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Abstract. In estrogen receptor (ER)" MCF-7 cells, ER repre-
sents a ligand-activated transcription factor, and 17f3-estradiol
(E2) represents its physiological ligand. Maintenance of the
human breast carcinoma-derived MCF-7 cells with 0.7% serum
selected a proliferative sub-population of E2-responsive cells
with transiently non-functional ER due to limited availability
of E2. Culture of MCF-7 cells in the presence of either 0.7%
serum, <1 nM E2 or 0.7% serum + 20 nM E2 selected isogenic
cells with either non-functional ER (ER-NF) or functional
ER (ER-F) phenotype. The two phenotypes responded to the
growth-promoting effects of E2 and to the growth-inhibitory
effects of the selective ER modulator tamoxifen, indicating
retention of E2 responsiveness. Comparative dose-response
experiments with Chinese nutritional herbs on ER-NF and ER-F
cells identified the inhibitory concentration (IC)s, values for
these herbs, while the IC, ratios for the ER-NF:ER-F phenotypes
facilitated their rank ordering in terms of efficacy. Out of the 11
efficacious herbs tested, five herbs exhibited ER-F > ER-NF
inhibitory activity, four exhibited ER-F = ER-NF inhibitory
activity and two exhibited ER-NF > ER-F inhibitory activity.
Extracts from representative herbs, Lycium barbarum bark,
Epimedium grandiflorum and Cornus officinalis, fromeachof the
three groups inhibited anchorage-independent growth, induced
G1 or G2/M arrest and/or apoptosis, and generated anti-prolif-
erative E2 metabolites. The differential growth inhibition in
ER-NF and ER-F phenotypes, together with the mechanistic
efficacy of representative herbs, identified potential leads for
their efficacy on ER* and/or ER" breast cancer.
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Introduction

Hormone-responsive estrogen receptor (ER)* clinical breast
cancer responds to endocrine therapy involving the use of
selective ER modulators and selective inhibitors of estradiol
biosynthesis (1,2). However, long-term treatment with these
agents is frequently associated with acquired tumor resistance,
resulting in limited efficacy that confers a negative impact on
patient response (1-3). These aspects underscore the impor-
tance of identifying novel therapeutic agents with improved
efficacy and low systemic toxicity.

Chinese nutritional herbs are widely used in the manage-
ment of general health issues in women as well as an alternative
treatment option for breast cancer (4-7). Naturally occurring
herbal preparations may exhibit an acceptable toxicity profile,
and thus are likely to favorably interact with conventional
endocrine therapy to reduce toxicity and enhance efficacy
of pharmacological therapeutic agents. However, the impact
of herb-drug interaction on therapeutic efficacy remains
unknown (4).

The estrogen-dependent human breast carcinoma-derived
ER* MCF-7 cell line represents a well-established preclinical
cell culture system for hormone-responsive clinical breast
cancer. MCF-7 cells depend on 17p3-estradiol (E2) for cell
proliferation in vitro and for tumor development in vivo,
and thereby represent an important model for evaluating the
efficacy of novel agents that function via modulation of the
cellular and molecular response to estrogens (8). ER functions
as a ligand-activated nuclear transcription factor, with E2 as
the endogenous ligand, to promote cellular proliferation and
tumorigenic growth via a complex signaling cascade that
involves the coordinated functions of several co-activators
and co-repressors, resulting in the expression of selected
estrogen-responsive target genes (2,3,8). Sub-physiological
concentrations of E2 render ER as a transiently non-functional
receptor (3,8).

Our previous studies have demonstrated that MCF-7 cells
adapted for growth in chemically defined serum-depleted
culture conditions retain their responsiveness to E2,
and respond to the growth-inhibitory effects of several
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mechanistically distinct pharmacological agents and selected
herbal extracts (9-13).

In traditional Chinese medicine, combinations of several
nutritional herbs are commonly used as a palliative treatment
option for breast cancer patients (5,7). The herbs selected in
the present study represent some of these clinically relevant
herbs. In the present study, isogenic MCF-7 phenotypes with
modulated ER function were isolated, and these models were
used to compare the growth-inhibitory efficacy of the selected
Chinese nutritional herbs. The outcome of the present study has
provided data to demonstrate the differential efficacy of herbs
depending upon the functional status of ER, thus identifying
potential leads to prioritize efficacious herbs for secondary
prevention and/or for therapy of ER* and ER" clinical breast
cancer.

Materials and methods

Cell lines. The parental ER" MCF-7 cell line was originally
obtained from the Michigan Cancer Foundation (Detroit,
MI, USA). These cells were cultured in Dulbecco's modi-
fied Eagle-F12 medium supplemented with 10% heat
inactivated fetal calf serum (Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), 10 pug/ml insulin (Eli Lilly and
Company, Indianapolis, IN, USA) and 1 M dexamethasone
(Sigma-Aldrich, St. Louis, MO, USA), following published
protocols (9,10).

