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Abstract
3,3′-Diindolylmethane (DIM) is a chemopreventive and chemotherapeutic phytochemical derived
from the metabolism of indoles found at high concentrations in cruciferous vegetables. We have
previously shown that DIM exhibits anti-angiogenic properties in cultured vascular endothelial cells
and in Matrigel plug assays in rodents. In the present study, we demonstrate that DIM reduces the
level of hypoxia-inducible factor (HIF)-1α in hypoxic tumor cell lines, as well as HIF-1
transcriptional activity as measured by a reporter assay. Moreover, DIM inhibited the expression of
HIF-1-responsive endogenous genes, resulting in the reduced expression of key hypoxia responsive
factors, VEGF, furin, enolase-1, glucose transporter-1 and phosphofructokinase. DIM reduced the
level of HIF-1α in hypoxic cells by increasing the rate of the prolylhydroxylase- and proteosome-
mediated degradation of HIF-1α, and by decreasing the rate of HIF-1α transcription. Using enzyme
kinetics studies, we established that DIM interacts with the oligomycin-binding site on the F1
transmembrane component of mitochondrial F1F0-ATPase. The contributions of the resulting
increases in levels of ROS and O2 in hypoxic cells to the inhibitory effects of DIM on HIF-1α
expression are discussed. These studies are the first to show that DIM can decrease the accumulation
and activity of the key angiogenesis regulatory factor, HIF-1α, in hypoxic tumor cells.
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1. INTRODUCTION
Phytochemicals derived from cruciferous vegetables, including indole-3-carbinol (I3C) and its
condensation product, 3,3′-diindolylmethane (DIM), are under study as promising anticancer
agents [1–3]. DIM has chemopreventive properties that have been attributed partly to its
interaction with aryl hydrocarbon receptor (AhR) and induction of Phase II detoxifying
enzymes [4–8]. DIM can also inhibit the proliferation of breast cancer cells in vitro by inducing
cell cycle arrest and by promoting apoptosis in both estrogen-dependent (MCF-7) and estrogen-
independent (MDA-MB-231) breast cancer cell lines [9–14]. Oral treatments with I3C and
DIM significantly reduce the incidence of 7,12-dimethylbenz(a)anthracene (DMBA)-induced
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mammary tumors in female rats and benzo(a)pyrene (BP)-induced neoplasia of the
forestomach in female mice [2,9]. Long-term treatment with these indoles also has been shown
to inhibit diethylnitrosamine (DEN)-initiated hepatocarcinogenesis in an infant mouse model
[1]. DIM also inhibits the growth of established human mammary tumors in a xenograft model
in mice [15]. Moreover, I3C and DIM have become widely used adjunct therapies for recurrent
respiratory papillomatosis (RRP), caused by certain types of human papillomaviruses (HPVs)
[16,17]. Thus, DIM has the potential to be a useful therapeutic agent against tumors and
neoplasia in several tissues.

We have recently proposed that inhibition of tumor angiogenesis may be among the
mechanisms by which DIM suppresses tumor growth [15]. We showed that DIM suppresses
markers of angiogenesis in model systems, including inhibition of proliferation, migration and
tube formation of cultured human vascular endothelial cells, and suppression of vascularization
of Matrigel plugs in athymic mice [15].

Tumor angiogenesis plays a central role in primary tumor growth and metastasis [18]. Growth
of a tumor beyond 2–3 mm3 requires development of a microvessel network to facilitate
delivery of nutrients and oxygen to the tumor. Density of microvasculature has been used as
an indicator of biological aggressiveness and metastatic potential in many primary tumors
because neovascularization facilitates metastasis by allowing access of cancer cells to the
circulation [19–22]. The abilities of primary breast, prostate and colorectal carcinomas to
metastasize to the lymph nodes have been directly correlated to the degree of angiogenesis
within the primary tumors [21–24].

The development of hypoxic conditions at the core of tumors reaching a critical size of a few
millimeters in diameter is considered to be the initial stimulus that triggers tumor angiogenesis
[20]. The hypoxia-induced factor (HIF)-1α accumulates rapidly in tumor cells exposed to
hypoxic conditions and heterodimerizes with HIF-1β/ARNT to form HIF-1. HIF-1 is a
transcription factor that regulates the expression of over 60 genes, including genes that encode
several angiogenic factors and enzymes involved in energy metabolism [25,26].

