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Abstract. This study investigated the anticancer effects of 
equol, the major metabolite of the antioxidant phytochemical 
daidzein, on 7,12-dimethylbenz(a)anthracene (DMBA)-
treated animals and explored its anticancer mechanism. The 
experiment consisted of two parts. In the first part, Sprague-
Dawley rats were given equol daily at 5 and 25 mg/kg body 
weight (BW) for 8 weeks after a single dose of DMBA 
(100 mg/kg BW). As a control, rats were divided into vehicle 
alone and DMBA alone groups. Equol administration at a 
higher dose effectively suppressed tumor formation and 
PCNA over expression. The activation of p53 by equol 
subsequently affected the cyclin-dependent kinase inhibitor 
p21Cip1. This was associated with equol-induced apoptosis in 
mammary gland tumors, as evidenced by the decreased Bcl-2 
expression and increased Bax expression, together with the 
activation of caspase-3 and poly(ADP-ribose) polymerase 
(PARP). In the second part, oral pre-administration of equol 
to mice which received DMBA intragastrically twice a week 
for 2 weeks significantly decreased their levels of biomarkers 
(thiobarbituric acid-reactive substances, carbonyl content and 
serum 8-hydroxy-2-deoxyguanosine) of DMBA-induced 
oxidative stress. Although several antioxidant enzymes were 
down regulated in mice t reated with DMBA alone, 
pre-administration of equol blocked much of this effect, 
increasing catalase and superoxide dismutase activity in a 
dose-dependent manner. Although equol did not affect the 
ratio of oxidized to reduced glutathione, it activated the 
glutathione peroxidase and glutathione reductase enzymes, 
and this effect was significant at a dose of 25 mg equol/kg 
body weight. DMBA treatment induced apoptosis, as shown 
by a decrease in the Bcl-2 levels and an increase in the levels 
of Bax, cleaved caspase-3 and poly(ADP-ribose) polymerase. 
These apoptotic effects were also reversed by equol at all 

doses tested. Based on these results, equol possesses 
anticancer activity that suppresses tumor formation via 
apoptosis induction in rats with DMBA-induced mammary 
gland tumors. In addition, equol showed a hepatic protective 
effect by acting as an antioxidant and by reducing apoptosis. 

Introduction

Equol [7-hydroxy-3-(4'-hydroxyphenyl)-chroman] is a bioactive 
metabolite of isoflavone daidzein that is formed by intestinal 
bacteria. More recently, several researchers have suggested 
that equol is considered to be an important player in the 
bioactive mechanism of isoflavones such as daidzein (1,2), 
although little information has yet been reported. 

Isoflavones such as genistein and daidzein, which are found 
in fruits, nuts, soybeans and soy-based products (3), have been 
extensively studied for their antioxidant properties. In biological 
systems, antioxidants scavenge and block reaction oxygen 
species (ROS), which are thought to promote the development 
of chronic, inflammatory, degenerative and age-related diseases 
(4-6). To protect tissues from oxidative damage caused by 
ROS, the human body has antioxidant defence systems consisting 
of enzymes such as catalase, superoxide dismutase and gluta-
thione peroxidase, as well as non-enzymatic antioxidants such 
as vitamins (e.g., ascorbic acid, tocopherol), glutathione and 
flavonoids.

Recently, several reports have suggested that equol has the 
greatest bioactivity of all isoflavones tested when measured 
in vitro (7,8). The biological effects of equol, the major metabolite 
of daidzein, are not as well understood as those of daidzein 
itself. In our previous study in vitro (9), equol induced cell 
cycle arrest at the G1/S transition or G/M phase in human 
breast cancer cells, and this cell cycle arrest led to apoptosis 
induction. This finding is consistent with previous studies 
indicating that daidzein may be an effective agent against cell 
growth in some cancer cell types (10,11). Thus, equol 
apparently has anticancer effects similar to its pro-drug 
daidzein. However, the equol anticancer effects and its 
mechanisms are not as well understood as those of daidzein 
in vivo.

Therefore, we investigated the anticancer effects of equol 
in an animal model using a chemical carcinogen. Moreover, 
the mechanism of the anticancer effects of equol via antioxi-
dation and the induction of apoptosis was explored. First, the 
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proapoptotic effect of equol was investigated in a well-defined 
rat mammary gland tumor model. To induce mammary 
carcinoma in rats, we used polycyclic aromatic hydrocarbon 
7,12-dimethylbenz(a)anthracene (7,12-DMBA), a well-known 
chemical carcinogen that produces mammary tumors that are 
morphologically and histologically similar to those found in 
humans. A single dose of 100 mg/kg DMBA in SD rats will 
produce a mammary carcinoma yield of 100% roughly 8 
weeks post-treatment (12). Second, the effects of equol in 
modulating the cancerous response to oxidative stress was 
investigated in the livers of mice exposed to DMBA for 1 week 
after equol pretreatment. 7,12-DMBA also acts as an indirect 
carcinogen. Although the liver is not a target of DMBA-induced 
carcinogenesis, DMBA is first metabolized by cytochrome 
P450 to form carcinogenic metabolites such as diol epoxides 
that can be transported to the mammary glands, resulting in 
DMBA-DNA adducts (13,14). In addition, DMBA induces 
substantial oxidative damage resulting in the formation of 
ROS such as peroxides, hydroxyl and superoxide anion 
radicals in organs such as the liver and mammary glands 
(15-17). This study was designed to evaluate the potential 
benefit of equol as a chemopreventive and/or chemotherapeutic 
agent for human cancer cells.