Isolation and characterization of non-functional ER (ER-NF)
and functional ER (ER-F) phenotypes. To isolate and char-
acterize the ER-NF phenotype, parental MCF-7 cells were
adapted for growth in medium supplemented with decreasing
serum concentrations (7.5, 5.0, 2.5, 1.0 and 0.7%), corre-
sponding to decreased levels of E2 ranging from 15 nM to
<1 nM. The cells from the 0.7% serum group (E2 <1 nM) were
continuously maintained in medium supplemented with 0.7%
serum for =5 passages. These cells were tested for their E2
response by monitoring their growth in the presence of E2 at 1,
5, 10 and 20 nM concentrations. The stock cultures of ER-NF
cells were routinely maintained in medium supplemented with
0.7% serum (E2 <1 nM). The ER-NF phenotype is defined
as the cell population that exhibits progressive growth in
the presence of chemically defined serum-depleted medium
(serum, 0.7%; E2 <1 nM).

To isolate the ER-F phenotype, ER-NF cells were main-
tained in serum-depleted medium (0.7% serum) + 20 nM E2
for =5 passages, and the stock cultures were maintained in
E2-supplemented medium. Routinely, the ER-NF and ER-F
phenotypes were maintained in a humidified atmosphere of
95% air and 5% CO,, and were sub-cultured at a 1:4 ratio when
80% confluent. The ER-F phenotype is defined as the cell
population that exhibits progressive growth in the presence of
a physiologically relevant concentration of E2.

To further characterize E2 responsiveness, the effect
of the selective ER modulator tamoxifen (TAM) was
evaluated on the ER-NF and ER-F phenotypes by moni-
toring population-doubling time, saturation density and
anchorage-independent (AI) colony formation (12,13). For
these experiments, the stock solutions of E2 and TAM (both
from Sigma-Aldrich) were prepared in 100% ethanol (Thermo
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Fisher Scientific, Inc.) at a 100 mM concentration, and were
serially diluted in the culture medium to obtain the final
concentrations of 20 nM E2 and 20 nM TAM employed for
the treatment of the cell cultures.

Preparation of herbal extracts. The Chinese nutritional
herbs used in the present study were provided by Professor
G.Y.C Wong (American Foundation for Chinese Medicine,
New York, NY, USA). The Chinese nutritional herbs selected
for the present study include Angelica sinensis (AS), Cibo-
tium barometz (CB), Cornus officinalis (CO), Cuscuta sinensis
(CS), Dipsacus asperoides (DA), Epimedium grandiflorum
(EG), Eucommia ulmoides (EU), Ligusticum chuanxiong
(LO), Ligustium lucidum (LL), Lycium barbarum bark (LBB),
Lycium barbarum fruit (LBF), Morinda officinalis (MO) and
Psoralea corylifolia (PC). The sources of herbal material for
the preparation of aqueous extracts from these nutritional
herbs are presented in Table I. The selection of the specific
parts of the nutritional herbs and the method to prepare the
extracts for the present study were based on the protocols
followed in traditional Chinese medicine (5.7).

To prepare non-fractionated aqueous extracts, 20 g of the
herbal materials were boiled in 200 ml of distilled water until
the volume was reduced to 100 ml (extract #1). The residue
from extract #1 was then boiled in 100 ml of distilled water
until the volume was reduced to 50 ml (extract #2). Extracts #1
and #2 were combined (total volume, 150 ml) and boiled until
the volume was reduced to 25 ml. These combined extracts
were centrifuged (500 x g at room temperature for 10 min),
and the final aqueous supernatant (20 ml) was collected. This
non-fractionated aqueous supernatant served as the stock
solution (100%), which was serially diluted with the culture
medium to obtain the final concentrations of 2, 1, 0.5, 0.05,
0.02 and 0.01% used for the treatment of the cell cultures.

Dose-response experiments. For dose-response experiments
to identify the inhibitory concentration (IC)s, values of the
different Chinese herbs, the ER-NF and ER-F phenotypes
were treated with the herbal extracts at concentrations ranging
from 2 to 0.01%. The cells were plated at an initial seeding
density of 1.0x10° cells per T-25 flask. After a 24-h attach-
ment period, the cultures were treated with the corresponding
diluted herbal extracts for 7 days. At the end of the 7th day
of treatment, the cells were trypsinized, and the cell number
and viability were determined by the trypan blue exclusion test
(Sigma-Aldrich).

These dose-response experiments provided data regarding
the IC4, values of the different herbs for the ER-NF and ER-F
phenotypes, while the ER-NF:ER-F ratio determined from the
above IC;, provided the rank order for the growth-inhibitory
efficacy of the herbs tested. Additionally, data obtained from
the dose-response experiments identified the maximum cyto-
static concentrations (IC,,) of the individual herbal extracts,
and were used to distinguish the maximum cytostatic effects
from the toxic effects. The ICy, was defined as the highest
concentration of the herbal extract that results in a surviving
cell population greater than, or equal to, the initial seeding
density, while a surviving population of less than that of the
initial seeding density was considered as treatment-associated
toxic response.
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Table I. Chinese nutritional herbs.