Previous studies in our laboratory showed that DIM induced a G1 cell cycle arrest in human
breast cancer MCF-7 cells by a mechanism that includes increased expression of the cell cycle
inhibitor p21 [11]. We observed subsequently that DIM is a strong mitochondrial F1F0-ATPase
inhibitor that can induce hyperpolarization of mitochondrial inner membrane, decrease cellular
ATP level, and stimulate mitochondrial reactive oxygen species (ROS) production [27]. DIM-
induced ROS production leads to the activation of stress-activated MAPK pathways involving
p38 and JNK and the induction of expression of p21. Coincubation of cells with antioxidant
vitamins significantly attenuated DIM-induced activation of p38 and JNK, and induction of
p21 expression, indicating that oxidative stress is the major trigger of these events.

Since several studies have shown that inhibitors of mitochondrial respiration can inhibit the
accumulation of HIF-1α in hypoxic cells, we examined whether DIM might function to inhibit
angiogenesis by this means, as well. Thus, we further defined the inhibitory activity of DIM
on F1F0-ATPase activity and examined whether this inhibition is associated with increased
levels of ROS and O2 in hypoxic tumor cells. In addition, we determined the effects of this
indole on the levels of hypoxia-induced HIF-1α accumulation in cultured tumor cells and on
the transcriptional regulation of a HIF-1-responsive reporter gene and of several endogenous
genes. Our results show that DIM strongly inhibited HIF-1α accumulation and HIF-1 activity
in hypoxic tumor cells by a mechanism that involves reactivation of prolylhydroxyase activity
and redistribution of intracellular oxygen.
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2. MATERIALS AND METHODS
2.1 Materials

Dulbecco’s modified Eagles’ medium (DMEM), Opti-MEM and lipofectamine were from
Gibco/BRL (Grand Island, NY). Fetal bovine serum (FBS) was from Sigma Corp. (St. Louis,
MO). MDA-MB-231 and HepG2 cells were from ATCC (Rockville, MD). Tri-reagent was
from Molecular Research Center (Cincinnati, OH).

2.2. Cell Culture
The human breast tumor cell line, MDA-MB-231, and the human hepatoma HepG2 cell line
were grown as adherent monolayers in DMEM, supplemented to 4.0 g/liter glucose, 3.7 g/L
sodium bicarbonate and 10% FBS, in a humidified incubator at 37 °C and 5% CO2, and
passaged at approximately 80% confluency. Cultures used in subsequent experiments were at
less than 35 passages.

2.3. Western Blot Analysis
Cells were cultured in 6-well plates to near confluency, treated as indicated in the figure legends
and placed in normoxic (20% O2) or hypoxic (1% O2) incubators for 4 hours. Cells were
immediately harvested in 200 μL of loading buffer (10% glycerol, 5% 2-mercaptoethanol, 10%
SDS, 0.125 M Tris-HCl pH 6.7, 0.15% bromophenol blue), sonicated for 12 seconds, heated
to 99.9 °C for 5 min and fractionated by electrophoresis on 10% polyacrylamide, 0.1% SDS
resolving gels. Proteins were electrically transferred to Immobilon-II membranes (Millipore,
Billerica, MA), and blocked at room temperature for 1 hour with 5% non-fat dry milk in wash
buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween 20). Blots were subsequently
incubated with antibodies against human HIF-1α (BD Pharmigen, San Diego, CA). The
antibody concentration was 0.25 μg/mL in blocking buffer. Immunoreactive proteins were
detected after 1 h of incubation at room temperature with horseradish peroxidase-conjugated
secondary antibodies. Goat anti-mouse antibodies were used as secondary antibodies (Bio-
Rad) after being diluted 1:3000 in wash buffer. Blots were treated with ECL reagents
(PerkinElmer Life Sciences), and chemoluminescence was detected using BioMax MR film
(Kodak) or quantitated directly by densitometry using an AlphaImager HP imaging system
(Alpha Innotech, San Leandro, CA). Equal protein loading was ascertained by Ponceau-S-
staining of the membranes after transfer and by stripping the membranes and reprobing with
antibodies against human β-tubulin.