Materials and methods

Equol administration and sample preparation. All animals 
(Central Lab. Animal Inc., Seoul, Korea) were acclimated for 
1 week under standard environmental condition with AIN 
93M diet (Dyets, Bethlehem, PA, USA) and allowed free 
access to water. The entire experiment consisted of two parts 
during 8 weeks. In the first, Sprague-Dawley rats were randomly 
divided into three groups, each comprising of eight animals. 
Equol (LC Laboratories®, MA, USA) was dissolved in water 
and administered orally to rats at a dose of 5 and 25 mg/kg 
BW for 8 weeks after a single dose of DMBA (100 mg/kg). As 
controls, rats were divided into vehicle alone and DMBA 
alone groups. In the second part, ICR mice were orally 
administered equol daily at a dose of 5 and 25 mg/kg BW for 
7 weeks before a single dose of DMBA (34 mg/kg/week). 
After equol administration animals were followed for 1 week 
continuously. The control groups were the same as above and 
each group were comprised of six mice. The period and 
dosage of the DMBA treatments are thought to increase the 
incidence of cancer and cancer development. DMBA (Sigma) 
was dissolved in corn oil and was also administered orally to 
all animals. Animal care in this study conformed to the Guide 
for the Care and Use of Laboratory Animals published by the 
U.S. National Institutes of Health. 

At the end of the experiment, all animals were rapidly 
anesthetized using ether at 6 h after final administration of 
equol. Their livers and mammary gland tumors were isolated, 
blotted, weighed, frozen in liquid nitrogen and stored at -70˚C 
until assayed. Mammary gland tumors volume was measured 
using calipers and calculated as following formula: V=4/3πr3. 
For assay, each livers from mice were homogenized for 
~45 sec in 9 volume of ice-cold 10 mM phosphate-buffered 
saline (PBS, pH 7.4) containing 1.15% KCl. Homogenates for 
oxidative stress biomarker (TBARS and carbonyl content) 
measurement were centrifuged at 800 x g to remove cell debris 

and nuclei; the supernatants were centrifuged at 10,000 x g for 
10 min and the post-mitochondrial fraction transferred for 
GSH-related analysis. To obtain the cytosolic fractions for 
SOD activity measurement, the remaining super natant was 
centrifuged further at 105,000 x g for 45 min using a 50 Ti 
rotor in a Beckman model L90 ultracentrifuge. Post-
mitochondrial and cytosolic fractions were stored at -80˚C in 
aliquots until analysis within one week. 

Immunoblotting assay. Liver samples were homogenizing 
with in RIPA (radio-immunoprecipitation assay) buffer (1% 
nonidet P-40, 150 mM sodium chloride, 0.05% deoxycholic 
acid, 1% sodium dodecyl sulfate, 50 mM Tris, pH 7.5) containing 
protease inhibitor and lysed for 1 h at 4˚C. The supernatant 
was separated by centrifugation, and protein concentration 
was determined by Bradford protein assay kit II (Bio-Rad 
Laboratories, CA, USA). Proteins (50 µg/well) denatured with 
sample buffer were separated by 10% SDS-polyacrylamide 
gel. Proteins were transferred onto nitrocellulose membranes 
(0.45 µm). The membranes were blocked with a 1% BSA 
solution for 3 h and washed twice with PBS containing 0.2% 
Tween-20, and incubated with the primary antibody overnight 
at 4˚C. Antibodies against PCNA, p21Cip1, p53, Bcl-2, Bax, 
cytochrome c, cleaved caspase-3 (19 kDa), cleaved PARP and 
β-actin were purchased from Santa Cruz (Santa Cruz 
Biotechnology, Inc., CA, USA) and used to probe the separate 
membranes. The next day, the immunoreaction was continued 
with the secondary goat anti-rabbit horseradish peroxidase-
conjugated antibody after washing for 2 h at room temperature. 
The specific protein bands were detected by Opti-4CN 
Substrate kit (Bio-Rad).

Oxidative stress measurement. TBARS (thiobarbituric acid 
reactive substances) value was determined by measuring the 
concentration of malondialdehyde according to the method of 
Ohkawa et al (18) and its calculated according to the molar 
absorption coefficient of MDA (malondialdehyde), ε = 
1.56x105 M-1cm-1 at 535 nm. The formation of protein carbonyl 
in the liver was determined using DNPH (dinitrophenyl 
hydrazine) according to the method of Reznick and Packer 
(19). The absorbance was read at 365 nm and the results were 
expressed as moles of DNPH incorporated/100 mg protein 
using a molar extinction coefficient of 21 mM-1cm-1.

Antioxidant enzyme activities. Superoxide dismutase activity 
was assayed according to the pyrogallol autoxidation method 
of Marklund and Marklund (20). Each unit of SOD activity 
was defined as the quantity of enzyme that inhibited auto-
oxidation of pyrogallol by 50% under experimental conditions. 
Catalase activity was assayed by the method of Aebi (21). 
Catalase activity was calculated as nmol of H2O2 decomposed/
min/mg protein. Activities of glutathione peroxidase and 
reductase were determined with a spectrophotometer by 
measuring the disappearance of NADPH at 340 nm, based on 
the methods of Flohe and Gunzler (22) and Carlberg and 
Mannervik (23), respectively. The enzyme activities of gluta-
thione peroxidase and reductase was defined as nmol NADPH 
oxidized/min/mg protein using molar extinction coefficient of 
6.22x10-3 M-1cm-1. Protein concentration was determined by 
Bradford protein assay kit II (Bio-Rad).
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Determination of total GSH and GSSG. The concentration of 
glutathione was measured with use of o-phthalaldehyde as a 
fluorescent reagent according to method of Hissin and Hilf 
(24). For GSSG measurement, each sample was incubated with 
N-ethyl maleimide to interact with GSH present in the tissue 
homogenate. The content of GSH and GSSG (µg/mg protein) 
was obtained from a standard curve and then the GSH/GSSG 
ratio was calculated.