Botanical name Abbreviation Source of extract
Angelica sinensis AS Root
Cibotium barometz CB Root
Cornus officinalis CO Fruit
Cuscuta sinensis CS Seed
Dipsacus asperoides DA Root
Epimedium grandiflorum EG Leaf, stem
Eucommia ulmoides EU Bark
Ligusticum chuanxiong LC Root
Ligustrum lucidum LL Fruit
Lycium barbarum bark LBB Bark
Lycium barbarum fruit LBF Fruit
Morinda officinalis MO Root
Psoralea corylifolia PC Seed

Al growth assay. The protocol for the AI growth assay has
been optimized and published (12,13). For the assay, ER-NF
cells were suspended in 0.33% agar (Sigma-Aldrich) at a
density of 1,000 cells/2 ml/well in 6-well plates. The treatment
groups contained the herbal extracts at their respective IC,
value in the cell suspension prepared in 0.33% agar. The cell
suspension was overlaid on a basement layer of 0.66% agar, and
the cultures were incubated at 37°C for 21 days in a humidi-
fied atmosphere of 95% air and 5% CO,. The non-adherent
Al colonies that developed in the suspension cultures were
counted at the end of the treatment.

Cell cycle progression and cellular apoptosis. To examine
the effects of the herbal extracts on cell cycle progression
and cellular apoptosis, the control and treated cultures were
analyzed by flow cytometry using a previously published
protocol (14). Briefly, trypsinized cell cultures from the
control and treated groups were stained with propidium iodide
(Calbiochem; EMD Millipore, Billerica, MA, USA), and the
percentage of cell population in the G1, S, G2/M and sub-G0O
(apoptotic) phases of the cell cycle were monitored using the
EPICS 752 flow cytometer (Beckman Coulter, Inc., Brea,
CA, USA), which was equipped with 488-nM excitation and
630-nM emission long-pass filters. The cell cycle phase distri-
bution was analyzed using the MultiCycle MPLUS software
(Phoenix Flow Systems, San Diego, CA, USA). The data were
expressed as percentage of cell population in each phase of the
cell cycle, as well as G1:S+G2/M ratio.

Cellular metabolism of E2. To examine the effects of the
herbal extracts on the cellular metabolism of E2, the medium
from the control and treated cultures after 48-h incubation was
analyzed for the presence of selected E2 metabolites, including
estrone (El), 2-hydroxyestrone (2-OHEI), 16a-hydroxyestrone
(16a-OHEJ) and estriol (E3), on a 6980 N gas chromatograph
(Agilent Technologies, Inc., Santa Clara, CA, USA) equipped
with a 5973 mass selective detector (MSD) (Agilent Tech-
nologies, Inc.), a 7683 injector (Agilent Technologies, Inc.)
and a HPGI 701CA MSD Chemstation (Agilent Technologies,
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Inc.), using a previously published gas chromatography-mass
spectrometry-based assay (10,12,13). The data were expressed
as 2-OHEI1:16a-OHEI and E3:160-OHE] ratios.

Statistical analysis. The experiments for dose response,
population-doubling time and saturation density were
performed with n=6 flasks per treatment group. The Al
growth assay was performed with n=18 wells per treatment
group, while the experiments for cell cycle analysis, cellular
apoptosis and E2 metabolism were performed using n=3 flasks
per treatment group for each assay.

The statistical significance of the differences in
mean =+ standard deviation (SD) values between the data points
from the control and the experimental groups for the indi-
vidual experiments was analyzed by a two-sample 7-test using
GraphPad Prism software version 5.0 (GraphPad Software,
Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Isolation and characterization of ER-NF and ER-F pheno-
types. The data presented in Fig. 1A demonstrates that the
parental MCF-7 cells exhibit a progressive decrease in the
number of surviving cells as a function of decreased serum
concentration. Thus, relative to the 10% serum group, the
5.0% and 2.5% serum groups exhibited a 43.7% (P=0.04) and
a 53.1% (P=0.04) decrease, respectively, and the 1.0% serum
group exhibited a 92.2% decrease (P=0.03) in the surviving
cell population. The cells from the 1.0% serum group are
also effectively adapted to progressive growth in the presence
of 0.7% serum. The data presented in Fig. 1B demonstrates
that the cells maintained in the presence of 0.7% serum
exhibit a progressive increase in the number of viable cells
as a function of increasing concentrations of E2. Relative to
the <1 nM E2 group, cells treated with 5 nM E2 exhibited an
83.3% increase (P=0.03), and those treated with 10 nM E2 and
20 nM E2 exhibited a 1.2-fold (P=0.01) and a 1.4-fold (P=0.01)
increase, respectively, in the surviving population. Thus, the
surviving population from the 0.7% serum group (E2 <1 nM)
represents the ER-NF phenotype, while that from the 0.7%
serum + 20 nM E2 group represents the ER-F phenotype.