2.4. Determination of mRNA by RT-PCR
Cells were lysed by addition of Tri-reagent (Molecular Research Center, Inc., Cincinnati, OH)
and chloroform was used for phase separation. After centrifugation, the aqueous upper phase
was collected and total RNA was precipitated by isopropanol, washed with 75% ethanol, and
dissolved in DEPC treated water. Levels of specific mRNAs were determined by reverse
transcription and polymerase chain reaction (RT-PCR) using Gibco enzymes and reagents.
Reverse transcription was done using a 15-mer oligo-dT primer to generate cDNAs from all
mRNAs. Levels of specific mRNA for the genes indicated in the Results section were
determined by PCR using the specific 20-mer primer pairs below on a RoboCycler G96
(Stratagene, Cedar Creek, TX): Furin-f, 5′-TGTGGTGTAGGTGTGGCCTA-3′, Furin-r, 5′
GCTGATGGACAGCGTGTAGA-3′. VEGF-f, 5′-GTCATTGGCAGAAAACCA-3′, VEGF-
r, 5′AGTTTTGCCAA-TTCACACT-3′. Enolase-1-f, 5′-
GCTCCGGGACAATGATAAGA-3′, Enolase-1-r, 5′-CGCCATTGATGACATTGAAC-3′.
Phosphofructokinase-f, 5′-CAAAAGCTACCTG-GCGAAAG-3′, Phosphofructokinase-r, 5′-
TAGTACACGATGCGGCTCTG-3′. Glut-1-f, 5′-ACAGGCAGCTGGATGAGACT-3′,
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Glut-1-r, 5′-CATAGCCACCTCCTGGGAT-A-3′. GAPDH-f, 5′-
GAAGGTGAAGGTCGGAGTC-3′, GAPDH-r, 5′-GAAGATGGT-GATGGATTTC-3′.

All primers were designed to have an annealing temperature of 58 °C. After the following
number of PCR cycles (94 °C, 45 sec, 58°C, 90 sec, 72 °C 60 sec) 20 for furin, enolase-1 and
glut-1, 30 for VEGF and 18 for GAPDH, the PCR products were dyed with ethidium bromide
and separated on a 15% agarose gel and photographed under UV light. For the purpose of
illustration, the results are shown as an inverted image (black and white negative).

2.5. Reporter assay
The HIF-1 inducible luciferase reporter pH3SVL containing a total of six HIF-1 DNA-binding
sites derived from the transferrin gene, was a gift from Dr. Katschinski (28). The reporter
plasmid was transiently transfected in MDA-MB-231 cells by lipofection (Lipofectamine,
Gibco) and after treatments as indicated in the Results section, luciferase activity in cell lysates
was measured as described previously [29].

2.6. Oxygen availability assay
The mit-R-Luc-pCDNA3 expressing the mitochondrial targeting sequence of MnSOD fused
to the N-terminus of the Renilla luciferase was a gift from Dr. Thilo Hagen (30). Transient
transfection in MDA-MB-231 cells by lipofection was followed by a 48 hour recovery period
to allow sufficient expression of the luciferase. The entire oxygen assay procedure was carried
out in a hypoxic glove box filled with 1% O2/5% CO2 at 37 °C. Transfected cells were
trypsinized and resuspended in medium that had been equilibrated with the hypoxic gas mixture
for 2 hours, and aliquoted into luminometer cuvettes and allowed to equilibrate for 10 minutes.
Treatments as indicated in the “Results” section were for 1 hour. Coelenterazine (5 μg/mL)
was added and luminescence recorded for 10 seconds.

2.7. Measurement of ROS production in whole cells
Intracellular ROS were detected with the cell permeable fluorescent probe CM-H2DCFDA by
flow cytometry as described previously (31). Cells were seeded into six-well culture plates at
a density of 5 × 105/well, and 24 hours later, they were placed in the hypoxic chamber and the
medium was replaced with medium that had been pre-equilibrated with the hypoxic gas mixture
for 2 hours and treated with different concentrations of DIM or 1 mM DTT for 1 hour. An
identical set of wells was kept in normoxic conditions for comparison. During the last 30
minutes of treatment, cells were dyed with 1 μg/mL CM-H2DCFDA for 30 minutes in the dark
at 37 °C. Cells were then trypsinized and resuspended in hypoxic medium, transferred to flow
cytometer tubes that were sealed to prevent reoxygenation and analyzed on a Beckman-Coulter
EPICS XL flow cytometer.

