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The transcription factor hypoxia-inducible factor-1 (HIF-1) represents an important molecular target for anticancer drug
discovery. In a T47D cell-based reporter assay, the Caulerpa spp. algal pigment caulerpin (1) inhibited hypoxia-induced
as well as 1,10-phenanthroline-induced HIF-1 activation. The angiogenic factor vascular endothelial growth factor (VEGF)
is regulated by HIF-1. Caulerpin (10 µM) suppressed hypoxic induction of secreted VEGF protein and the ability of
hypoxic T47D cell-conditioned media to promote tumor angiogenesis in vitro. Under hypoxic conditions, 1 (10 µM)
blocked the induction of HIF-1R protein, the oxygen-regulated subunit that controls HIF-1 activity. Reactive oxygen
species produced by mitochondrial complex III are believed to act as a signal of cellular hypoxia that leads to HIF-1R
protein induction and activation. Further mechanistic studies revealed that 1 inhibits mitochondrial respiration at electron
transport chain (ETC) complex I (NADH-ubiquinone oxidoreductase). Under hypoxic conditions, it is proposed that 1
may disrupt mitochondrial ROS-regulated HIF-1 activation and HIF-1 downstream target gene expression by inhibiting
the transport or delivery of electrons to complex III.

The transcription factor HIF-1 (hypoxia-inducible factor-1)
regulates oxygen homeostasis. First identified by Semenza and
colleagues, HIF-1 is composed of the oxygen-regulated HIF-1R
and the constitutively expressed HIF-1�/aryl hydrocarbon receptor
nuclear translocator (ARNT) subunits.1,2 Under normoxic condi-
tions, HIF-1R protein is rapidly degraded and HIF-1 is inactive.3

When the level of oxygen is reduced (hypoxia), the prolyl
hydroxylases that modify HIF-1R protein and tag it for degradation
are inhibited and HIF-1R protein is stabilized.4-6 Hypoxia also
inhibits the asparaginyl hydroxylase that modifies and inactivates
HIF-1R protein.7 As a result, hypoxia activates HIF-1 and its
downstream targets. Both the prolyl and the asparaginyl hydroxy-
lases that modify HIF-1R protein require ferrous iron (Fe2+) as a
cofactor.4-7 Iron chelators (desferroxamine, 1,10-phenanthroline)
and transition metals (Co2+) inhibit these hydroxylases and activate
HIF-1 under normoxic conditions. In addition to hypoxia and iron
chelators, the activation of oncogenes (ras, src, myc, etc.) and/or
the inactivation of tumor suppressor genes (i.e., PTEN, VHL) can
also activate HIF-1.8 In tumor cells, the activation of HIF-1 and
the signaling pathways regulated by HIF-1 promotes adaptation and
survival under hypoxic conditions that are commonly found in solid
tumors.8,9 Among cancer patients, the expression of HIF-1R protein
correlates with advanced disease stages and resistance to treatments.8,9

In animal-based studies, inhibition of HIF-1 suppressed tumor
growth and enhanced treatment outcome when combined with
radiation and chemotherapeutic agents.10-16 Agents that inhibit
HIF-1 (e.g., the HIF-1A RNA antagonist EZN-2968 and the small
molecule PX-478, which decreases HIF-1A gene expression) are
under early stage clinical evaluation for cancer treatment.17

Numerous efforts are underway in industry, government, and
academic laboratories to discover and develop small-molecule HIF-1
inhibitors for the treatment of cancer.

We have established a natural product chemistry-based program
to discover small-molecule HIF-1 inhibitors. A human breast tumor
T47D cell-based reporter assay was used to monitor the activity of
HIF-1.18 Natural product-rich extracts and pure compounds were

examined in this 96-well plate formatted reporter assay for activities
that inhibit hypoxia (1% O2)-induced HIF-1 activation. The
chlorophyte pigment caulerpin (1) suppressed HIF-1 activation. First
isolated from the green algal genus Caulerpa,19 1 was found in
certain species of Caulerpa20 and in the red alga Chondria
armata.21 The effects of 1 on HIF-1 and its downstream targets
were evaluated in human breast tumor cell-based systems. Com-
pound 1 suppressed hypoxic activation of HIF-1 and the down-
stream targets examined. Mechanistic investigation revealed that 1
inhibited mitochondrial respiration at complex I.