The data presented in Table Il examines the effect of TAM on
E2-promoted growth in the ER-NF and ER-F phenotypes. The
ER-NF phenotype, in response to treatment with E2 + TAM,
exhibits a 29.1% increase (P=0.05) in population-doubling
time, a 59.1% decrease (P=0.04) in saturation density and a
59.3% decrease (P=0.04) in the number of Al colonies, relative
to the E2-treated control. Similarly, in the ER-F phenotype,
treatment with E2 + TAM induces a 26.5% increase (P=0.05) in
the population doubling time, a 65.5% decrease (P=0.04) in the
saturation density and a 62.1% decrease (P=0.04) in the number
of Al colonies, relative to the E2-treated control. Thus, these
data demonstrate that TAM antagonizes the growth-promoting
effect of E2 in the ER-NF and ER-F phenotypes.

Effects of herbal extracts on ER-NF and ER-F phenotypes. The
data on growth inhibition of ER-NF and ER-F phenotypes by
herbal extracts are presented as ICs, values in Tables III and IV,
respectively. The rank order of preferential growth-inhibitory
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Figure 1. (A and B) Growth of human mammary carcinoma-derived MCF-7
cells. (A) Adaptation for growth in chemically defined serum-depleted cul-
ture medium. A progressive decrease in the viable cell number as a function
of decreased serum concentration was noted. Significant results: 10 vs. 5%
serum ('P=0.04); 10 vs. 2.5% serum ("P=0.04); 10 vs. 1.0% serum (“P=0.03).
(B) Response of MCF-7 cells maintained in the culture medium supplemented
with 0.7% serum and E2 concentrations ranging from <1 nM to physiologi-
cally relevant levels. A progressive increase in the viable cell number as a
function of increasing concentrations of E2 was noted. Significant results:
<1 vs. 5 nM E2 (‘P=0.03); <1 vs. 10 nM E2 (“P=0.01); <1 vs. 20 nM E2
("P=0.01). E2, 17B-estradiol.

effects of herbal extracts on the ER-NF and ER-F phenotypes
are presented as the ICy, ratio of the ER-NF vs. ER-F pheno-
type (Table V). These data revealed that an IC, ratio of >1 was
exhibited by LBB, EU, LBF, PC and DA, thus representing
preferential efficacy towards the ER-F phenotype. An IC, ratio
of 1 was exhibited by LL, CS, EG and LC, thus representing
equal efficacy towards the ER-NF and ER-F phenotypes, while
an IC,, ratio of <1 was exhibited by AS and CO, thus repre-
senting preferential efficacy towards the ER-NF phenotype.
The extract prepared from CB exhibited a non-significantly
different 8 and 16% growth inhibition for the ER-NF and ER-F
phenotypes, respectively, at the highest concentration tested
(2.0%). Similarly, the extract prepared from MO exhibited a
non-significantly different 9.7 and 8.5% growth inhibition for the
two phenotypes, respectively, at the equivalent highest concen-
tration. Thus, the extracts from CB and MO were demonstrated
to be essentially ineffective in the present experimental system.

Based on the data from the rank order of effective ICj,
values in the ER-NF and ER-F phenotypes, herbal extracts
from LBB (which demonstrated preferential efficacy for ER-F
cells), EG (which demonstrated identical efficacy in ER-NF
and ER-F cells) and CO (which demonstrated preferential
efficacy for ER-NF cells), were examined for their effect
on Al growth in MCF-7 cells. The data presented in Fig. 2,
which are expressed as the number of colonies [mean + SD,
n=18/treatment group) demonstrate that MCF-7 cells main-
tained in the presence of 0.7% serum (E2 <1 nM) plus a
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physiologically relevant concentration of 20 nM E2 exhibit a
116.3% increase (P=0.01) in the number of AI colonies (mean
Al colony number, 36.7+2 .4), relative to that observed in the
0.7% serum-treated control group (mean Al colony number,
17.2+3.4). Furthermore, LBB treatment resulted in a mean
AT colony number of 4.5+1.3, while treatment with EG and
CO led to a mean Al colony number of 4.9+2.5 and 4.7+2 4,
respectively. Thus, extracts from LBB, EG and CO at their
respective IC,, value produced a >80% decrease (P=0.02) in
the number of E2-promoted Al colonies.