2.8. PK/LDH–coupled ATPase assay
The F1F0-ATPase activity of sub-mitochondrial particles was measured
spectrophotometrically at 340 nm by coupling the production of ADP to the oxidation of
NADH via pyruvate kinase and lactate dehydrogenase described previously (36). The reaction
mixture contained a final volume of 400 μL at 25 °C and included the following: Tris-HCl (pH
8), 2 mM ATP, 2 mM MgCl2, 50 mM KCl, 0.2 mM EDTA, 0.2 mM NADH, 1 mM PEP, 5
units pyruvate kinase, 8 units lactate dehydrogenase, and 25 to 50 μg mitochondrial proteins.
These assay conditions minimized the contribution of other transport ATPases, such as Na,K-
ATPase. Test compounds were added before the reaction was started by addition of 25 μg of
sub-mitochondrial particles at 25 °C.
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3. RESULTS
3.1. DIM inhibited hypoxia induced accumulation of HIF-1α in tumor-derived cells

Accumulation of HIF-1α in hypoxic cells is achieved by inhibition of its normally rapid
degradation through proline hydroxylation, ubiquitination and proteasomal processing. We
examined the effects of DIM on the levels of HIF-1α in two human tumor cell lines, MBA-
MB-231 and HepG2. Cells were treated with a range of concentrations of DIM and after 4
hours of exposure to 1% O2, levels of HIF-1α in cell lysates were analyzed by Western blot.
As shown in Figure 1A, the level of HIF-1α protein was highly elevated in hypoxic, compared
to normoxic cells. Under normoxic conditions DIM did not affect the low level of HIF-1α
expression. Under hypoxic conditions increasing concentrations of DIM caused a progressive
decrease in HIF-1α expression in both cell lines. Concentrations of DIM as low as 1 μM were
effective and complete inhibition of expression was found with 50 μM DIM in both cell lines.
Inhibitors of prolyl hydroxylase, i.e. CPX, DPL and DMOG, acted as hypoxia mimics in
normoxic conditions and reversed the inhibitory effect of DIM in hypoxic conditions (Figure
1B). The proteosome inhibitor MG132 caused a very strong increase of HIF-1α in normoxic
conditions and cotreatment with DIM 50 μM prevented this accumulation, suggesting that, at
high concentration, DIM might inhibit HIF-1α synthesis. In hypoxic conditions, MG132
partially countered the inhibitory effect of DIM, suggesting that proteasomic degradation
contributes to the effects of DIM on the levels of HIF-1α. We found, also, that the antioxidants,
DTT and NAC, did not reverse the effects of DIM on HIF-1α accumulation (Figure 1C).

3.2. DIM reduced the transcriptional activity of HIF-1
To determine whether the observed DIM-mediated decrease of HIF-1α protein level was
reflected in a subsequent decrease in HIF-1 transcriptional activity, we measured luciferase
expression in cells transfected with a HIF-1-responsive reporter construct. As shown in Figure
2, after 8 hours of exposure to hypoxia, there was an approximately 4.5-fold increase in HIF-1-
responsive luciferase activity compared with normoxic cells. Increasing concentrations of DIM
progressively decreased this activity to the same level as found in normoxic cells. Inhibitors
of prolyl hydroxylase increased HIF-1 activity in normoxic cells and reversed the effects of
DIM in hypoxic cells. DIM had no effect on the low level of HIF-1 activity in normoxic
conditions. Cotreatment with the antioxidants, DTT or NAC, did not reverse the inhibitory
effect of DIM in hypoxic cells.

