
Preclinical report 33

Coenzyme Q0 induces apoptosis and modulates the cell cycle
in estrogen receptor negative breast cancer cells
Tiffany J. Somers-Edgar and Rhonda J. Rosengren

We postulated that methoxy-substituted cyclic compounds

could inhibit estrogen receptor (ER) negative breast cancer

growth in vitro. Therefore, this study assessed the cytotoxic

potential of various methoxy-substituted cyclic compounds

[7,8-dimethoxyflavone, 4-methoxyphenylacetic acid,

2-methoxyphenylacetic acid, 4-methoxybenzophenone,

5-methoxy-1-indanone, and coenzyme Q0 (CoQ0)] toward

ER-negative human breast cancer cells (MDA-MB-231

and SKBr3). Cytotoxicity was assessed using the

sulforhodamine B assay. CoQ0 demonstrated the strongest

cytotoxicity toward MDA-MB-231 and SKBr3 cells with IC50

values of 1.7 lmol/l and 3.1 lmol/l, respectively, whereas

the other compounds were either much less potent or

completely lacked cytotoxicity toward both breast cancer

cell lines. Therefore, only CoQ0 was examined for its ability

to modulate cell cycle progression and induce apoptosis.

Cell cycle experiments, using propidium iodide staining

and flow cytometry, demonstrated that CoQ0 at 7.5 lmol/l

increased the proportion of MDA-MB-231 cells in G1/G0-

phase by 16.6 ± 0.6% of control (P < 0.05), and increased

in the proportion of S-phase SKBr3 cells by 37.8 ± 5.8%

over control (P < 0.05). Induction of apoptosis was

determined using propidium iodide/Annexin-V-FLUOS

staining followed by flow cytometry. The results

demonstrated that treatment with CoQ0 (7.5 lmol/l)

increased the proportion of apoptotic MDA-MB-231

and SKBr3 cells by 12-fold and 4-fold over control

(P < 0.05), respectively. Thus, CoQ0 is a potent cytotoxic

drug that induces apoptosis and modulates cell cycle

progression in ER-negative breast cancer cells. Therefore,

CoQ0 is an appropriate candidate for further study and

development as a potential drug for ER-negative breast

cancer. Anti-Cancer Drugs 20:33–40 �c 2009 Wolters

Kluwer Health | Lippincott Williams & Wilkins.
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Introduction
Tamoxifen, a selective estrogen receptor (ER) modulator,

is currently the preferred adjuvant therapy for breast

cancer. For women with ER-positive breast cancer the

response rate is B70%, whereas it is only 30% for women

with ER-negative breast cancer [1,2]. As B30% of all

diagnosed breast tumors are ER-negative [3], and approxi-

mately two-thirds of breast cancers diagnosed in premeno-

pausal women are ER-negative [4,5], there is an urgent

need to develop drug therapies that target ER-negative

breast cancer.

In recent years, a large number of polyphenolic com-

pounds, such as apigenin, resveratrol, epigallocatechin

gallate (EGCG), curcumin, and genistein, have received

attention for their anticancer properties both in vitro
and in vivo. For example, EGCG, a flavonoid contained in

green tea, inhibits the growth of various ER-negative

human breast cancer cell lines [6–10], and inhibits ER-

negative tumor growth in vivo [11,12]. Although in-vivo

studies with these polyphenols have demonstrated some

efficacy against tumor growth, clinical studies have been

less compelling. This is primarily owing to their low bio-

availability that results from the high rate of glucuroni-

dation and sulfation of hydroxyl functional groups present

on these compounds [13]. However, recent studies have

revealed that certain alterations to the chemical struc-

tures of such compounds can significantly improve their

bioavailability. In particular, methoxylated analogs appear

to have improved bioavailability compared with their

parent compounds [14,15]. For example, a peak plasma

concentration of 2.5 ± 0.8 mmol/l was demonstrated 1 h

after oral administration of 5,7-dimethoxyflavone (5 mg/kg),

whereas its unmethoxylated analog (chrysin) was not

detected following an equivalent oral dose [14]. Addi-

tionally, the cytotoxic effect of 5,7-dimethoxyflavone

toward human oral cancer cells (SCC-9) was 10 times

greater than that produced by chrysin [15].