DNA fragmentation assay. Liver samples were homogenized 
in lysis buffer (20 mM EDTA, 0.5% CHAPS, 100 mM Tris, 
pH 8.0) and incubated at 37˚C with RNase A at a concentration 
of 200 µg/ml for 1 h, followed by treatment overnight with 
proteinase K at 55˚C. DNA was extracted from 25,000 x g 
centrifugation fraction using phenol-chloroform method as 
follows: a phenol:chloroform:isoamyl alcohol mixture 
(25:24:1) was used to remove the proteins. After protein 
removal, the suspension was incubated with 100% cold 
ethanol containing 0.1 M sodium acetate for 24 h. The 
precipitated DNA was washed with 70% ethanol, 
re-suspended, run on 1.5% agarose gel at 70 V for 1.5 h and 
then visualized under UV light.

Statistical analyses. Data were analyzed by unpaired Student's 
t-test or one-way analysis of variance followed by Dunnett's 
multiple comparison test (SigmaStat, Jandel, San Rafael, CA, 
USA). For all comparisons, differences were considered 
statistically significant at P<0.05.

Results 

Effects of equol on body weight and tumor weight in rats with 
DMBA-induced mammary gland tumors. In this study, a 
significant decrease in body weight of ~15% was observed in 
the DMBA-treated group, as compared with the control group 
(P<0.05, Fig. 1). Equol administration did not affect the recovery 
of body weight. However, equol reduced the tumor burden 
significantly, as evidenced by tumor weight decreases of 18.44 
and 28.38% at 5 and 25 mg/kg BW, respectively, compared 
with the DMBA group (P<0.05). Similarly, equol reduced the 
tumor volume significantly in a dose-dependent manner.

Effects of equol on the expression of PCNA in rats with 
DMBA-induced mammary gland tumors. Moreover, the 
expression of PCNA, a nuclear protein that is present during 
S phase, was used as a marker of cellular proliferation in the 
mammary glands of DMBA-treated rats. PCNA expression 
has also been used to measure the proliferation rate of tumors. 
In the mammary gland tumors of rats treated with DMBA, 
PCNA expression was increased 1.98-fold, as compared with 
control rats (P<0.05, Fig. 2A). The over expression was 
reduced by 26.77 and 36.87% in the groups given 5 and 25 mg 
equol/kg BW, respectively, as compared with the mammary 
gland tumors of rats treated with DMBA.

Pro-apoptotic effects of equol on DMBA-induced mammary 
gland tumor cells. Equol administration significantly increased 
p21Cip1 by 29.75 and 78.50% at 5 and 25 mg/kg BW, respectively, 
although there were slight increases in the mammary gland 
tumors of rats treated with DMBA, as compared with the 

control group (Fig. 2B). The p53 protein was also increased 
(13.25%) slightly in the mammary gland tumors of rats treated 
with DMBA, as compared with the control group. However, 
p53 expression was significantly activated by 1.55 and 3.10% 
at 5 and 25 mg equol/kg BW, respectively, as compared with 
the mammary gland tumors of rats treated with DMBA. 

In addition, Bcl-2 expression as an anti-apoptotic factor 
increased 2.45-fold, as compared with the control group. Equol 
administration reduced these changes in a dose-dependent 
manner (decreases of 24.62 and 38.01% at 5 and 25 mg/kg 
BW, respectively. P<0.05, Fig. 3). Bax expression was signifi-
cantly elevated by approximately 2-fold in both equol groups, 
regardless of the dose. Similarly, equol increased cleaved 
caspase-3 and PARP expression in a dose-dependent manner, 
as compared with the mammary gland tumors of rats treated 
with DMBA. At a higher dose of equol, cleaved caspase-3 and 
PARP expression were increased by 90.39 and 86.12%, respec-
tively, as compared with mammary gland tumors of rats 
treated with DMBA.

Effects of equol on the oxidative damage in mice treated with 
DMBA. DMBA treatment of mice caused dramatic increases 
in their levels of oxidative stress biomarkers such as serum 
8-hydroxy-2-deoxyguanosine (8-OHdG), hepatic carbonyls 
and thiobarbituric acid-reactive substances (TBARS), 
compared with the levels in control group (1.43-, 1.54- and 
2.03-fold, respectively, compared to the control, P<0.05, Fig. 4). 
Pre-administration of equol at 5 or 25 mg/kg body weight 
partially reversed this increase in serum 8-OHdG and hepatic 
carbonyl levels. In DMBA group, pre-administration of equol 
at 25 mg/kg caused levels of 8-OHdG and hepatic carbonyls 
to decrease by 22.99 and 23.83%, respectively, compared with 
non-pre-treated mice. Moreover, pre-administration of equol 

Figure 1. Effects of equol on body weight and tumor weight in rats with 
DMBA-induced mammary gland tumors. Sprague-Dawley rats were given 
equol daily at 5 and 25 mg/kg for 8 weeks after a single dose of DMBA 
(100 mg/kg). As controls, rats were divided into vehicle alone and DMBA 
alone groups. Data values are presented as mean ± SD (n=6). ✩P<0.05, 
significant difference between control (vehicle-only) and DMBA-treated 
group by unpaired Student's t-test. ★P<0.05, significantly different from the 
DMBA-treated group by one-way analysis of variance.
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at 5 or 25 mg/kg significantly decreased the TBARS level by 
35.97 and 64.01%, respectively, compared with the DMBA 
group.