3.3. DIM decreased the expression of endogenous HIF-1-responsive genes
We next examined the effect of DIM on expression of several HIF-responsive endogenous
genes in human liver (HepG2) and breast tumor (MDA-MB-231) derived cells. RT-PCR
analyses indicated that the levels of expression of VEGF, enolase-1 (Eno-1), glucose
transporter-1 (GLUT-1), phosphofructokinase (PFK-1), and furin, in hypoxic cells were
strongly reduced by DIM in concentration-dependent manners, whereas the lower levels of
expression of these genes found in normoxic cells were not affected by DIM (Figure 3). Eno-1,
GLUT-1 and PFK-1 are part of the glycolytic pathway. VEGF regulates vascular development
in hypoxic tissues. Furin is a pro-protein convertase that mediates the proteolytic activation of
a large number of polypeptides involved in the establishment of new blood vessels such as
TGFβ1, PDGF, IGF-2 and.IGF-1 receptor. Although the data indicate a maximum and very
strong inhibition of expression of the HIF-1-responsive genes at 25 μM DIM in both cell lines,
pronounced inhibition was seen for expression of furin, Eno-1 and GLUT-1 following exposure
to only 1 μM DIM.
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3.4. Antioxidants quench DIM-induced ROS in hypoxic cells
Our previous studies have shown that DIM induces the release of ROS in cultured tumor cells
and in primary murine macrophage cultures. Since some studies have reported that antioxidants
can oblate HIF-1α accumulation [32] and DIM is a chemical antioxidant [33], we examined
the effects of DIM on ROS production in hypoxic cells. The intracellular levels of ROS were
quantified by flow cytometry using the cell permeable fluorescent probe CM-H2DCFDA.
Hypoxic cells had a basal level of ROS approximately twice that of normoxic cells and
treatment with DIM caused a five-fold increase in ROS levels, whereas in normoxic cells DIM
caused a smaller increase. Treatment with the antioxidant DTT countered the effect of hypoxia
on ROS production and in cotreatments with DIM, DTT also decreased the levels of ROS
substantially. (Figure 4). These results indicate that DIM is a potent pro-oxidant in hypoxic
cells and that the standard antioxidant, DTT, can efficiently quench the ROS.

Taken together, these results indicate that DIM can strongly inhibit the accumulation and
transcriptional activity of HIF-1α by a mechanism that involves the activation of prolyl
hydroxylase and appears to be independent of DIM-induced release of ROS in tumor cells.

3.5. DIM affects the rates of synthesis and degradation of HIF-1α
The effect of DIM on the steady state levels of HIF-1α in hypoxic conditions shown in Figure
1A could result from a reduced rate of synthesis, an increased rate of degradation or a
combination of both and therefore, we measured these two components separately. First, the
rate of synthesis was determined by measuring accumulation of HIF-1α protein over a period
of 60 min following inhibiton of degradation by the proteosome inhibitor MG132 in normoxic
conditions (Figure 5A). With complete inhibition of degradation, the protein accumulation
correlates directly with the rate of synthesis Relative abundance of HIF-1α protein was
quantified by densitometric analysis of the Western blots by measuring the chemiluminescence
directly with a digital imager. The rapid accumulation of HIF-1α protein in cells treated with
DMSO as the control, from none at time 0 to 140 density units at 60 min, was not significantly
affected by DIM at 10 and 25 μM, but higher concentrations strongly reduced the rate of
synthesis, with 50 μM DIM having an effect similar to that of the cycloheximide (CHX) control.

The relative rate of degradation of HIF-1α was subsequently determined by the decrease of
HIF-1α protein level at 30 minutes after addition of CHX to cells previously placed in hypoxic
conditions for 4 hours (Figure 5B). For each concentration of DIM a control treatment without
CHX was used to account for the change in steady state caused by the effect of DIM on the
rate of synthesis. The relative rate of degradation was calculated as the ratio of the level of
HIF-1α protein without CHX over that with CHX for each concentration of DIM and expressed
relative to the rate for the DMSO control (Figure 5C). The rate of synthesis as measured by
the accumulation of HIF-1α at 60 minutes after proteosome inhibition is also included in Figure
5C relative to that of the DMSO control. Taken together, the results show that at the lower
concentrations of 10 and 25 μM, the effect of DIM on the steady state levels of HIF-1α resulted
primarily from an increase in degradation, whereas the higher concentrations of 35 and 50
μM DIM strongly reduced synthesis without further increasing degradation.

3.6. DIM affects oxygen availability in hypoxic cells
Inhibitors of mitochondrial respiration such as nitric oxide (NO), myxothiazol and sodium
azide, have been reported to increase intracellular O2 availability in hypoxic cells. To examine
whether DIM functons in this manner to reactivate prolyl hydroxylases, we employed a
Renilla luciferase reporter that is solely dependent on available O2 to oxidize its substrate,
coelenterazine. Cells were transfected with an expression vector encoding Renilla luciferase
fused to the mitochondrial targeting sequence of MnSOD. Two days after transfection, cells
were trypsinized and resuspended in serum-free DMEM that had been equilibrated with 1%
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O2 for two hours. Transfected cells were treated under hypoxic conditions with DIM and the
NO donor, NOC12 (3-(2-hydroxy-1-(1-methylethyl)-2-nitrosohydrazino)-1-propanamine), as
the positive control, and subjected to the luciferase activity assay as described in the Methods
and Materials section. Samples were then allowed to re-equilibrate to 21% O2 for 10 minutes
and luminescence was measured again. The results shown in Figure 6 indicate that oxygen
availability increases gradually with DIM concentration to reach 2.3-fold over control at 50
μM DIM. The NO donor positive control produced a 2.8-fold change.

