable of stimulating

different Nrf2 expression depending on the chemical structures and

that the inhibition of Nrf2 induction is not associated directly with

the radioprotection provided by the compounds. Therefore, it is

likely that the chemical structure of phenolic compounds differently

affects their biological properties, such as anti-oxidant potential,

bioavailability, and intracellular interactions with receptors and/or

enzymes (24). It has been suggested that the redox potential of

phenolic anti-oxidants is the most important chemical property for

activating the induction of Nrf2 and anti-oxidant enzymes (23). It is

also considered that the number of hydroxyl groups and their

location in a chemical structure affect the redox capacity of phenolic

anti-oxidants (23,25). Further experiments to clarify the exact roles

of the Nrf2 signal under oxidative stress caused by total body

irradiation are required. In addition, more detailed experiments to

verify the relationship between the chemical structure of phenolic

compounds and their biological activities will be needed in the

future.

Supplementation with phenolic compounds inhibits mitochondrial

ROS generation in progenitor cells located in the BM of irradiation-

exposed mice Total body irradiation increased the levels of

mitochondrial superoxide anions in LSK and SLAM LSK cells present

in the BM to approximately twice of those in the control group (Fig.

4). Supplementation with caffeic acid but not with p-coumaric acid or

ferulic acid significantly diminished (p<0.05) the irradiation-mediated

increase of mitochondrial ROS in LSK cells (Fig. 4B and 4C). However,

all phenolic compounds were effective in decreasing superoxide

anion levels that had increased in the SLAM LSK cells of irradiated

mice. Irradiation also increased the SA-β-gal activity in both LSK and

SLAM LSK cells up to approximately thrice of that of the control

group, and this increase was attenuated by treatment with each of

the phenolic compounds (data not shown).

The maintenance of tissue homeostasis and repair is closely

related to the potentials of HSCs. This study revealed that total body

irradiation increases the ROS levels in BM-derived LSK and SLAM LSK

cells. Specifically, phenolic compounds exerted radioprotective

effects by more effectively suppressing the accumulation of ROS in

the BM SLAM LSK cells than in LSK cells. These findings suggest that

dietary hydroxycinnamates inhibit irradiation-mediated ROS

accumulation in the HSCs present in the BM, thereby protecting

oxidative damages and aging of the HSCs (9).

In addition to the risk of radiation exposure from industrial

applications, therapeutic radiation can cause irrecoverable damages

to intact soft and hard tissues (2,26). Total body irradiation even at

low doses can cause a remarkable reduction in the volume and

mineral density of trabecular bone (27). As the oxidative stress is the

predominant mediator of irradiation-induced cellular damages, an

anti-oxidant-based application is a useful approach to relieve

irradiation-mediated degenerative disorders. It has been reported

that supplementation with dietary anti-oxidants such as α-tocopherol

succinate, flavonoids, and phenolic acids exerts radioprotective

effects in mice (28-30). Hydroxycinnamic acid derivatives such as

chlorogenic and quinic acids also protect against X-ray-induced DNA

damages in human lymphocytes (31). In accordance with these

findings, the present study demonstrates that caffeic acid, coumaric

acid, and ferulic acid are beneficial dietary hydroxycinnamates

capable of protecting BM cells against irradiation-mediated oxidative

damages.

In summary, this study highlights that total body irradiation at a

sub-lethal dose increases the AST and ALP levels in the blood serum

of mice but decreases the SOD, CAT, and GPx activities in the liver

and spleen. These irradiation-mediated changes were blocked by

supplementation with either caffeic acid, p-coumaric acid, or ferulic

Fig. 3. Effects of the phenolic compounds on the induction of Nrf2

protein in the liver and spleen of irradiated mice. The levels of Nrf2

protein in the liver (A) and spleen (B) were determined two days after

irradiation using the Western blot analysis. Lower panels represent the

relative intensities specific to Nrf2 after normalizing the bands to the

relative intensity of β-actin (n=5/group).
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acid. Oral treatment with these phenolic compounds also attenuated

the irradiation-stimulated increase of Nrf2 induction in the liver and

spleen. Furthermore, the current findings suggest that dietary

hydroxycinnamates are capable of inhibiting irradiation-mediated

oxidative damages to progenitor cells in the BM.
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