Effects of equol on the antioxidant defense enzymes in mice 
treated with DMBA. Catalase activity and total superoxide 
dismutase (SOD) activity were significantly lower by 48.31 
and 63.08%, respectively, in mice treated with DMBA, 
compared with non-treated (control) mice (P<0.05, Fig. 5A). 
Pre-administration of equol at 5 or 25 mg/kg significantly 

increased catalase activity by 1.29- and 1.83-fold, respectively. 
Total SOD activity in the DMBA and control groups was 0.41 
and 0.65 U/mg protein, respectively. Pre-administration of 

Figure 2. Effects of equol on PCNA (A), p21Cip1 and p53 (B) expression in 
rats with DMBA-induced mammary gland tumors. Sprague-Dawley rats 
were given equol daily at 5 and 25 mg/kg for 8 weeks after a single dose of 
DMBA (100 mg/kg). As controls, rats were divided into vehicle alone and 
DMBA alone groups. Data values are presented as mean ± SD (n=6). 
✩P<0.05, significant difference between control (vehicle-only) and DMBA-
treated group by unpaired Student's t-test. ★P<0.05, significantly different 
from the DMBA-treated group by one-way analysis of variance.

Figure 3. Effect of equol on Bcl-2, Bax, cleaved caspase-3 and PARP expres-
sions in rats with DMBA-induced mammary gland tumors. Sprague-Dawley 
rats were given equol daily at 5 and 25 mg/kg for 8 weeks after a single dose 
of DMBA (100 mg/kg). As controls, rats were divided into vehicle alone and 
DMBA alone groups. Data values are presented as mean ± SD (n=6). 
✩P<0.05, significant difference between control (vehicle-only) and DMBA-
treated group by unpaired Student's t-test. ★P<0.05, significantly different 
from the DMBA-treated group by one-way analysis of variance.

Figure 4. Effect of equol on serum 8-OH-dG, hepatic lipid peroxidation and 
protein oxidation. Values are mean ± SD. ✩P<0.05, significant difference 
between control (vehicle-only) and DMBA-treated group. ★P<0.05, signifi-
cantly different from the DMBA-treated group. 
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equol at 5 or 25 mg/kg caused total SOD activity to increase 
in a dose-dependent manner, although this increase was 
signifi cant only at the higher dose. Cu/Zn- and Mn-SOD 
expression followed a similar pattern (Fig. 5B). 

Effects of equol on the GSH-related system in mice treated 
with DMBA. The ratio of reduced glutathione (GSH) to oxidized 
glutathione (GSSG) was significantly lower (by 19.6%) in 
DMBA-treated mice than in the controls (Fig. 6A). Equol 
pre-administration increased the GSH/GSSG ratio in a dose-
dependent manner, although the change was not significant. 
The basal glutathione peroxidase and glutathione reductase 
activities were 30.56 and 27.41% lower, respectively, in DMBA- 
treated mice than in the non-treated controls (Fig. 6B). These 
activities were increased by equol pre-administration in a dose-
dependent manner; at the higher dose (25 mg/kg), the difference 
was significant (25.36 and 22.81% increase for GSH-px and 
GR, respectively, compared with the value in DMBA group).

Anti-apoptotic effects of equol in mice treated with DMBA. 
Marked DNA fragmentation was observed in the cells of 
DMBA-treated mice (Fig. 7A). Equol pre-treatment efficiently 
prevented this fragmentation in a dose-dependent manner. We 
confirmed that DMBA causes apoptosis by measuring the 
expression of apoptosis-related proteins in DMBA group 
(Fig. 7B and C). In these mice, Bcl-2 expression decreased 
and Bax expression increased. Levels of cleaved caspase-3 
and poly(ADP-ribose) polymerase (PARP) also increased in 

DMBA group. These apoptotic changes were reversed by 
pre-administration of equol at either dose.

Discussion

In the present study, most of all, equol reduced tumor formation 
as well as PCNA expression in rats with mammary gland 
tumors induced by DMBA. Cellular proliferation is an integral 
part of carcinogenesis, with important roles in several steps of 
the carcinogenic process, including initiation, promotion and 
progression (25,26). This is consistent with previous reports 
that showed PCNA overexpression in a wide range of human 
tumors (27,28), as well as in DMBA-induced mammary gland 
tumors (29,30). Recently, isoflavones have been found to act as 
general cell growth inhibitors and apoptosis inducers, which 
makes them prime candidates in the development of new 
anticancer compounds (2). In addition, several studies have 
shown that isoflavones protect against DMBA-induced rat 
mammary tumorigenesis (31,32). Thus, the proapoptotic 
capacity of equol as a major metabolite of the isoflavone 

Figure 5. Effect of equol on activities (A) and expressions (B) of catalase and 
total SOD. Values are mean ± SD. ✩P<0.05, significant difference between 
control (vehicle-only) and DMBA-treated group. ★P<0.05, significantly 
different from the DMBA-treated group.

Figure 6. Effect of equol on GSH/GSSG ratio (A) and its related enzymes, 
GSH-px and GR (B). Values are mean ± SD. ✩P<0.05, significant difference 
between control (vehicle-only) and DMBA-treated group. ★P<0.05, 
significantly different from the DMBA-treated group.
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daidzein in mammary gland tumors may be valuable in the 
development of new anticancer drugs.

Previously we reported that equol induced apoptosis 
through the p53-dependent pathway in human breast cancer 
cell lines (9). The tumor suppressor gene p53 is regarded as a 
key factor in the balance between cell survival and death, via 
regulation of both the G1 and G2/M portions of the cell cycle 
(33). The activation of p53 in response to DNA damage leads 
to cell cycle arrest and inhibition of cell proliferation (34,35). 
It has been reported that the stimulation of p53 expression by 
chemopreventive agents causes DNA damage and activates 
p21Cip1 by interacting with its regulatory elements directly; this 
p21Cip1 protein occurs in cells undergoing either p53-associated 
G1 arrest or apoptosis (36).