3.7. DIM is a non-competitive inhibitor of mitochondrial F1F0-ATPase
We have reported previously that DIM can inhibit mitochondrial F1F0-ATPase activity, and
thereby inhibit cellular respiration. To extend these studies we compared the binding kinetics
of DIM with certain established ATPase inhibitors in an effort to more precisely define the
binding site of DIM on this important enzyme. ATPase activities were measured in vitro using
sub-mitochondrial particles prepared from mouse liver. The results presented as double inverse
plots (1/V versus I/S) in Figure 7A show that DIM is a non-competitive inhibitor of ATP
synthase, i.e. DIM caused a reduction in velocity but no change in affinity for the ATP substrate.
The Dixon plot in Figure 7B (1/V versus [I]) gives a Ki value of 25 μM for DIM. The combined
inhibition kinetics of DIM with oligomycin (Figure 7C) or with resveratrol (Figure 7D) indicate
that DIM binds to the same site on the transmembrane proton channel (F0) as oligomycin
(parallel lines), but does not bind to the same site as resveratrol (convergent lines) on the
catalytic domain (F1). Also, DIM did not inhibit activity of solubilized F1- ATPase (data not
shown), which provides further evidence that the indole did not interact with the catalytic
domain.

4. DISCUSSION
We established that DIM inhibited HIF-1α accumulation and HIF-1 activity in hypoxic cells
and that the inhibitors of prolylhydroxylase, CPX, DPL and DMOG, and of the proteasome,
MG132, could reverse this inhibition. DIM inhibited the expression of major HIF-1-regulated
endogenous genes, most notably the pro-angiogenic factors, furin and VEGF, in a
concentration-dependent manner in hypoxic tumor cells. We confirmed that DIM is a strong
inhibitor of mitochondrial F1F0-ATPase and determined that DIM binds to the oligomycin-
binding site in the transmembrane F0 domain. This inhibitory effect on respiration was
accompanied by an increase in intracellular levels of O2 and very strong increases in ROS
production with exposure to the higher concentrations of DIM. Although the ROS were
efficiently quenched by co-treatment with antioxidants, including DTT, as well as NAC,
ascorbate, GSH, vitamin E and vitamin C (data not shown), the antioxidant treatments did not
reverse the effects of DIM on HIF-1α accumulation or HIF-1 activities. In addition, inhibitors
of the stress kinases, PI3K and p38, as well as catalase over-expression (data not shown), did
not counter the effects of DIM. These results suggest that the effects of DIM, especially on
HIF-1α degradation, are not likely to result from ROS release and related oxidative stress
induced signaling.

The more likely mechanism for the lower concentrations of DIM is the reactivation of the prolyl
hydroxylation degradation pathway as a result of an increase in levels of cellular O2. Indeed,
the inhibitory effects of DIM were accompanied by an approximately 2-fold increase in O2
levels in hypoxic cells. Furthermore, previous studies have shown that several established
inhibitors of mitochondrial electron transport, including myxothiazol, sodium azide, antimycin
A, rotenone, nitric oxide and oligomycin, all can inhibit HIF-1α accumulation in hypoxic cells
and that this effect is not countered by co-treatments with any of several antioxidants [30,31].
These published studies further showed that cotreatments with prolyl hydroxylase inhibitors
(DMO and DFO) or the proteasome inhibitor (MG-132) largely reversed the stabilizing effects
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of the respiratory inhibitors on HIF-1α levels. Thus, the results we present for DIM are
consistent with these previous reports on the effects of other respiration inhibitors and provide
strong support for the hypothesis that the inhibitory effects of the lower concentrations of DIM
on F1F0-ATPase with resultant accumulation of cellular O2 are responsible for the reactivation
of the prolyl hydroxylase-dependent degradation pathway of HIF-1α.