Based on these findings, the current study aimed to

assess the cytotoxicity of a range of methoxy-containing

cyclic compounds toward ER-negative breast cancer cells

in vitro. The specific compounds investigated were 7,

8-dimethoxyflavone (7,8-DMF), 4-methoxyphenylacetic acid
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(4-MPA), 2-methoxyphenylacetic acid (2-MPA), 4-methoxy-

benzophenone (4-MBP), 5-methoxy-1-indanone (5-MI),

and 2,3-dimethoxy-5-methyl-1,4-benzoquinone (coenzyme

Q0; CoQ0) (Fig. 1). Each compound was screened for

cytotoxicity using two ER-negative human breast cancer

cell lines (MDA-MB-231 and SKBr3). Those compounds

that demonstrated marked cytotoxicity toward ER-negative

breast cancer cells were further analyzed for changes

in cell cycle distribution and the induction of apoptosis

as potential mechanisms of growth inhibition.

Methods
Chemicals and reagents

4-MPA, 2-MPA, 4-MBP, and 5-MI were purchased from

Merck-Schuchardt (Hohenbrunn, Germany). CoQ0 was a

gift from Professor Rob Smith (Department of Chemistry,

University of Otago, Dunedin, New Zealand). 7,8-DMF,

antibiotic/antimycotic solution, minimum essential med-

ium, Dulbecco’s modified Eagle’s medium nutrient

mixture F-12 (DMEM/F-12), sodium bicarbonate, sulfo-

rhodamine B (SRB), propidium iodide, Triton-X 100,

trypsin, and trypan blue were purchased from Sigma

Chemical Co. (St Louis, Missouri, USA). Acetic acid,

disodium hydrogen orthophosphate anhydrous, EDTA,

dimethylsulfoxide (DMSO), potassium dihydrogen ortho-

phosphate, sodium citrate, and trichloroacetic acid were

purchased from BDH Laboratory Supplies (Poole, Eng-

land). Fetal bovine serum (FBS) was purchased from Life

Technologies Ltd (Auckland, New Zealand). Annexin-V-

FLUOS was purchased from Roche (Mannheim, Germany).

Cell Culture

MDA-MB-231 and SKBr3 human breast cancer cells

were purchased from ATCC (Manassas, Virginia, USA).

Cells were maintained in minimum essential medium

media supplemented with 10% FBS, 1% antibiotic/

antimycotic solution, and 0.2% NaHCO3 at 371C in a

5% CO2/95% humidified air incubator.

Cytotoxicity assay

MDA-MB-231 and SKBr3 human breast cancer cells

were plated in 6-well plates (70 000 cells per well) in 5 ml

DMEM/F-12 media supplemented with 5% FBS, 1%

antibiotic/antimycotic solution, and 0.2% NaHCO3. After

24 h, cells were treated with 0.1–50 mmol/l of 7,8-DMF,

4-MPA, 2-MPA, 4-MBP, 5-MI, or 0.1–10 mmol/l CoQ0 for

5 days. Vehicle control cells were treated with DMSO

alone (0.1%). Cell number was then determined using

the SRB assay as previously described [16], as this dye-

binding assay detects live cells and has better linearity,

increased sensitivity, and a more stable end point compared

with the microtetrazolium assay. Data are expressed as the

mean ± SEM of cell number (% of control) from five

independent experiments conducted in duplicate.

Cell cycle analysis

MDA-MB-231 and SKBr3 cells were seeded in 6-well

culture plates (200 000 cells per well) in 3 ml of DMEM

supplemented with 5% FBS, 1% antibiotic/antimycotic

solution, and 0.2% NaHCO3. After 24 h, cells were

treated with 7.5 mmol/l of CoQ0 or vehicle control (0.1%

DMSO) for 6, 12, 18, or 24 h. Cell cycle distribution was

assessed using propidium iodide staining, as described

[17,18]. Samples were analyzed using a FACScalibur

flow cytometer (Becton Dickinson, Franklin Lakes, New

Jersey) and the proportion of cells in each of G0/G1-

phases, S-phases, and G2/M-phases were determined

using CellQuest Pro software (Becton Dickinson). Data

Fig. 1
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are expressed as the mean ± SEM of the proportion of

cells in each of the above cell cycle phases (% of control)

from four independent determinations performed in

duplicate.