Results and Discussion

Concentration-response studies were performed to determine
the effects of 1 on the activation of HIF-1 in a T47D cell-based
reporter assay.18 Compound 1 inhibited both hypoxia (1% O2)- and
chemical hypoxia (10 µM 1,10-phenanthroline)-induced HIF-1
activation with comparable potency (Figure 1A). Neither T47D cell
viability nor luciferase expression from a pGL3-control construct
(Promega) was affected by 1 at 30 µM (e10% inhibition, hypoxic
conditions, 16 h, data not shown). The effects of 1 on the induction
of HIF-1 target genes vascular endothelial growth factor (VEGF)
and glucose transporter-1 (GLUT-1) were examined in T47D cells.
Both hypoxic exposure (1% O2, 16 h) and treatment with an iron
chelator (10 µM 1,10-phenanthroline, 16 h) increased the expression
of VEGF and GLUT-1 at the mRNA level (GLUT-1, Figure 1B;
VEGF, Figure 1C), relative to the untreated control. Compound 1
suppressed the induction of VEGF and GLUT-1 mRNAs by
hypoxia at a concentration of 30 µM (0 versus 30 µM 1 under
hypoxia, Figure 1B and C). No inhibition was observed when 1
was tested at a concentration of 10 µM (data not shown). The
induction of VEGF and GLUT-1 mRNAs by 1,10-phenanthroline
was not inhibited by 1 (Figure 1B and C).

The angiogenic factor VEGF plays an important role in tumor
angiogenesis, and agents that inhibit VEGF are in clinical use for
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cancer.22 One mechanism for hypoxia-stimulated tumor angiogen-
esis is by increased production of angiogenic factors (i.e., VEGF)
by tumor cells.22 The effect of 1 on hypoxic induction of VEGF
protein was examined in T47D cells. The levels of VEGF proteins
were determined by ELISA, and the data were normalized to the
amount of cellular proteins (cellular VEGF protein, Figure 2A;
secreted VEGF protein, Figure 2B). Compound 1 (10 µM)
suppressed the induction of secreted VEGF protein by hypoxia.
Since 1 did not affect the level of secreted VEGF protein under
normoxic conditions, it is most likely that 1 suppressed hypoxic
induction of secreted VEGF protein by reducing the level of VEGF
protein under hypoxic conditions. Secreted VEGF protein consti-
tutes g85% of total VEGF protein (0.37 pg of secreted VEGF
protein versus 0.06 pg of cellular VEGF protein per µg of cellular
protein, Figure 2A and B). To investigate if this decrease in the
level of secreted VEGF protein translates into the suppression of
tumor angiogenesis, a human umbilical vein endothelial cell
(HUVEC)-based tube formation assay was employed as an in vitro
model for tumor angiogenesis.23 In the absence of stimuli, HUVEC
cells were scattered (Basal Media, Figure 2C). Addition of
recombinant human VEGF protein (VEGF, Figure 2C) as positive
control or normoxic and hypoxic T47D cell-conditioned media
induced HUVEC cells to form tube-like structures (Normoxic
Control and Hypoxic Control, Figure 2C). An enhanced tube
formation activity was observed with the conditioned media sample

collected from hypoxic T47D cells, in comparison to that from
normoxic T47D cells. Compound 1 suppressed the angiogenesis-
inducing activity of hypoxic T47D cells [Hypoxia, 1 (10 µM) and
Hypoxia, 1 (30 µM), Figure 2C). In contrast, 1 did not inhibit the
angiogenic activity of normoxic T47D cell-conditioned media [1
(30 µM), Figure 2C], suggesting that 1 does not interfere with the
tube formation process. Two parameters often used to quantify the
extent of angiogenesis in the tube formation assay are the length
of tubes and the number of branching points. The inhibition of tumor
angiogenesis by 1 correlates with the decreases in both the length
of tubes (Figure 2D) and the number of branching points (Figure
2E). It is most likely that 1 suppresses tumor angiogenesis by
blocking the hypoxic induction of angiogenic factors such as VEGF.
The observation that 1 (10 µM) exerted a more pronounced effect
on secreted VEGF level, in comparison to that at the mRNA level,
suggests that 1 may also exert HIF-1-independent post-transcrip-
tional effects.