Our results show further that exposure of cells to the higher concentrations of DIM (>25 μM)
results in a near total oblation of HIF-1α expression. In this concentration range, the rate of
HIF-1α synthesis continues to decline, while the rate of HIF-1α degradation shows no further
increase, (c.f. Figure 5.c.) Although the mechanism of this aspect of DIM activity is yet to be
fully understood, this effect is consistent with reports of activities of other inhibitors of
mitochondrial respiration. Indeed, studies with mitochondrial thioredoxin (Trx2) have shown
that over expression of this protein can inhibit translation of HIF-1α by a mechanism that
involves the attenuation of activities of Akt, p70S6K and eIF-4E, which together mediate
HIF-1α translation [34] It is suggested that the observed down-regulation of Akt signaling is
a result of ROS production arising from a disruption of mitochondrial membrane potential by
over-expressed Trx2. We have shown that DIM can produce an increase in mitochondrial
membrane protential as reported for Trx2 [27]. In addition, we and others have observed that
DIM can inhibit Akt signaling as does Trx2 over expression, which is consistent with similar
modes of action of high concentrations of DIM and Trx2 on HIF-1α translation [35]. Although
our results indicated a strong increase in ROS production along with a strong decrease in
HIF-1α synthesis with the higher concentrations of DIM, the specific role of ROS in this
inhibition is yet to be determined. Although we observed no effect of soluble antioxidants on
HIF-1α oblation by high concentrations of DIM, the possibility remains that the effects might
arise from a compartmentalized production of ROS in mitochondria that might not be quenched
by the soluble antioxidants, as was suggested for the Trx2 studies [34].

The oxygenation effect of DIM may have consequences for tumor therapy beyond those
resulting from a decrease in HIF-1α accumulation in hypoxic tumor tissue. Oxygenation of
tumors ranges from 30% to less than 10% the oxygenation level of normal tissues [36]. A major
result of these low oxygen levels is a resistance of tumor tissue to radiation therapy [37].
Although there is considerable interest in developing means of increasing tumor sensitivity to
radiation, only a few substances are reported to be successful in this regard. Recent studies
have shown that one such substance, nelfinavir, exhibits antiangiogenic activity by a
mechanism that involves inhibition Akt signaling and VEGF expression, and down-regulation
of HIF-1α expression in hypoxic tumor cells [36]. In addition, this drug was shown to increase
oxygenation of xenograft tumor tissue and increase the sensitivity of the tumors to radiation.
In light of the similarities in the effects of DIM and nelfinavir on Akt and HIF-1 signaling and
angiogenesis, it is reasonable to suggest that DIM could increase tumor oxygenation and
sensitivity to radiation, as well.