Apoptosis analysis

MDA-MB-231 cells were seeded in 6-well culture plates

(200 000 cells per well) in 3 ml of DMEM supplemented

with 5% FBS, 1% antibiotic/antimycotic solution, and

0.2% NaHCO3. After 24 h, cells were treated with

7.5 mmol/l of CoQ0 or vehicle control (0.1% DMSO) for

12, 24, or 36 h. The presence of apoptosis was assessed

using Annexin-V-FLUOS/propidium iodide staining, as

described [9]. Samples were analyzed using a FACS

calibur flow cytometer (Becton Dickinson) and the pro-

portion of apoptotic cells (as a percent of total cells) was

determined using CellQuest Pro software. Data are

expressed as the mean ± SEM of the percentage of cells

undergoing apoptosis, from four independent determina-

tions performed in duplicate.

Statistical analysis

Cell cytotoxicity data was analyzed using a one-way

analysis of variance coupled with a Student–Newman–

Keuls post-hoc test. Time-course experiments were ana-

lyzed using a two-way analysis of variance and a Bonferroni

post-hoc test. In all cases, P < 0.05 was the minimum

requirement for a statistically significant difference.

Results
Cytotoxicity of methoxy-substituted compounds

The cytotoxic potential of six methoxy-substituted

compounds (2-MPA, 4-MPA, 5-MI, 4-MBP, 7,8-DMF,

and CoQ0) toward two ER-negative (MDA-MB-231 and

SKBr3) human breast cancer cells was assessed using the

SRB assay. Although 2-MPA (Fig. 2a) and 4-MPA (Fig. 2b)

did not significantly alter cell number in either cell line,

a decrease in cell number was demonstrated following

treatment with the four remaining compounds. Although

5-MI did not significantly alter MDA-MB-231 cell

number (Fig. 2c), the number of SKBr3 cells was

decreased by approximately 13.9 ± 1.7% of control

(P < 0.001) following 5 days of treatment with 5-MI at

50mmol/l. Similarly, 5 days of 4-MBP treatment (50mmol/l)

(Fig. 2d) decreased MDA-MB-231 and SKBr3 cell

number by 18.2 ± 2.4% and 35.4 ± 2.8% of control, respe-

ctively (P < 0.01). Treatment of MDA-MB-231 and SKBr3

cells with 7,8-DMF resulted in a significant cytotoxicity

(Fig. 2e). Specifically, 5 days of treatment with 10 mmol/l

of 7,8-DMF decreased MDA-MB-231 and SKBr3 cell

number by 74.4 ± 1.3% and 64.0 ± 1.4% of control, res-

pectively (P < 0.001). However, higher concentrations of

7,8-DMF were less cytotoxic. For example, 7,8-DMF at

50 mmol/l decreased MDA-MB-231 and SKBr3 cell

number by only 47.4 ± 2.2 and 49.3 ± 1.5% of control,

respectively (P < 0.001). Of all the compounds examined,

CoQ0 was the most potent inhibitor of cell growth.

Treatment with 0.1–5 mmol/l CoQ0 resulted in a concen-

tration-dependent decrease in MDA-MB-231 and SKBr3

cell number with IC50 values of 1.7 and 3.1 mmol/l,

respectively (Fig. 2f), and thus CoQ0 was the only

compound to show dose-dependent cytotoxicity and low

IC50 values in both cell lines.