Hypoxia-stimulated tumor cell invasion and metastasis represent
a significant contributor to the malignant progression of tumors,
and HIF-1 regulates the expression of a number of genes that are
involved in the complex metastatic process.24 To assess the effect
of 1 on tumor cell migration, a metastatic MDA-MB-231 human
breast tumor cell-based wound-healing assay was used as an in
vitro model. A “wound” was created by scratching a layer of
confluent MDA-MB-231 cells with a 200 µL pipet tip. Surrounding
cells migrate into the damaged area, resulting in the healing of the
“wound” over a period of time (22 h). Compound 1 suppressed
the migration of MDA-MB-231 cells in a concentration-dependent
manner (Figure 3A). To exclude the possibility that the inhibition
of migration was due to cytotoxicity, the effect of 1 on the
proliferation/viability of MDA-MB-231 cells was examined using
the neutral red method. Under experimental conditions (22 h,
normoxia and hypoxia), 1 did not exert a significant effect on the
viability of MDA-MB-231 cells (less than 15% inhibition, Figure
3B).

The effects of 1 on cell growth/viability were further examined
in a panel of human tumor cell lines (breast tumor T47D, MCF-7,
and MDA-MB-231; prostate tumor DU145 and PC-3) and primary
human mammary epithelial cells (HMEC, Lonza), which were used
as an in vitro model for normal cells. A cell line-dependent growth
inhibitory effect was observed in this 48 h exposure study (Figure
4). Extended incubation time (48 h versus 22 h) led to an increase
in growth inhibition in MDA-MB-231 cells (Figure 3B versus
Figure 4). The highest level of inhibition was 52% in PC-3 cells at
a concentration of 30 µM. The normal HMEC cells were affected
to a lesser extent (less than 25% at concentrations up to 30 µM).
DU145 cells were least sensitive to 1.

To investigate the mechanism of action for 1 to inhibit HIF-1
activation, the effect of 1 on the induction of HIF-1R protein was
evaluated by Western blot. In general, the induction of HIF-1R
protein correlates with the activation of HIF-1. Hypoxic exposure
(1% O2, 4 h) and 1,10-phenanthroline treatment (10 µM, 4 h) each
induced the accumulation of HIF-1R protein in the nuclear extract
samples prepared from T47D cells (Figure 5A). At the concentration
of 10 µM, 1 blocked the induction of HIF-1R protein by hypoxia
(Figure 5A). The inhibitory effect was less pronounced on 1,10-
phenanthroline (chemical hypoxia)-induced accumulation of nuclear
HIF-1R protein (Figure 5A). Levels of the constitutively expressed
HIF-1� protein in the nuclear extract samples were monitored by
Western blot as a control (Figure 5A). Compound 1 did not decrease
the levels of HIF-1� protein. Among the small-molecule HIF-1
inhibitors that we and others have examined, compounds that disrupt
the function of mitochondria selectively inhibited HIF-1 activation
by hypoxia, relative to that by other stimuli (iron chelators, anoxia,
etc.).18,25,26 A T47D cell-based respiration study was performed
to determine the effect of 1 on cellular oxygen consumption.26 In
nonpermeabilized T47D cells, 1 reduced the rate of cellular

Figure 1. Caulerpin (1) inhibits HIF-1 activation. (A) Compound
1 inhibited hypoxia (1% O2, 16 h, solid bar)- and 1,10-phenan-
throline (10 µM, 16 h, open bar)-induced HIF-1 activation in a
concentration-dependent manner in a T47D cell-based reporter
assay. The positive control emetine was tested at 1 µM. Data shown
are averages, and the bars represent standard deviation (representa-
tive one of two independent experiments in triplicate). (B)
Compound 1 inhibited the induction of GLUT-1 mRNA by hypoxia
(1% O2, 16 h) in T47D cells. The levels of GLUT-1 mRNA were
determined by quantitative real-time RT-PCR and normalized to
an internal control (18S rRNA) using the ∆∆CT method. The
“Control” represents untreated cells. (C) Compound 1 inhibited
hypoxic induction of VEGF mRNA. Data acquisition and process-
ing were the same as those described in (B).
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respiration in a concentration-dependent manner (no effect at 10
µM and 30% inhibition at 30 µM, data from preliminary studies
not shown). Preincubation of T47D cells with 1 at 37 °C for 2 h
dramatically reduced cellular respiration rate (87% reduction in
T47D cells treated with 30 µM 1, relative to the untreated control,
data from preliminary studies not shown). Permeabilization of the

plasma membrane with digitonin significantly enhanced the inhibi-
tory effect exerted by 1 on mitochondrial respiration (57% inhibition
at 30 µM, Figure 5B). Thus, it is likely that 1 does not penetrate
cells readily and extended incubation facilitates compound uptake.
To discern the component(s) of the mitochondrial electron transport
chain (ETC) affected by 1, further mechanistic studies were