Mechanisms for efficacy of selected herbal extracts. The
data on the effect of extracts from LBB, EG and CO on the
phases of the cell cycle are presented in Table VI. The LBB
extract induced a 48.2% reduction (P=0.04) in the S-phase
population and a 1.5-fold increase (P=0.01) in the G2/M-phase
population, leading to G2/M-phase arrest. In contrast, treat-
ment with EG resulted in a 55.1% increase (P=0.04) in the
population in G1 phase and a 83.9% decrease (P=0.02) in
the G2/M-phase population. Treatment with CO resulted in
a 33.5% increase (P=0.04) in the number of cells in the G1
phase and a 45.9% decrease (P=0.04) in that in the S phase.
Thus, these data demonstrate that the above three extracts
counteract the growth-promoting effect of E2 via their
specific effects on distinct phases of the cell cycle, leading to
an altered G1:S+G2/M ratio. Thus, the data on the cell cycle
progression, expressed as G1:S+G2/M ratio (mean = SD,
n=3/treatment group), which was obtained using extracts from
the selected herbs LBB, EG and CO (Fig. 3A), demonstrated
that, compared with the control, which exhibited a G1:S+G2/M
ratio of 1.02+0.3, the extract from LBB at its IC,, value led to a
ratio of 0.8+0.1, which represents a 25.5% reduction (P=0.04).
In contrast, the extract from EG at its IC,, value induced a
2.4-fold increase (ratio, 3.5+1.1; P=0.02), while the extract
from CO induced a 98.0% increase (ratio, 2.02+0.6; P=0.02).

The data on the status of cellular apoptosis presented in
Fig. 3B demonstrate that, compared with the control (sub-GO
population, 1.9+0.5%), the extract from LBB induced a 2.1-fold
increase (sub-GO population, 5.9+1.3%; P=0.01). Additionally,
fluorescence microscopy of these apoptotic cells stained with
the ApopTag Fluorescein In Situ Apoptosis Detection kit
(Merck Millipore, Darmstadt, Germany) exhibited nuclear
fragmentation corresponding to the extent of apoptosis, as
detected by the percentage of sub-GO population (data not
shown). By contrast, extracts from EG (sub-GO population,
1.6+0.9%) and CO (sub-GO population, 1.4+0.9%) were essen-
tially ineffective in inducing cellular apoptosis. These data
were not significantly different from the control group.

The data from the experiments on the cellular metabolism
of E2 are presented as 2-OHEI:16a-OHEI ratio (mean + SD,
n=3/treatment group) in Fig. 4A and as E3:16a-OHEI ratio
in Fig. 4B. Relative to the control (ratio, 0.5+0.1), extracts
from LBB (ratio, 5.2+1.1), EG (ratio, 4.9+1.0) and CO (ratio,
6.8+1.4), induced a 9.2, 8.8 and 12.6-fold increase, respectively
(P=0.01), in the 2-OHEI1:160-OHETI ratio (Fig. 4A).

Regarding the E3:160-OHEI ratio (Fig. 4B), relative to the
control (ratio, 0.1+0.04), the LBB extract exhibited a ratio of
0.7+0.3, while the extract from EG exhibited a ratio of 0.6+0.2
and that from CO exhibited a ratio of 0.4+0.2, thus inducing a
6, 5 and 3-fold increase, respectively (P=0.01).
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Table II. Combinatorial effects of E2 and TAM on ER-NF and ER-F phenotypes.

ER-NF ER-F
Biomarker E2 E2+TAM E2 E2+TAM
Population-doubling time (h)* 27.8+1.7 35.9+1.9¢ 272+14 34.4+14¢
Saturation density (x10° cells)® 18.1+0.3 7.4+0.5" 26.1x1.8 9.0+1.6¢
Al colonies (no.)* 36.9+2.1 15.0+1.6" 37.2+2.1 14.1£1.01

*Calculated from the exponential growth phase of cultures treated with 20 nM E2 or equimolar concentrations of E2 + TAM. Data are rep-
resented as the mean = SD (n=6/treatment group). “°P=0.05 vs. E2. *Viable cell number determined at day 7 post-seeding of cultures treated
with 20 nM E2 or equimolar concentrations of E2 + TAM. Data are represented as the mean = SD (n=6/treatment group). "*P=0.04 vs. E2.
‘Determined at day 21 post-seeding of cultures treated with 20 nM E2 or equimolar concentrations of E2 + TAM. Data are represented as
the mean + SD (n=12/treatment group). "P=0.04 vs. E2. ER-NF, estrogen receptor non-functional; ER-F, estrogen receptor functional; E2,
17p-estradiol; TAM, tamoxifen; Al, anchorage-independent; SD, standard deviation.

Table III. Rank order of efficacy by ICy, of Chinese nutritional
herbs on the estrogen receptor non-functional phenotype.

Table I'V. Rank order of efficacy by ICy, of Chinese nutritional
herbs on the estrogen receptor functional phenotype.