Equol administration significantly increased p21Cip1 and 
p53 by equol, although there were slight increases in the 
mammary gland tumors of rats treated with DMBA, as compared 
with the control group. Therefore, the upregulation of p21Cip1 

and p53 by equol administration in DMBA-induced mammary 
gland tumors of rats could be responsible for the tumor 
growth inhibitory effects of equol through apoptosis induction 
and cell cycle arrest. Therefore, the upregulation of p21Cip1 and 
p53 by equol administration in DMBA-induced mammary 
gland tumors of rats could be responsible for the tumor 
growth inhibitory effects of equol through apoptosis induction 
and cell cycle arrest.

Furthermore, equol administration induced apoptosis in 
DMBA-induced mammary gland tumors of rats. Bcl-2 family 
proteins are critical regulators of the apoptotic pathway and 
control both mitochondrial permeability and cytochrome c 
expression (37,38). The Bcl-2 family contains several major 
antiapoptotic members, including Bcl-x(L) and Bcl-2, as well 
as the major proapoptotic proteins Bax and Bak. It has been 
reported that Bcl-2 overexpression inhibits the transcriptional 
activation of Bax (39). Overexpression of antiapoptotic proteins 
such as Bcl-2 may contribute to tumor formation in DMBA-
treated SD rats. Equol administration significantly induced 
apoptosis in the mammary gland tumors by increasing Bax 
expression while decreasing that of Bcl-2, with a subsequent 
increase in the expression of cytochrome c. The release of 
cytochrome c from mitochondria to the cytoplasm is a key 
step in the initiation of apoptosis. In addition, equol admi-
nistration significantly restored the reduction of cleaved 
caspase-3 expression by DMBA.

Caspases, which comprise a family of cysteine proteases, 
are the central mediators of programmed cell death. Caspase-3 
is a frequently activated death protease that catalyzes the 
specific cleavage of many key cellular proteins (40,41). PARP 
is another characteristic hallmark of apoptosis, and PARP 
expression was induced by equol in a dose-dependent manner.

In the second part, we observed the effect of equol 
administration on mice experiencing DMBA-induced 
oxidative stress. DMBA induces substantial oxidative damage 
to liver and mammary glands (15,16) which are closely 
associated with tumorigenesis. To evaluate the oxidative stress 
induced by DMBA and the antioxidant effect of equol on this 
damage, we measured levels of serum 8-OHdG (oxidized DNA 
bases), carbonyls and TBARS to assess DNA oxidation, protein 
oxidation and lipid peroxidation, respectively. Although the 
mechanisms linking oxidative stress to numerous pathologies 
have not yet been definitively recognized, proteins can be 
damaged by oxygen radicals, leading to the loss of enzymatic 
activity and the conversion of amino acids to carbonyl deri-
vatives (42), and oxidatively modified DNA may also play a role 
in human carcinogenesis (43). Oxidative stress produces 
deleterious effects by initiating lipid peroxidation directly or by 
acting as second messengers for the primary free radicals that 
initiate lipid peroxidation (44).

Lipid peroxidation and protein oxidation were significantly 
higher in DMBA group than in control group. This is consistent 
with previous reports that DMBA induces critical oxidative 
damage in the liver in vivo (45,46). In a previous study, 
daidzein was shown to be protective against oxidative stress; 
it significantly decreased the lipid peroxidation that normally 
occurs in vitamin E-deprived rats. In the present study, equol 
at all doses tested significantly inhibited oxidative damage, as 
shown by the decrease in levels of oxidative stress biomarkers 
induced by DMBA, such as serum 8-OHdG, carbonyls and 

Figure 7. Effect of equol on the DNA fragmentation (A) and expressions of 
apoptosis related genes (B and C) Bcl-2, Bax and caspase-3. 
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TBARS. This result is consistent with that of daidzein, in that 
pre-treatment with daidzein also prevents oxidative damage, 
suggesting that, like its parent compound, equol has protective 
antioxidative effects against oxidative stress. 

Since we found that equol administration efficiently 
inhibited oxidative stress, we next assessed the antioxidant 
defense system in the mouse liver. As a first-line antioxidant 
enzyme, SOD scavenges superoxide, particularly oxygen 
radicals, by converting it to peroxide. Peroxide, in turn, is 
destroyed by catalase, which is widely distributed in all 
animal tissues. Antioxidants play a profound role in protecting 
erythrocytes against oxidative stress (47,48). Thus, SOD and 
catalase act in a mutually supportive way with antioxidant 
enzymes to provide a protective defence against ROS. Total 
SOD and catalase activity were significantly decreased in 
mice of the DMBA-treated control group compared to the 
untreated control, suggesting the induction of oxidative stress 
by DMBA. Levels of reduced catalase and of total SOD activity 
were restored to near-normal by higher-dose equol.