Figure 2. Caulerpin (1) inhibits hypoxic induction of secreted VEGF protein and tumor angiogenesis in vitro. (A) Levels of cellular VEGF
protein in the lysates of T47D cells exposed to hypoxia (1% O2, 16 h, solid bar) in the presence of 1 were determined by ELISA and
normalized to the amounts of cellular proteins (average + standard deviation, representative one of two independent experiments in triplicate).
Data acquired under normoxic conditions (5% CO2/95% air, 16 h) are shown with open bars. (B) Levels of secreted VEGF protein in the
media conditioned by T47D cells exposed to hypoxia (1% O2, 16 h) in the presence of 1. Data acquisition and presentation are the same
as those described in (A). The p value is provided when there is a statistically significant difference between the induced and the compound-
treated samples. (C) The effects of 1 on tumor angiogenesis were evaluated in a HUVEC tube formation assay with T47D cell-conditioned
media samples. Representative image of each condition is shown with a 100 µm scale bar. The positive (VEGF) and negative (Basal
Media) controls are included at the top. The extent of tube formation induced by T47D cell-conditioned media samples (Figure 2C) was
quantified in three randomly selected fields for each condition. The data [tube length (D); and number of branching point (E)] are averages,
and the bars represent standard deviation.
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performed. The first study examined the function of the mitochon-
drial ETC in cells treated with 1. The extent of mitochondrial
respiration correlates with the rate of oxygen consumption,
determined using an Oxytherm Clarke-type electrode system
(Hansatech). The T47D cells treated with 1 (30 µM, 37 °C, 2 h)
were trypsinized and resuspended in a buffer solution, and the
plasma membrane was permeabilized with digitonin. Addition of
a mixture of malate and pyruvate (ETC complex I substrates) failed
to initiate mitochondrial respiration in T47D cells pretreated with
1 (Figure 5C), relative to their ability to initiate respiration in control

cells.25,26 Succinate (complex II substrate) initiated mitochondrial
respiration in these T47D cells that were previously treated with
1. These observations indicate that 1 treatment impaired complex
I. To ensure that the ETC remained functional, antimycin A
(complex III inhibitor) was added to suppress respiration in the
presence of succinate, and a mixture of TMPD/ascorbate (complex
IV substrates) was added to reinitiate respiration (Figure 5C). These
results suggest that compound 1 inhibited ETC complex I without
affecting complexes II, III, and IV. For confirmation, compound 1
(30 µM) was added to permeabilized T47D cells respiring in the
presence of malate and pyruvate (Figure 5D). Compound 1

Figure 3. Caulerpin (1) inhibits the migration of MDA-MB-231
cells. (A) The effect of 1 on tumor cell migration was examined in
a MDA-MB-231 cell-based wound-healing assay. Wounds (600 µm
width) were created by scratching a layer of confluent MDA-MB-
231 cells with 200 µL pipet tips. The incubation continued for 22 h
in DMEM/F12 media supplemented with 5% FBS in the presence
and absence of 1, under normoxic and hypoxic conditions. The
cells were fixed in methanol and stained with crystal violet. Scale
bars (100 µm) are included inside each picture. (B) The effect of
1 on the proliferation/viability of MDA-MB-231 cells under the
conditions used in the wound-healing assay was determined by the
neutral red method. Data are presented as % control of the untreated
cells (average + standard deviation, one experiment in triplicate).

Figure 4. Caulerpin (1) exerts cell line-dependent growth inhibitory
effects. Exponentially grown cells were plated into 96-well plates
and exposed to 1 at concentrations of 1, 3, 10, and 30 µM for 48 h
under normoxic conditions, and cell viability was determined by
the sulforhodamine B method. Data (average + standard deviation,
one experiment in triplicate) are presented as % inhibition calculated
using the following formula: % inhibition ) (1 - ODtreated/ODcontrol)
× 100.