Coenzyme Q0-mediated changes in cell cycle

progression

Although 7,8-DMF was cytotoxic to both MDA-MB-231

and SKBr3 cells, the observed biphasic dose–response

relationship indicates that this compound is not a good

candidate for further development as an ER-negative

breast cancer drug. Although treatment with 4-MBP and

5-MI produced some cytotoxicity, these effects were

much weaker than those produced by CoQ0. Therefore,

the only compound from the cytotoxicity screen that

warranted further examination was CoQ0. To determine

whether CoQ0 altered the progression of ER-negative

breast cancer cells though the cell cycle, SKBr3 and

MDA-MB-231 cells were treated with 7.5 mmol/l of

CoQ0 for 6, 12, 18, and 24 h. CoQ0 treatment resulted

in G0/G1-phase cell cycle arrest in MDA-MB-231 cells,

and S-phase cell cycle arrest in SKBr3 cells (Table 1).

Specifically, a 16.6 ± 0.9% increase in the proportion of

MDA-MB-231 cells in the G0/G1-phase was observed

following 24 h of treatment (P < 0.05 compared with

control), whereas there was a 37.8 ± 5.8% increase in the

proportion of SKBr3 cells in the S-phase cells following 12 h

of treatment (P < 0.05 compared with control) (Table 1).

Induction of apoptosis by coenzyme Q0

To determine whether apoptosis was induced by

CoQ0, MDA-MB-231 and SKBr3 cells were treated with

7.5 mmol/l of CoQ0 for 12, 24, or 36 h. Determination of

Table 1 Effect of CoQ0 treatment on cell cycle progression in ER-negative human breast cancer cells

MDA-MB-231 cells SKBr3 cells

CoQ0 (7.5mmol/l) G0/G1-phase G2/M-phase S-phase G0/G1-phase G2/M-phase S-phase

6 h 103.6 ± 0.9% 97.0 ± 1.8% 102.5 ± 1.2% 92.4 ± 2.4% 117.4 ± 5.5% 112.9 ± 8.4%
12 h 99.0 ± 1.4% 98.0 ± 0.8% 88.0 ± 1.6%a 81.2 ± 3.0%a 96.9 ± 7.6% 137.8 ± 5.8%a

18 h 98.4 ± 1.4% 103.5 ± 2.1% 101.9 ± 1.7% 88.5 ± 2.6% 100.9 ± 8.1% 87.9 ± 9.5%
24 h 116.6 ± 0.9%a 63.3 ± 1.6%a 94.3 ± 1.4% 94.8 ± 0.9% 89 ± 2.0% 106.6 ± 1.9%

Values are the mean proportion of cells in each cell cycle phase (% of control) ± SEM (n = 4).
aSignificantly different from control (P < 0.05).
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apoptosis by flow cytometry demonstrated that CoQ0

significantly increased the proportion of MDA-MB-231

and SkBr3 cells undergoing apoptosis as shown by

dot-plots (Fig. 3). Further quantification of the flow cyto-

metry data demonstrated that a four-fold increase in the

percentage of apoptotic SKBr3 cells occurred at 36 h

(P < 0.05, compared with control), whereas in MDA-

MB-231 cells there was a 12-fold increase in the

percentage of apoptotic cells at 24 h (P < 0.05, compared

with control) (Fig. 4).

Discussion
Although advances are continually being made in the field

of breast cancer research, the currently available therapies

Fig. 2
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Effects of methoxy-substituted cyclic compounds on ER-negative human breast cancer cell viability. MDA-MB-231 (’) and SKBr3 (~) cells were
seeded at 7�104 cells per well and treated 24 h later with (a) 2-MPA, (b) 4-MPA, (c) 5-MI, (d) 4-MBP, (e) 7,8-DMF, or (f) coenzyme Q0 (CoQ0) for 5
days. Vehicle control cells were treated with 0.1% dimethylsulfoxide. At the end of treatment, the cell number in each well was determined using the
sulforhodamine B assay. Each data point represents mean ± SEM of five independent determinations conducted in duplicate. Data were analyzed
using a one-way analysis of variance coupled with a Student–Newman–Keuls post-hoc test. IC50 curves were generated using nonlinear regression
on Prism software (GraphPad Software, San Diego, California). *Significantly different from vehicle control (P < 0.05). DMF, dimethoxyflavone; MBP,
methoxybenzophenone; MI, methoxy-1-indanone; MPA, methoxyphenylacetic.
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are largely ineffective in the treatment of ER-negative