Glutathione (GSH) is a major non-enzymatic antioxidant 
molecule that is involved in the second line of defence against 
free radical damage in the body. GSH donates an electron in 
the reduction of peroxides catalysed by GSH-px as a component 
of the enzyme system containing GSH oxidase and reductase. 
GSH-px removes hydrogen peroxide (H2O2), which is produced 
by SOD, by oxidising GSH. GR is responsible for recycling 
GSSG that is formed during oxidation events by reducing it 
back to GSH. Equol significantly increased the activities of 
glutathione reductase and glutathione peroxidase in DMBA-
treated mice when used at the highest dosage, but it did not 
significantly alter the GSH/GSSG ratio. The GSH/GSSG ratio 
is a very sensitive marker of oxidative stress because small 
increases in GSSG and/or small decreases in GSH appear 
amplified compared to the measurement of either one separately 
(49). Although equol does not appear to play a large role in the 
GSH-related antioxidant system, it may contribute to the 
antioxidant defense system by activating catalase and SOD, 
thereby promoting good health status. Numerous reports have 
suggested that antioxidant intake contributes to a lower 
incidence of various cancers. Thus, as an antioxidant, equol 
might be useful as a nutritional supplement or as a basis for 
pharmaceutical drugs such as chemotherapeutic agents.

In the present study, the changes induced by DMBA led to 
the induction of apoptosis. DNA fragmentation was observed 
in the livers of mice treated with DMBA. DNA fragmentation 
is a hallmark of apoptosis and a positive association between 
DNA fragmentation and apoptosis has been reported (50). 
This is consistent with previously reported data showing that 
Swiss albino mice treated with DMBA exhibited increased 
levels of apoptosis in the liver within 8 days of treatment (17); 
similarly, apoptosis was detected 24 and 36 h after DMBA 
treatment (80 mg/kg) in the adrenal cortexes of the mice 
(51). Consistent with these results, we found that DMBA 
significantly decreased expression of Bcl-2 and increased 
levels of Bax, cleaved caspase-3 and PARP expression. Equol 
administration reduced DMBA-induced DNA fragmentation 
in a dose-dependent manner, and it restored Bcl-2, Bax, 
cleaved caspase-3 and PARP to their normal levels. Apoptosis 
is a promising target for cancer chemotherapy (52,53), and 
flavonoids, which act as general cell growth inhibitors and 

apoptosis inducers, are prime candidates in the development 
of new anticancer compounds (54-56). However, under 
pathophysiological conditions, apoptosis can induce inflam-
mation due to the onset of secondary necrosis (57,58). Thus, 
equol may modulate apoptosis-related gene expression in 
mice with DMBA-induced apoptosis as a result of a protective 
mechanism in the liver. 

Taken together, equol administration reduced tumor forma-
tion in DMBA-induced mammary gland tumors of rats via 
multiple pathways by which equol administration results in 
apoptosis induction via cell cycle arrest by the upregulation of 
p21Cip1 and p53. Additionally, this study was supported by the 
finding that equol shows anticancer activity via an antiproli-
ferative effect and cell cycle arrest in vitro. Moreover, these 
results suggest a hepatoprotective function for equol that occurs 
via an anti-apoptotic effect, making equol an attractive candi-
date for use in anticancer medicine for chemotherapeutics.

Acknowledgements

This research was supported by Basic Science Research 
Program through the National Research Foundation of Korea 
(NRF) funded by the Ministry of Education, Science and 
Technology (2010-0023736 and 2010-0029692 ).

References

  1. Setchell KD, Brown NM and Lydeking-Olsen E: The clinical 
importance of the metabolite equol - a clue to the effectiveness 
of soy and its isoflavones. J Nutr 132: 3577-3584, 2002.

  2. Sarkar FS and Li Y: Soy isoflavones and cancer prevention. 
Cancer Invest 21: 744-757, 2003.

  3. Liggins J, Bluck LJ, Runswick S, Atkinson C, Coward WA and 
Bingham SA: Daidzein and genistein content of fruits and nuts. J 
Nutr Biochem 11: 326-331, 2000.

  4. Arora A, Nair MA and Strasburg SM: Structure-activity 
relationships for anti-oxidant activities of a series of flavonoids 
in a liposomal system. Free Radic Biol Med 24: 1355-1363, 
1998.

  5. Sampson L, Rimm E, Hollman PC, de Vries JH and Katan MB: 
Flavonol and flavone intakes in US health professionals. J Am 
Diet Assoc 102: 1414-1420, 2002.

  6. Arts IC and Hollman PC: Polyphenols and disease risk in 
epidemiologic studies. Am J Clin Nutr 81: S317-S325, 2005.

  7. Hwang J, Wang J, Morazzoni P, Hodis HN and Sevanian A: The 
phytoestrogen equol increases nitric oxide availability by 
inhibiting superoxide production: an antioxidant mechanism 
for cell-mediated LDL modification. Free Radic Biol Med 34: 
1271-1282, 2003.

  8. Rüfer CE and Kulling SE: Antioxidant activity of isoflavones 
and their major metabolites using different in vitro assays. J 
Agric Food Chem 54: 2926-2931, 2006.

  9. Choi EJ and Kim T: Equol induced the apoptosis via cell cycle 
arrest in MDA-MB-453 but not in MCF-7 cells. Mol Med Rep 1: 
239-244, 2008.

10. Dubey RK, Gillespie DG, Imthurn B, Rosselli M, Jackson EK 
and Keller PJ: Phytoestrogens inhibit growth and MAP kinase 
activity in human aortic smooth muscle cells. Hypertension 33: 
177-182, 1999.

11. Hedlund TE, van Bokhoven A, Johannes WU, Nordeen SK and 
Ogden LG: Prostatic fluid concentrations of isoflavonoids in soy 
consumers are sufficient to inhibit growth of benign and malignant 
prostatic epithelial cells in vitro. Prostate 66: 557-566, 2006.

12. Huggins C, Gr and LC and Brillantes FP: Mammary cancer 
induced by a single feeding of polymucular hydrocarbons, and 
its suppression. Nature 189: 204-207, 1961.