Herbal extract 1G5, (%)* Herbal extract ICy (%)*
LBB 0.01 LBB 0.001
CO 0.03 CO 0.070
DA 0.19 EU 0.090
EU 0.23 DA 0.130
LL 0.30 PC 0.260
PC 040 LL 0.280
EG 0.46 LBF 0.390
CS 0.60 EG 0.440
LC 0.60 CS 0.570
AS 0.70 LC 0.620
LBF 0.90 AS 1.170
CB Not reached®

MO Not reached® “Determined after a 7-day treatment with the herbal extract. Es-

“Determined after a 7-day treatment with the herbal extract. Estrogen
receptor non-functional MCF-7 cells were maintained in culture
medium supplemented with 0.7% serum (<1 nM 17B-estradiol). *ICs,
was not achieved at the concentration range of 0.01-2.00%. IC, inhib-
itory concentration. AS, Angelica sinensis; CB, Cibotium barometz;
CO, Cornus officinalis; CS, Cuscuta sinensis; DA, Dipsacus asper-
oides; EG, Epimedium grandiflorum; EU, Eucommia ulmoides; LC,
Ligusticum chuanxiong; LL, Ligustium lucidum; LBB, Lycium bar-
barum bark; LBF, Lycium barbarum fruit; MO, Morinda officinalis;
PC, Psoralea corylifolia.

Discussion

Global gene expression profiling of clinical breast cancer has
provided improved molecular/genetic classification of cancer
subtypes, and thereby, has facilitated rational subtype-targeted
therapy (15). Similar classification of commercially available
breast carcinoma cell lines has refined the applicability of
these human tissue-derived preclinical models for specific
molecular subtypes (16-18). It is well established that long-term
treatment with endocrine therapy is frequently associated with
de novo or acquired resistance via deregulation of multiple

trogen receptor functional MCF-7 cells were maintained in
culture medium supplemented with 0.7% serum and 20 nM
17p-estradiol. IC, inhibitory concentration. AS, Angelica sinensis;
CO, Cornus officinalis; CS, Cuscuta sinensis; DA, Dipsacus asper-
oides; EG, Epimedium grandiflorum; EU, Eucommia ulmoides; LC,
Ligusticum chuanxiong; LL, Ligustium lucidum; LBB, Lycium bar-
barum bark; LBF, Lycium barbarum fruit; PC, Psoralea corylifolia.

genetic/molecular pathways that are critical for proliferation
and survival signaling, and may lead to compromised thera-
peutic efficacy (3). Reliable cell culture models that facilitate
the identification of cellular/molecular pathways of therapeutic
resistance should provide valuable experimental approaches
for screening of potential lead compounds that are efficacious
against therapy-resistant breast cancer.

The cell culture models for ER*/progesterone receptor (PR)*
/human epidermal growth factor (HER-2)" luminal A and
ER/PR/HER-2 triple negative subtypes have been commonly
used as comparative experimental systems for ER* and ER
clinical breast cancer, respectively (2,8,16). Specific genetic
differences in these two models other than the status of ER
expression have been documented (16-18). These intrinsic
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Table V. Comparative efficacy by IC;, of Chinese nutritional
herbs on the isogenic ER-NF and ER-F phenotypes.

Herbal extract ER-NF:ER-F ratio (ICs,)*

LBB 10.00
EU 2.56
LBF 231
PC 1.54
DA 1.46
LL 1.07
CS 1.05
EG 1.04
LC 0.97
AS 0.59
CcO 043

4ICy, ratio >1, preferential efficacy for the ER-F phenotype; ICs,
ratio = 1, equivalent efficacy for the ER-NF and ER-F pheno-
types; ICs, ratio <1, preferential efficacy for the ER-NF phenotype.
ER-NF, estrogen receptor non-functional; ER-F, estrogen recep-
tor functional; IC, inhibitory concentration; AS, Angelica sinensis;
CO, Cornus officinalis; CS, Cuscuta sinensis; DA, Dipsacus asper-
oides; EG, Epimedium grandiflorum; EU, Eucommia ulmoides; LC,
Ligusticum chuanxiong; LL, Ligustium lucidum; LBB, Lycium bar-
barum bark; LBF, Lycium barbarum fruit; PC, Psoralea corylifolia.

molecular/genetic differences may limit the utility of these
models for comparative investigations. Availability of isogenic
phenotypes that are genetically identical but differ only in ER
function should facilitate stringently controlled comparative
studies. Additionally, the present comparative study on ER-NF
and ER-F phenotypes provides an experimental approach
that simulates a situation in the progression of clinical breast
cancer where relapse is due to a change in ER status from posi-
tive to negative (3).

The present approach on the human mammary
carcinoma-derived MCF-7 cells, which served as a model for
the breast cancer luminal A subtype (8,16,17), has provided
isogenic cell phenotypes with modulated ER function.
Long-term growth adaptation of the parental MCF-7 cells
in chemically defined serum-depleted medium (0.7% serum,
E2 <1 nM) selected the transient ER-NF phenotype due to
limited availability of a physiologically relevant concentration
of E2. The ER-NF phenotype continued to exhibit progres-
sive growth in the presence of E2 within the physiologically
achievable range. Additionally, the growth-promoting effect of
E2 was abrogated in the presence of the selective ER modu-
lator TAM. Collectively, these observations provided evidence
that the ER-NF and ER-F phenotypes effectively retain E2
responsiveness.