breast cancer. Therefore, the goal of this study was to

specifically screen a range of compounds for cytotoxic

effects on this subtype of breast cancer using ER-

negative human breast cancer cell lines. The most

potent cytotoxic compound identified was CoQ0, which

Fig. 3
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Representative apoptosis dot-plots. MDA-MB-231 and SKBr3 cells were seeded at 2�105 cells per well and treated 24 h later with 7.5mmol/l
of coenzyme Q0 (CoQ0) or vehicle control [0.1% dimethylsulfoxide (DMSO)] for 12 to 36 h. Cells undergoing apoptosis were determined using
propidium iodide/Annexin V-fluorescein isothiocyanate (FITC) labeling and flow cytometry. Dot-plots were generated using CellQuest Pro software.
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significantly inhibited the growth of MDA-MB-231 and

SKBr3 human breast cancer cells. Specifically, IC50 values

of 1.7 and 3.1 mmol/l were obtained following treatment

for 5 days with CoQ0 in MDA-MB-231 and SKBr3 cells,

respectively. The duration of cell treatment was consis-

tent with our earlier work examining the cytotoxic

potential of the combination of EGCG and curcumin,

and thus allowed for a direct comparison between CoQ0

and the combination therapy. Importantly, the cytotoxic

potency of CoQ0 was seven-fold greater than curcumin

[19], thus further demonstrating that CoQ0 has a high

potency in ER-negative breast cancer cells. To assess the

mechanisms contributing to this cytotoxic effect, cell

cycle progression and induction of apoptosis were deter-

mined. CoQ0 treatment produced G0/G1-phase and

S-phase cell cycle arrest in MDA-MB-231 and SKBr3

cells, respectively. Furthermore, significant increases in

the proportion of apoptotic cells were observed in both

MDA-MB-231 and SKBr3 cells following treatment with

CoQ0.

Earlier studies have demonstrated that quinones with

structural similarities to CoQ0 can induce apoptosis [20–24].

For example, mitoQ is a quinone drug that is specifically

targeted to mitochondria via its triphenylphosphonium

cation moiety, and was initially developed for the

protection of mitochondria against oxidative damage

[25]. However, recent studies have suggested that mitoQ

may produce cytotoxicity in some cell types through the

generation of reactive oxygen species (ROS) [21,26,27].

For example, treatment of bovine aortic endothelial cells

with 5–1000 nmol/l mitoQ was shown to significantly

increase the production of intracellular superoxide radical

and hydrogen peroxide [21]. This increase in ROS pro-

duction was associated with caspase-3 cleavage and

apoptosis induction.

In recent years, a number of groups have demonstrated

that certain methoxy-containing analogs of coenzyme Q

(CoQ) produce cytotoxic effects in human cancer cell

lines [22–24]. CoQ is composed of a quinone nucleus

and a side chain containing a variable number of trans-
isoprenoid units. Coenzyme Q10 contains 10 of these

side-chain units, and is the major naturally occurring form

of CoQ found in primates [28]. On the other hand, CoQ0

completely lacks isoprenoid side chains.

Recent studies have examined the importance of

isoprenoid side-chain length in terms of anticancer effi-

cacy. For example, treatment of BALL-1 human leukemia

cells with 10–100 mmol/l of CoQ2, CoQ4, or CoQ6 for 24 h

decreased cell viability with IC50 values of approximately

20, 40, and 100 mmol/l, respectively, whereas treatment

with 10–100 mmol/l CoQ10 did not affect cell prolifera-

tion [22]. A similar pattern was observed for apoptosis

induction, in which DNA fragmentation and caspase-3

activity (indicators of apoptosis induction) were signifi-

cantly increased by treatment with CoQ2 and CoQ4 but

were not induced by CoQ6 or CoQ10. These findings are

supported by a further study that examined the potential

of a range of CoQ structures (CoQ1, CoQ2, CoQ4, CoQ6,

and CoQ10) to decrease the proliferation of HL60 human

leukemia cells [24]. The authors demonstrated that,

although CoQ6 and CoQ10 inhibited HL60 cell prolifera-

tion only at very high concentrations (> 200 mmol/l),

treatment with CoQ1, CoQ2, and CoQ4 for 24 h signi-

ficantly inhibited HL60 cell proliferation with respective

IC50 values of approximately 14, 56.5, and 168 mmol/l.