13. Maltzman TH, Christou M, Gould MN and Jefcoate CR: Effects 
of monoterpenoids on in vivo DMBA-DNA adduct formation 
and on phase I hepatic metabolizing enzymes. Carcinogenesis 
12: 2081-2087, 1991.



CHOI and KIM:  ANTICANCER MECHANISM OF EQUOL754

14. Harvey RG, Dai Q, Ran C and Penning TM: Synthesis of the 
o-quinones and other oxidized metabolites of polycyclic aromatic 
hydrocarbons implicated in carcinogenesis. J Org Chem 69: 
2024-2032, 2004.

15. Izzotti A, Camoirano A, Cartiglia C, Grubbs CJ. Lubet RA, 
Kelloff GJ and De Flora S: Patterns of DNA adduct formation in 
liver and mammary epithelial cells of rats treated with 
7,12-dimethylbenz(a)anthracene, and selective effects of 
chemopreventive agents. Cancer Res 59: 4285-4290, 1999. 

16. Anbuselvam C, Vijayavel K and Balasubramanian MP: Protective 
effect of Operculina turpethum against 7,12-dimethyl benz(a)
anthracene induced oxidative stress with reference to breast 
cancer in experimental rats. Chem Biol Interact 168: 229-236, 
2007.

17. Prasad S, Kalra N and Shukla Y: Hepatoprotective effects of 
lupeol and mango pulp extract of carcinogen induced alteration 
in Swiss albino mice. Mol Nutr Food Res 51: 352-359, 2007. 

18. Ohkawa H, Ohishi N and Yagi K: Assay for lipid peroxides in 
animal tissues by thiobarbituric acid reaction. Anal Biochem 95: 
351-358, 1979.

19. Reznick AZ and Packer L: Oxidative damage to proteins: 
spectrophotometric method for carbonyl assay. Methods 
Enzymol 233: 357-363, 1994.

20. Marklund S and Marklund G: Involvement of the superoxide 
anion radical in the autoxidation of pyrogallol and a convenient 
assay for superoxide dismutase. Eur J Biochem 47: 469-474, 
1974.

21. Aebi H: Catalase in vitro. Methods Enzymol 105: 121-126, 1984.
22. Flohé L and Günzler WA: Assays of glutathione peroxidase. 

Methods Enzymol 105: 114-121, 1984.
23. Carlberg I and Mannervik B: Glutathione reductase. Methods 

Enzymol 113: 484-490, 1985.
24. Hissin PJ and Hilf R: A fluorometric method for determination 

of oxidized and reduced glutathione in tissues. Anal Biochem 
74: 214-226, 1976.

25. Barrett JC: Mechanisms of multistep carcinogenesis and carci-
nogen risk assessment. Environ Health Perspect 100: 9-20, 1993.

26. Manna S, Chakraborty T, Damodaran S, Samanta K, Rana B 
and Chatterjee M: Protective role of fish oil (Maxepa) on early 
events of rat mammary carcinogenesis by modulation of 
DNA-protein crosslinks, cell proliferation and p53 expression. 
Cancer Cell Int 7: 6, 2007.

27. Sallinen PK, Haapasalo HK, Visakorpi T, Helén PK, Rantala IS, 
Isola JJ and Helin HJ: Prognostication of astrocytoma patient 
survival by Ki-67 (MIB-1), PCNA, and S-phase fraction using 
archival paraffin-embedded samples. J Pathol 174: 275-282, 
1994.

28. Ehrmann JJr, Kolár Z, Vojtĕsek B, Kala M, Komenda S and 
Oulton A: Prognostic factors in astrocytomas: relationship of 
p53, MDM-2, BCL-2 and PCNA immunohistochemical expres-
sion to tumor grade and overall patient survival. Neoplasma 44: 
299-304, 1997.

29. Manjanatha MG, Shelton S, Bishop ME, Lyn-Cook LE and 
Aidoo A: Dietary effects of soy isoflavones daidzein and genistein 
on 7,12-dimethylbenz(a)anthracene-induced mammary muta-
genesis and carcinogenesis in ovariectomized Big Blue transgenic 
rats. Carcinogenesis 12: 2555-2564, 2006.

30. Kumaraguruparan R, Seshagiri PB, Hara T and Nagini S: 
Chemoprevention of rat mammary carcinogenesis by black tea 
polyphenols: modulation of xenobiotic-metabolizing enzymes, 
oxidative stress, cell proliferation, apoptosis, and angiogenesis. 
Mol Carcinog 46: 797-806, 2007.

31. Constantinou AI, Mehta R and Husband A: Phenoxodiol, a novel 
isof lavone derivative, inhibits dimethylbenz(a)anthracene 
(DMBA)-induced mammary carcinogenesis in female Sprague-
Dawley rats. Eur J Cancer 7: 1012-1018, 2003.

32. Chan HY and Leung LK: A potential protective mechanism of 
soya isoflavones against 7,12-dimethylbenz(a)anthracene tumour 
initiation. Br J Nutr 2: 457-465, 2003.

33. Agarwal ML, Agarwal A, Taylor WR and Stark GR: p53 
controls both the G2/M and the G1 cell cycle checkpoints and 
mediates reversible growth arrest in human fibroblasts. Proc 
Natl Acad Sci USA 92: 8493-8497, 1995.

34. Lepik D, Jaks V, Kadaja L, Varv S and Maimets T: Electroporation 
and carrier DNA cause p53 activation, cell cycle arrest, and 
apoptosis. Anal Biochem 318: 52-59, 2003.

35. Parker MA, Anderson JK, Corliss DA, Abraria VE, Sidman RL, 
Park KI, Teng YD, Cotanche DA and Snyder EY: Expression 
profile of an operationally-defined neural stem cell clone. Exp 
Neurol 194: 320-332, 2005.