The ER-NF cells maintained in the presence of 0.7% serum
(E2 <1 nM) and the ER-F cells maintained in the presence
of 0.7% serum + 20 nM E2 provided the isogenic models for
the present study to compare the growth-inhibitory efficacy
of extracts from selected Chinese nutritional herbs. Although
these ER-NF and ER-F isogenic phenotypes adequately facili-
tated preliminary screening of efficacious herbs, both these
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Figure 2. Inhibition of AI growth in human mammary carcinoma-derived
MCEF-7 cells. E2 promoted the number of Al colonies and the E2-promoted
colony number was decreased in the presence of LBB, EG and CO. Significant
results: Serum vs. E2 ("P=0.01); E2 vs. E2+LBB (“P=0.02); E2 vs. E2+EG
(""P=0.02); E2 vs. E2+CO (“P=0.02). Al, anchorage-independent; E2,
17B-estradiol; LBB, Lycium barbarum bark; EG, Epimedium grandiflorum;
CO, Cornus officinalis.

phenotypes must be further characterized at the molecular
level to confirm the functional status of ER.

The comparative dose-response experiments of the
herbal extracts on the ER-NF and ER-F phenotypes identi-
fied the IC,, values of the individual extracts independently
for each phenotype, and the ICj, ratio of the ER-NF vs. the
ER-F phenotype facilitated the determination of preferential
efficacy and rank ordering of the Chinese nutritional herbs
on isogenic MCF-7 phenotypes with modulated ER function.
The rank order of growth-inhibitory activity based on the indi-
vidual ER-NF:ER-F IC,, ratios revealed that the extracts from
five herbs (LBB, EU, LBF, PC and DA) were preferentially
effective against ER-F cells, while the extracts from four herbs
(LL, CS, EG and LC) were equally effective against ER-NF
and ER-F cells, and the extracts from two herbs (AS and CO)
were preferentially effective against ER-NF cells. Thus, the
data on differential susceptibility for growth inhibition on
isogenic cells with modulated ER function provide potential
leads for the efficacy of Chinese nutritional herbs on ER* and
ER clinical breast cancer.

The IC,, values distinguished the maximum cytostatic
response from the toxic response. Therefore, the IC,, values for
the ER-NF and ER-F phenotypes were used for the mechanistic
biomarker experiments on Al growth, cell cycle progression,
cellular apoptosis and cellular E2 metabolism.

Selected herbal extracts representing specific
phenotype-dependent preference for growth inhibition were
also effective in inhibiting the AI growth of the ER-NF
phenotype. Thus, at their respective 1C,, value, these extracts
induced a >80% reduction in the number of Al colonies, rela-
tive to those observed in the E2-treated control group.

To identify the potential mechanisms responsible for their
growth-inhibitory efficacy, the extracts from LBB (preferential
activity against the ER-F phenotype), EG (equally effective in
ER-NF and ER-F cells) and CO (preferential activity against the
ER-NF phenotype) were examined for their effects on cell cycle
progression and cellular apoptosis. These extracts exhibited
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Table VI. Effects of extracts from LBB, EG and CO on the cell cycle progression of the estrogen receptor non-functional

phenotype.

Cell cycle-phase population (%)*
Treatment Concentration Gl S G2/M
E2 20 nM 50.1£5.8 342439 14.9+1.6
LBB 0.05% 42.2+49 17.7+1.9¢ 38.1x1.8¢
EG 0.80% 77.77.8° 19.8+1.9¢ 2.4+0.2¢
CcO 0.10% 66.9+6.7° 18.5+1.8¢ 14.6x1.4

“Determined by flow cytometry after a48-h. treatment. Data are represented as the mean + SD (n=3/treatment group). °P=0.04 vs. E2,°P=0.04 vs. E2,
4P=0.01 vs. E2,°P=0.02 vs. E2. E2, 17B-estradiol; LBB, Lycium barbarum bark; EG, Epimedium grandiflorum; CO, Cornus officinalis.
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Figure 3. (A and B) Modulation of cell cycle progression and induction of
cellular apoptosis. (A) Effects of extracts from LBB, EG and CO on the
G1:S+G2/M ratio. Treatment with the extract from LBB decreased this ratio
("P=0.04) due to G2/M arrest, while treatment with the extracts from EG
("P=0.02) and CO ("P=0.02) increased the above ratio due to Gl arrest.
(B) Effects of extracts from LBB,EG and CO on induction of cellular apoptosis.
Only the extract from LBB effectively induced cellular apoptosis ("P=0.01).
E2, 17B3-estradiol; LBB, Lycium barbarum bark; EG, Epimedium grandi-
Sflorum; CO, Cornus officinalis.

distinct effects on cell cycle progression. Thus, the LBB extract
induced G2/M arrest and cellular apoptosis, while the extracts
from EG and CO induced Gl arrest but were ineffective
regarding the induction of cellular apoptosis. Thus, extracts from
effective herbs representative of each of the aforementioned three
groups exhibit distinct effects on cell cycle progression and/or
cellular apoptosis. Taken together, these data suggest that the
anti-proliferative activity of the above three herbal extracts may
be due to their distinct effect on specific phases of the cell cycle.