Figure 5. Caulerpin (1) blocks hypoxic induction of HIF-1R protein
and suppresses mitochondrial respiration at complex I. (A) Levels
of HIF-1R and HIF-1� proteins in nuclear extract samples prepared
from T47D cells exposed to hypoxia (1% O2, 4 h) or 1,10-
phenanthroline (10 µM) in the presence and absence of 1 were
determined by western blot analysis. (B) Compound 1 (30 µM)
inhibited mitochondrial oxygen consumption in T47D cells per-
meabilized with digitonin (30 µM). Data shown are averages from
three determinations, and the bars indicate standard deviation. (C)
The ETC complex I was suppressed in compound 1-treated T47D
cells, while complexes II, III, and IV remained functional. The
T47D cells were treated with 1 (30 µM) at 37 °C for 2 h. The cells
were trypsinized, washed, and resuspended in a buffer solution.
Substrates and inhibitors were added in a sequential manner to T47D
cells (5 × 106, 30 °C) at the specified time point. (D) Compound
1 (30 µM) inhibits mitochondria respiration by targeting complex
I in T47D cells.
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suppressed mitochondrial respiration, and the inhibition was relieved
by the complex II substrate succinate (Figure 5D), just as observed
with other ETC complex I inhibitors (e.g., rotenone).27,28

Mitochondrial mediated reactive oxygen species (ROS) signaling
leads to the stabilization of HIF-1R protein and the subsequent
activation of HIF-1.27-29 Hypoxia suppresses the transfer of
electron to oxygen at mitochondrial ETC complex IV and increases
ROS generation at complexes I and III. Complex I inhibitors such
as rotenone and diphenylene iodonium (DPI) curb complex III
superoxide anion ROS production and destabilize HIF-1R protein
under hypoxic conditions.29 It is likely that 1 blocks the hypoxic
induction of HIF-1R protein by inhibiting complex III superoxide
anion generation, as previously observed with other complex I
inhibitors.

Caulerpin was first isolated from green algae of the genus
Caulerpa as a red pigment.19 A survey of caulerpin distribution in
species of the genus Caulerpa revealed that the presence of
caulerpin correlates with the bilateral morphology and the absence
of peroxidase activity.20,30 Caulerpin was subsequently isolated from
the red alga Chondria armata.21 Cardellina and colleagues hypoth-
esized that caulerpin may regulate plant growth and demonstrated
that caulerpin functions as an auxin in a lettuce seedling root growth
assay.30 Other reported bioactivities of caulerpin include (1) the
inhibition of human protein tyrosine phosphatase 1B (hPTP1B)31

and (2) the ability to restore the growth of a yeast strain that
overexpresses the human indoleamine 2,3-dioxygenase (IDO)
gene.32 In male Swiss mice, caulerpin exhibited no acute toxicity
when administered at the maximum dose of 2 g kg-1 orally or at
0.2 g kg-1 intravenously.33 However, caulerpin has recently been
shown to be cytotoxic to human dermal fibroblasts (FEK4).34 Our
study is the first characterization of caulerpin as a cellular hypoxia-
targeted antitumor agent. The observations that caulerpin suppresses
HIF-1 activation and downstream HIF pathways (i.e., tumor
angiogenesis) support further exploration of the anticancer potential
of caulerpin.

The finding that caulerpin suppresses mitochondrial respiration
at complex I may shed light on why the green algae Caulerpa
taxifolia can survive and invade the waters of the Mediterranean.
Dubbed the “killer algae”, an aquarium-bred strain of C. taxifolia
was originally dumped into the Mediterranean in 1984. This alga
has been devastating coastal ecosystems by invading over 10 000
acres of the Mediterranean coast over a period of two decades.35 It
was reported that caulerpin constitutes 0.05% dry weight of a
Chinese C. taxifolia sample.31 The mitochondrial complex I
inhibitor rotenone and the roots of plants belonging to the genus
Loncocarpus that contain rotenone have been used as fish poisons
for centuries.36 The purified compound rotenone is a potent toxin
to fish and snails, and it is used commercially as a piscicide and
agricultural pesticide. It is a logical extension to speculate that fishes
and other marine animals will avoid eating algae that contain
inhibitors of mitochondrial respiration. While studies have not
shown a direct effect of caulerpin on herbivore grazing,37,38 it
remains likely that the mitochondrial inhibitor caulerpin plays some
form of protective role in the C. taxifolia chemical ecology.
Caulerpin has been shown to increase the susceptibility of marine
invertebrates to environmental toxins by inhibiting the P-glyco-
protein transporter that produces multixenobiotic resistance
(MXR).39 Therefore, caulerpin may also potentiate the toxic effects
of other Caulerpa metabolites to fish and marine invertebrates by
blocking MXR-mediated efflux. The MXR P-glycoprotein trans-
porter is an ATP-dependent plasma membrane efflux pump. As in
the case of rotenone, the ability of caulerpin to inhibit MXR may
be explained by the effect of caulerpin on the mitochondrial electron
transport chain and ATP production.40 In addition, the plant growth
regulatory function of caulerpin may promote the expansion of C.
taxifolia. As a result, the combined force of self-promoted growth

and chemical defenses may contribute to the invasive nature of the
“killer algae”.