Fig. 4
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The observed inhibition of HL60 cell proliferation

was accompanied by initial S-phase arrest, followed by

G0/G1-phase arrest at later time points, and induction of

apoptosis [24]. The anticancer properties and structure–

activity relationships of a range of CoQ analogs containing

two or more isoprenyl subunits and altered methoxy

substitution patterns have also been determined. The

authors demonstrated that CoQ2 analogs inhibited

epidermal growth factor-induced and 12-O-tetradecanoyl-

phorbol-13-acetate-induced cell transformation and in-

duced apoptosis in the JB6 P + Cl41 mouse epidermal

cell line [23]. Results demonstrated that the cytotoxic

potency of the CoQ analogs depended on the length

of the isoprenyl side chain, and on the position of the

methoxy-substitutions on the quinone nucleus. Taken

together, these observations indicate that decreasing

the length of CoQ’s isoprenyl side chain increases its

antiproliferative activity. Our work with CoQ0 in ER-

negative breast cancer cells supports this theory.

The mechanisms by which CoQ produces these effects

are still unclear. However, it has been suggested that

the biochemical mechanisms that underlie the anticancer

properties of certain quinones may involve ROS produc-

tion [21,22]. CoQ0 is also known to inhibit activity of

complex I of the mitochondrial respiratory chain and

prevent opening of the mitochondrial permeability

transition pore [29]. Results from further studies have

suggested that this effect is likely to involve direct

binding of CoQ0 to dihydrolipoamide components of

the a-ketoglutarate dehydrogenase and pyruvate dehy-

drogenase complexes [30]. Although these findings may

indicate that CoQ0 treatment in vivo could produce

general toxicity, a number of studies have utilized CoQ0,

without demonstrating any deleterious effects [31–33].

These studies all involved the administration of diets

containing different combinations of nutrients including

CoQ10, CoQ0 (100 mg/kg), vitamin E, vitamin C, and

selenium, among others. When given as a mixture, these

nutrient combinations inhibited oxidative damage to

normal tissues, including the heart, liver, kidney, and

spleen. However, it is important to note that these

studies did not provide specific information pertaining

to the in-vivo safety of CoQ0 as a single treatment.

Therefore, the in-vivo safety profile of CoQ0 administra-

tion as a sole agent should be investigated.

Conclusion
This study assessed the effects of a range of methoxy-

substituted cyclic compounds on ER-negative breast

cancer cells, and demonstrated for the first time that

CoQ0 inhibits ER-negative breast cancer cell growth

in vitro. Inhibition of cell cycle progression and induction

of apoptosis were shown to underlie the growth suppres-

sion produced by CoQ0. Overall, CoQ0 seems to be a good

candidate for further development as a treatment drug for

ER-negative breast cancer. Therefore, further studies

investigating both the mechanism of action and in-vivo

safety of CoQ0 are warranted.

Acknowledgements
This work was supported by grants from the Breast

Cancer Research Trust and the University of Otago. T.J.

Somers-Edgar was supported by a University of Otago

postgraduate scholarship.

References
1 Jordan VC. The role of tamoxifen in the treatment and prevention of breast

cancer. Curr Prob Cancer 1992; 16:129–176.
2 McGuire WL, Osborne CK, Clark GM, Knight WA 3rd. Steroid hormone

receptors and carcinoma of the breast. Am J Physiol 1982; 243:99–102.
3 Putti TC, El-Rehim DM, Rakha EA, Paish CE, Lee AH, Pinder SE, et al.