Oxidative metabolism of E2 impacts the carcinogen-
esis of endocrine-responsive target organs (19-22). E2
metabolites such as 2-OHEI and 16a-OHEI exhibit distinct
growth-modulatory effects on mammary epithelial cells
at the initial phases of carcinogenesis induced by certain
oncogenes such as RAS, c-Myc and HER-2, as well as on
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Figure 4. (A and B) Alteration in the cellular metabolism of E2. (A) Effect
of extracts from LBB, EG and CO on the 2-OHE1:16a-OHEI ratio.
An increase in 2-OHEI:16a-OHEI ratio was observed in response to
treatment with the three extracts, relative to the ratio exhibited by the
E2-treated control (‘P=0.01). (B) Effect of extracts from LBB, EG and CO
on the E3:160-OHEI ratio. An increase in E3:16a-OHEI1 ratio ('P=0.01) in
response to treatment with the three extracts was observed, relative to that
displayed by the E2-treated control. E2, 17f3-estradiol; LBB, Lycium bar-
barum bark; EG, Epimedium grandiflorum; CO, Cornus officinalis; 2-OHE1;
2-hydroxyestrone; 16a-OHE1, 16a-hydroxyestrone; E3, estriol.

breast carcinoma-derived cells (22-25). Thus, 2-OHEI1
exhibits anti-proliferative effects on these cells, while
160-OHEI1 promotes cellular proliferation (22-25). Experi-
mentally induced alterations in E2 metabolism, measured
as 2-OHEI:16a-OHEI and E3:16a-OHEI ratios, provide an
endocrine biomarker for carcinogenic risk and for effective
cancer prevention/therapy (10,12,13). In the light of these
observations, the effects of extracts from LBB, EG and CO
on E2 metabolism were examined in the ER-NF phenotype of
MCF-7 cells. The data from these experiments demonstrated
that these three extracts at their respective IC,, value increased
the 2-OHEI1:160-OHEI and E3:16a-OHEI ratios due to
enhanced production of the anti-proliferative metabolites
2-OHEI and E3.
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The outcome of the present study demonstrates that
non-fractionated aqueous extracts from Chinese nutritional
herbs effectively down-modulate the growth-promoting effects
of E2 via distinct mechanisms in the isogenic cell culture model
with modulated ER function. It is noteworthy that human breast
carcinoma-derived cell culture models with differing expres-
sion of ER, PR, HER-2, epidermal growth factor receptor, p53
and retinoblastoma protein have been utilized to examine the
growth-inhibitory effects of aqueous extracts prepared from
several Chinese medicinal herbs (26,27). However, it should
be recognized that intrinsic genetic differences in expression
of hormone and growth factor receptors in individual cell
lines preclude justifiable comparative investigations within the
existing models. By contrast, the data from the present study
provide evidence that isogenic phenotypes with modulated ER
function as the only experimental variable represent a facile
comparative approach for a mechanism-based screening of
extracts prepared from multi-functional herbs. Furthermore,
rank ordering of preferentially efficacious herbal extracts on
isogenic ER-NF and/or ER-F phenotypes may provide valu-
able mechanistic leads for their potential efficacy towards
ER" and/or ER" clinical breast cancer.

It must be emphasized that, in the present study, the non-frac-
tionated aqueous extracts from the herbs were used specifically
to simulate the administration of herbal tea to patients in tradi-
tional Chinese medicine (4,5,7). It is therefore conceivable that
a mixture of water soluble bio-active agents may be responsible
for the observed growth-inhibitory effects in the present experi-
mental models, and that these agents, acting individually or in
combination, may be affecting the growth of MCF-7 cells.

It is also noteworthy that the parental MCF-7 cells, which
represent a model for the luminal A molecular subtype of
clinical breast cancer, have been previously tested as a model
for endocrine therapy-resistant cancer stem cells (28). The
response of MCF-7-derived stem cells to nutritional herbs may
therefore identify a testable approach for efficacious cancer
stem cell-targeted herbal therapy. Indeed, efficacy of natural
phytochemicals such as quercetin and sulforaphane towards
pancreatic cancer stem cells has been documented (29).

In conclusion, the present study demonstrates that the
non-fractionated aqueous extracts from Chinese nutritional
herbs effectively down-modulate the growth-promoting
effects of E2 via distinct mechanisms in the present isogenic
cell culture model. This aspect is specifically strengthened
by the data that extracts from herbs selectively efficacious for
the ER-F or ER-NF phenotype function via distinct effects
on cell cycle progression, cellular apoptosis and formation
of anti-proliferative E2 metabolites. Furthermore, the models
developed and the results obtained in the present study
provide relevant significance to the herbal management of
ER* or ER clinical breast cancer, as well to the relapse of
ER" breast cancer, in which the ER expression has become
negative (4,5,26,27,30). Clearly, clinical usefulness of the
nutritional herbs investigated in the present study will have to
be established in future human studies.
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