Experimental Section

Caulerpin (1). The sample was from the University of Mississippi
purified natural product repository. The structure and purity of the
sample were confirmed by NMR analysis. Orange crystals; ESIMS m/z
399 [M + H]+, molecular formula C24H18N2O4. The 400 MHz 1H and
100 MHz 13C NMR spectra recorded in DMSO-d6 on AMX-NMR
spectrometers (Bruker) matched those previously published.34,41

Cell-Based Reporter Assay. The T47D cell-based reporter assay
for HIF-1 activity was the same as previously described.18,26 Compound
1 was dissolved in DMSO and the stock solution (4 mM) stored at
-20 °C. Final solvent concentration was less than 0.25% (v/v). The
data were presented as % inhibition of the induced sample using the
formula

% inhibition ) (1- light outputtreated/light outputinduced) × 100

Real-Time RT-PCR. The acquisition of total RNA samples from
compound-treated and control T47D cells, cDNA synthesis, sequences
of the gene-specific primers, real-time PCR reaction, data analysis, and
presentation were the same as those described.42

ELISA Assay for VEGF Protein and HUVEC-Based Tube
Formation. The procedures were previously described in detail.18,26

The ELISA data were presented as levels of VEGF proteins normalized
to the quantity of cellular proteins. The HUVEC-based tube formation
assay was performed and analyzed as described.26

MDA-MB-231 Cell-Based Wound-Healing Assay. MDA-MB-231
cells (ATCC) were maintained in DMEM/F12 media with L-glutamine
(Mediatech), supplemented with 10% (v/v) fetal bovine serum (FBS,
Hyclone), 50 units/mL penicillin, and 50 µg mL-1 streptomycin
(BioWhittaker). A detailed procedure for the wound-healing assay was
described.25,26

Cell Proliferation/Viability Assay. Human T47D, MCF-7, MDA-
MB-231, DU-145, and PC-3 cell lines were purchased from ATCC
and maintained in DMEM/F12 media supplemented with 10% FBS
(Hyclone), 50 units mL-1 penicillin, and 50 µg mL-1 streptomycin
(Biowhittaker). Human mammary epithelial cells (HMEC) were
acquired from Lonza and maintained as instructed by the supplier.
Exponentially grown cells were plated at a density of 30 000 cells per
well in a volume of 100 µL of culture media supplemented with FBS
and antibiotics into 96-well plates (Greiner Bio-One). After the cells
attach (overnight), test compounds were diluted with serum-free media
and added to the specified wells in a volume of 100 µL. The incubation
continued for 48 h under normoxic conditions (95% air/5% CO2, 37
°C), and cell viability was determined using the sulforhodamine B
method.26,43 Light absorbance at 490 nm was determined on a BioTek
Synergy plate reader with background absorbance at 690 nm. A formula
similar to the one described in the reporter section was applied to
calculate the % inhibition data.

Nuclear Extract Preparation and Western Blot Analysis. T47D
cells (10 × 106 cells per 100 mm plate) were exposed to test compounds
or media for 30 min, and the incubation continued for another 4 h
under hypoxic conditions (1% O2/5% CO2/94% N2) or in the presence
of 1,10-phenanthroline (10 µM). The preparation of nuclear extract
samples from T47D cells and the determination of the levels of HIF-
1R and HIF-1� proteins in the nuclear extract samples by Western blot
were the same as those described in detail.18,26

Mitochondrial Respiration Assays. A method used to monitor
respiration in isolated mitochondria44 was modified to measure the level
of oxygen consumption in T47D cells and to investigate the specific
target within the mitochondrial electron transport chain affected by
active compounds.25,26 For the incubation study, T47D cells were
seeded at a density of 5 × 106 cells per 100 mm plate. After overnight
incubation, half of the conditioned media were replaced with serum-
free media that contain test compound and the incubation continued
for another 2 h. The cells were trypsinized, collected, and permeabilized,
and the respiration studies performed as described.25,26 The mechanistic
study to discern the site within the mitochondrial ETC regulated by
the active compound was performed as previously described.25,26

Statistical Analysis. Data were compared using one-way ANOVA
and Bonfferoni post hoc analyses (GraphPad Prism 4). Differences were
considered significant when p < 0.05.
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