Estrogen receptor-negative breast carcinomas: a review of morphology and
immunophenotypical analysis. Mod Pathol 2005; 18: 26–35.

4 Dew JE, Wren BG, Eden JA. Tamoxifen, hormone receptors and hormone
replacement therapy in women previously treated for breast cancer: a cohort
study. Climacteric 2002; 5:151–155.

5 Habel LA, Stanford JL. Hormone receptors and breast cancer. Epidemiol
Rev 1993; 15:209–219.

6 Chen ZP, Schell JB, Ho CT, Chen KY. Green tea epigallocatechin gallate
shows a pronounced growth inhibitory effect on cancerous cells but not on
their normal counterparts. Cancer Lett 1998; 129:173–179.

7 Chisholm K, Bray BJ, Rosengren RJ. Tamoxifen and epigallocatechin gallate
are synergistically cytotoxic to MDA-MB-231 human breast cancer cells.
Anticancer Drugs 2004; 15:889–897.

8 Kavanagh KT, Hafer LJ, Kim DW, Mann KK, Sherr DH, Rogers AE, et al.
Green tea extracts decrease carcinogen-induced mammary tumor burden in
rats and rate of breast cancer cell proliferation in culture. J Cell Biochem
2001; 82:387–398.

9 Stuart EC, Larsen L, Rosengren RJ. Potential mechanisms for the synergistic
cytotoxicity elicited by 4-hydroxytamoxifen and epigallocatechin gallate in
MDA-MB-231 cells. Int J Oncol 2007; 30:1407–1412.

10 Stuart EC, Rosengren RJ. The combination of raloxifene and
epigallocatechin gallate suppresses growth and induces apoptosis in
MDA-MB-231 cells. Life Sci 2008; 82:943–948.

11 Landis-Piwowar KR, Huo C, Chen D, Milacic V, Shi G, Chan TH, et al.
A novel prodrug of the green tea polyphenol (–)-epigallocatechin-3-gallate
as a potential anticancer agent. Cancer Res 2007; 67:4303–4310.

12 Thangapazham RL, Singh AK, Sharma A, Warren J, Gaddipati JP,
Maheshwari RK. Green tea polyphenols and its constituent epigallocatechin
gallate inhibits proliferation of human breast cancer cells in vitro and in vivo.
Cancer Lett 2007; 245:232–241.

13 Otake Y, Hsieh F, Walle T. Glucuronidation versus oxidation of the flavonoid
galangin by human liver microsomes and hepatocytes. Drug Metab Dispos
2002; 30:576–581.

14 Walle T. Methylation of dietary flavones greatly improves their hepatic
metabolic stability and intestinal absorption. Mol Pharmacol 2007; 4:
826–832.

15 Walle T, Ta N, Kawamori T, Wen X, Tsuji PA, Walle UK. Cancer
chemopreventive properties of orally bioavailable flavonoids – methylated
versus unmethylated flavones. Biochem Pharmacol 2007; 73:1288–1296.

16 Skehan P, Storeng R, Scudiero D, Monks A, McMahon J, Vistica D, et al.
New colorimetric cytotoxicity assay for anticancer-drug screening. J Natl
Cancer Inst 1990; 82:1107–1112.

17 Nicoletti I, Migliorati G, Pagliacci MC, Grignani F, Riccardi C. A rapid and
simple method for measuring thymocyte apoptosis by propidium iodide
staining and flow cytometry. J Immunol Methods 1991; 139:271–279.

18 Zamzami N, Marchetti P, Castedo M, Zanin C, Vayssiere JL, Petit PX, et al.
Reduction in mitochondrial potential constitutes an early irreversible step of
programmed lymphocyte death in vivo. J Exp Med 1995; 181:1661–1672.

19 Somers-Edgar TJ, Scandlyn MJ, Stuart EC, Le Nedelec MJ, Valentine SP,
Rosengren RJ. The combination of epigallocatechin gallate and curcumin
suppresses ERa- breast cancer cell growth in vitro and in vivo. Int J Cancer
2008; 122:1966–1971.