HIF-1 has become an attractive target for the development of anti-cancer drugs [38]. Studies
in many laboratories have shown that potential therapeutic agents can disrupt the HIF-1
signaling pathway through a variety of mechanisms, including the inhibition of HIF-1α protein
synthesis, nuclear translocation, HIF-1 transactivation of target genes, and stabilization [39].
The inhibitory effects of DIM on mitochondrial respiration through inhibition of F1F0-ATPase
appear to be primarily responsible for the increase in HIF-1α degradation and decrease in
HIF-1α transcription that we observed. It is of interest to note that a group of cancer protective
phytochemicals, including resveratrol, have been shown to both down-regulate HIF-1α in
hypoxic cells and to inhibit mitochondrial F1F0-ATPase [40–42]. Thus, F1F0-ATPase and
other components of the mitochondrial respiratory chain, appear to be important molecular
targets for a relatively large group of potentially useful antiangiogenic agents from plants.
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Figure 1. A. DIM inhibits hypoxia-induced increased level of HIF-1α
MDA-MB-231 and HepG2 cells grown to near confluent density in 6-well plates were treated
with various concentrations of DIM in serum free medium and incubated in normoxic or
hypoxic conditions for 4 hours. Levels of HIF-1α were measured by Western blot. β-Tubulin
was used as a loading control. B. Effects of PHD inhibitors on the level of HIF-1α
protein. MDA-MB-231 cells were treated with DIM and the iron chelators ciclopirox olamine
(CPX) and 2–2′dipyridyl (DPL) and a metabolic prolyl hydroxylase inhibitor,
dimethyloxaloylglycine (DMOG) and incubated in normoxic or hypoxic conditions for 4 hours.
Levels of HIF-1αprotein were measured by Western blot. C. Effects of a proteosome inhibitor
and of antioxidants on the level of HIF-1a protein. MDA-MB-231 cells were treated with
DIM and the proteosome inhibitor, MG132 (20 mM), the PHD inhibitor 2-2′dipyridyl (DPL)
(100 mM), and the antioxidants dithiothreitol (DTT) (1 mM) or N-acetyl-cysteine (NAC) (2
mM), and incubated in normoxic or hypoxic conditions for 4 hours. Levels of HIF-1α protein
were measured by Western blot. Representative blots are shown. Experiments were reproduced
at least three times with identical results.
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Figure 2. Reporter Assay of HIF-1 transcriptional activity
MDA-MB-231 cells grown to 60% confluency in 6-well plates were transfected with the HIF-1
reporter construct, pH3-SVL, using the lipofectamine transfection reagent. Cells were allowed
to recover overnight, given the indicated concentrations of DIM and the PHD inhibitors 2-2′
dipyridyl (DPL) and dimethyloxaloylglycine (DMOG), and the antioxidants dithiothreitol
(DTT) or N-acetyl-cysteine (NAC) and incubated in normoxic or hypoxic conditions for 8
hours. Activity of luciferase in cell lysates was measured by chemiluminescence. Protein
concentration in cell lysates was measured using the Bradford assay and results expressed as
relative light units (RLU) per mg protein as the average +/− SD for three replicates.
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Figure 3. DIM inhibits hypoxia-induced increased transcription of endogenous HIF-1-responsive
genes
MDA-MB-231 (A) and HepG2 (B) cells grown to near confluent density in 6-well plates were
given the indicated concentrations of DIM in serum free medium and incubated in normoxic
or hypoxic conditions for 24 hours. Total RNA was isolated and levels of mRNA of HIF-1
responsive genes were measured by semi-quantitative RT-PCR. Representative blots are
shown. Experiments were reproduced at least three times with identical results.
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Figure 4. The pro-oxidant effects of DIM in hypoxic cells are quenched by DTT
Intracellular ROS were detected with the cell permeable fluorescent probe CM-H2DCFDA by
flow cytometry as described in the Methods section. Cells were treated with the indicated range
of concentrations of DIM and co-treated with DTT. Results shown are the average +/− SD of
at least three replicates.
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Figure 5. Rates of synthesis and degradation of HIF-1α
A, Rate of synthesis was ascertained from the accumulation of HIF-1α protein over time
measured by Western blots, following inhibiton of degradation by the proteasome inhibitor,
MG132 in normoxic conditions. Relative abundance of HIF-1α protein was quantified by
densitometric analysis of the Western blots. The intensity of the chemiluminescence was
measured by a digital imaging system and expressed as relative density units. The protein
synthesis inhibitor, cycloheximide (CHX) was used as control. B, Degradation rates were
determined by the reduction of HIF-1α protein level at 30 minutes after addition of CHX to
cells previously placed in hypoxic conditions for 4 hours. For each concentration of DIM, a
control treatment without CHX was used to account for the change in steady state caused by
the effect of DIM on the rate of synthesis. C, The relative rate of degradation is calculated as
the ratio of the level of HIF-1α protein without CHX over that with CHX for each concentration
of DIM and expressed relative to the rate for the DMSO control. The rate of synthesis as
measured by the accumulation of HIF-1α at 60 minutes after proteosome inhibition is also
shown, relative to that of the DMSO control. Results shown are the average +/− SD of at least
three replicates.
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Figure 6. Effect of DIM on intracellular oxygen availability
Two days after transfection with the expression vector encoding Renilla luciferase, cells were
trypsinized and resuspended in serum-free DMEM that had been pre-equilibrated with 1%
O2 for two hours. The treatments were with DIM and the NO donor, NOC12, as the positive
control, and the luciferase activity assays were all done in an hypoxic glove box filled with 1%
O2/5% CO2 at 37 °C. Results shown are the average +/− SD of at least three replicates.
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Figure 7. Kinetics of inhibition of F1F0-ATPase activity by DIM
A, Double inverse plot (1/V versus I/S). B, Dixon plot (1/V versus [I]) gives a Ki value of 25
μM for DIM. C and D, Combined inhibition kinetics of DIM with oligomycin or with
resveratrol.
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