36. El-Deiry WS, Harper JW, O'Connor PM, Velculescu VE, 
Canman CE, Jackman J, Pietenpol JA, Burrell M, Hill DE, 
Wang Y, Wiman KG, Mercer WE, Kastan MB, Kohn KW, 
Elledge SJ, Kinzler KW and Vogelstein B: WAF1/CIP1 is 
induced in p53-mediated G1 arrest and apoptosis. Cancer Res 
54: 1169-1174, 1994.

37. Oakea SA, Lin SS and Bassik MC: The control of endoplasmic 
reticulum-initiated apoptosis by the BCL-2 family of proteins. 
Curr Mol Med 6: 99-109, 2006.

38. van Delft MF and Huang DC: How the Bcl-2 family of proteins 
interact to regulate apoptosis. Cell Res 16: 203-213, 2006.

39. Lucken-Ardjomande S and Martinou JC: Regulation of Bcl-2 
proteins and of the permeability of the outer mitochondrial 
membrane. CR Biol 328: 616-631, 2005.

40. Porter AG and Janicke RU: Emerging roles of caspase-3 in 
apoptosis. Cell Death Differ 6: 99-104, 1999.

41. Abu-Qare AW and Abou-Donia MB: Biomarkers of apoptosis: 
release of cytochrome c, activation of caspase-3, induction of 
8-hydroxy-2'-deoxyguanosine, increased 3-nitrotyrosine, and 
alteration of p53 gene. J Toxicol Environ Health B Crit Rev 4: 
313-332, 2001.

42. Das U: A radical approach to cancer. Med Sci Monit 8: 79-92, 
2002.

43. Cakatay U, Telci A, Kayali R, Sivas A and Akçay T: Effect of 
alpha-lipoic acid supplementation on oxidative protein damage 
in the streptozotocin-diabetic rat. Res Exp Med 199: 243-251, 
2000.

44. Jackson AL and Loeb LA: The contribution of endogenous 
sources of DNA damage to the multiple mutations in cancer. 
Mutat Res 477: 7-21, 2001.

45. Letchoumy PV, Chandra Mohan KV, Kumaraguruparan R, 
Hara Y and Nagini S: Black tea polyphenols protect against 
7,12-dimethylbenz(a)anthracene-induced hamster buccal pouch 
carcinogenesis. Oncol Res 16: 167-178, 2006.

46. Manikandan P, Murugan RS, Abbas H, Abraham SK and 
Nagini S: Ocimum sanctum Linn. (Holy Basil) ethanolic leaf 
extract protects against 7,12-dimethylbenz(a)anthracene-induced 
genotoxicity, oxidative stress, and imbalance in xenobiotic-
metabolizing enzymes. J Med Food 10: 495-502, 2007.

47. Fridovich I: Superoxide radical and superoxide dismutases. 
Annu Rev Biochem 64: 97-112, 1995.

48. Fridovich I: Superoxide anion radical (O2
-.), superoxide dismu-

tases, and related matters. J Biol Chem 272: 18515-18517, 1997.
49. Wu G, Fang YZ, Yang S, Lupton JR and Turner ND: Glutathione 

metabolism and its implications for health. J Nutr 134: 489-492, 
2004.

50. Sigounas G, Hooker JL, Li W, Anagnostou A and Steiner M: 
S-allylmercaptocysteine, a stable thioallyl compound, induces 
apoptosis in erythroleukemia cell lines. Nutr Cancer 28: 153-159, 
1997.

51. Fu X, Latendresse JR, Muskhelishvili L, Blaydes BS and 
Delclos KB: Dietary modulation of 7,12-dimethylbenz(a)
anthracene (DMBA)-induced adrenal toxicity in female Sprague-
Dawley rats. Food Chem Toxicol 43: 765-774, 2005.

52. Zheng Q, Hirose Y, Yoshimi N, Murakami A, Koshimizu K, 
Ohigashi H, Sakata K, Matsumoto Y, Sayama Y and Mori H: 
Further investigation of the modifying effect of various chemo-
preventive agents on apoptosis and cell proliferation in human 
colon cancer cells. J Cancer Res Clin Oncol 128: 539-546, 2002.

53. Leung HW, Kuo CL, Yang WH, Lin CH and Lee HZ: Antioxidant 
enzymes activity involvement in luteolin-induced human lung 
squamous carcinoma CH27 cell apoptosis. Eur J Pharmacol 534: 
12-18, 2006.

54. Agostini M, Di Marco B, Nocentini G and Delfino DV: Oxidative 
stress and apoptosis in immune diseases. Int J Immunopathol 
Pharmacol 15: 157-164, 2002.

55. Jeong YJ, Choi YJ, Kwon HM, Kang SW, Park HS, Lee M and 
Kang YH: Differential inhibition of oxidized LDL-induced 
apoptosis in human endothelial cells treated with different 
flavonoids. Br J Nutr 93: 581-591, 2005.

56. Hsu CL and Yen GC: Induction of cell apoptosis in 3T3-L1 
pre-adipocytes by flavonoids is associated with their antioxidant 
activity. Mol Nutr Food Res 50: 1072-1079, 2006.

57. Tsuta K, Shikata N, Kominami S and Tsubura A: Mechanisms 
of adrenal damage induced by 7,12-dimethylbenz (alpha) 
anthrancene in female Sprague-Dawley rats. Exp Mol Pathol 70: 
162-172, 2001.

58. Jaeschke H and Lemasters JJ: Apoptosis versus oncotic necrosis 
in hepatic ischemia/reperfusion injury. Gastroenterology 125: 
1246-1257, 2003.