20 Criddle DN, Gillies S, Baumgartner-Wilson HK, Jaffar M, Chinje EC,
Passmore S, et al. Menadione-induced reactive oxygen species generation
via redox cycling promotes apoptosis of murine pancreatic acinar cells.
J Biol Chem 2006; 281:40485–40492.

Cytotoxicity of coenzyme Q0 toward ER-breast cancer Somers-Edgar and Rosengren 39

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



21 Doughan AK, Dikalov SI. Mitochondrial redox cycling of mitoquinone leads
to superoxide production and cellular apoptosis. Antioxid Redox Signal
2007; 9:1825–1836.

22 Esaka Y, Nagahara Y, Hasome Y, Nishio R, Ikekita M. Coenzyme Q2
induced p53-dependent apoptosis. Biochim Biophys Acta 2005; 1724:
49–58.

23 Fedorov SN, Radchenko OS, Shubina LK, Balaneva NN, Bode AM, Stonik
VA, et al. Evaluation of cancer-preventive activity and structure–activity
relationships of 3-demethylubiquinone Q2, isolated from the ascidian
Aplidium glabrum, and its synthetic analogs. Pharm Res 2006;
23:70–81.

24 Yonezawa Y, Kuriyama I, Fukuoh A, Muta T, Kang D, Takemura M, et al.
Inhibitory effect of coenzyme Q on eukaryotic DNA polymerase gamma and
DNA topoisomerase II activities on the growth of a human cancer cell line.
Cancer Sci 2006; 97:716–723.

25 Kelso GF, Porteous CM, Coulter CV, Hughes G, Porteous WK, Ledgerwood
EC, et al. Selective targeting of a redox-active ubiquinone to mitochondria
within cells: antioxidant and antiapoptotic properties. J Biol Chem 2001;
276:4588–4596.

26 James AM, Cocheme HM, Smith RA, Murphy MP. Interactions of
mitochondria-targeted and untargeted ubiquinones with the mitochondrial
respiratory chain and reactive oxygen species. Implications for the use of
exogenous ubiquinones as therapies and experimental tools. J Biol Chem
2005; 280:21295–21312.

27 O’Malley Y, Fink BD, Ross NC, Prisinzano TE, Sivitz WI. Reactive oxygen
and targeted antioxidant administration in endothelial cell mitochondria.
J Biol Chem 2006; 281:39766–39775.

28 Turunen M, Olsson J, Dallner G. Metabolism and function of coenzyme Q.
Biochim Biophys Acta 2004; 1660:171–199.

29 Fontaine E, Ichas F, Bernardi P. A ubiquinone-binding site regulates the
mitochondrial permeability transition pore. J Biol Chem 1998; 273:
25734–25740.

30 MacDonald MJ, Husain RD, Hoffmann-Benning S, Baker TR.
Immunochemical identification of coenzyme Q0-dihydrolipoamide adducts in
the E2 components of the alpha-ketoglutarate and pyruvate dehydrogenase
complexes partially explains the cellular toxicity of coenzyme Q0. J Biol
Chem 2004; 279:27278–27285.

31 Chen H, Tappel AL. Protection by vitamin E selenium, trolox C, ascorbic acid
palmitate, acetylcysteine, coenzyme Q, beta-carotene, canthaxanthin, and
( + )-catechin against oxidative damage to liver slices measured by oxidized
heme proteins. Free Radic Biol Med 1994; 16:437–444.

32 Chen H, Tappel AL. Protection of vitamin E, selenium, trolox C, ascorbic acid
palmitate, acetylcysteine, coenzyme Q0, coenzyme Q10, beta-carotene,
canthaxanthin, and ( + )-catechin against oxidative damage to rat blood and
tissues in vivo. Free Radic Biol Med 1995; 18:949–953.

33 Knudsen CA, Tappel AL, North JA. Multiple antioxidants protect against
heme protein and lipid oxidation in kidney tissue. Free Radic Biol Med 1996;
20:165–173.

40 Anti-Cancer Drugs 2009, Vol 20 No 1

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


