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Abstract. Background/Aim: Several epidemiological studies
have reported the chemopreventive potential of biochanin A, in
cancer development and progression. We investigated the
anticancer potential of combination of biochanin A and
temozolomide against U-87 MG and T98 G [glioblastoma
multiforme (GBM)] cells. Materials and Methods: We evaluated
the effect of biochanin A and temozolomide treatment on cell
viability, expression of survival proteins, cell cycle, cell
metabolism and mitochondrial function. Results: Enhanced
inhibitory effects of the combination treatment were observed
on cell viability, expression of cell survival proteins EGFR, p-
ERK, p-AKT, c-myc and MT-MMP1, and increased expression
of the tumor suppressor, p-p53. Combination treatment also
induced arrest in the G; phase of the cell cycle. A shift in the
metabolic phenotype of cells from glycolytic to oxidative
phosphorylation was observed on combination treatment and
the permeabilized cells showed a significant impairment in
complex IV activity. Conclusion: Biochanin A significantly
enhanced the anticancer efficacy of temozolomide in GBM cells.

Glioblastoma multiforme (GBM) is the most common,
lethal, primary malignant brain tumor, classified as a Grade
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IV astrocytoma by the World Health Organization (WHO)
(1). GBM is typically characterized by aggressive cell
proliferation, invasion of normal brain tissue and increased
angiogenesis (2, 3). The current therapy of surgical resection
followed by radiotherapy coupled with temozolomide has
only minimally improved the median survival time of
patients from 12 months to ~14.6 months (3, 4). The poor
prognosis of GBM calls for more effective, targeted therapies
as well as improvements to the existing therapies.

A promising approach to improve the efficacy of existing
therapies is to sensitize the GBM cells to radiation and
chemotherapy  regimens, temozolomide.
Temozolomide is an alkylating agent that is lipophilic in

such as

nature and has reasonable penetration across the blood-brain
barrier (4-8). It acts by adding methyl groups to the O°
position of guanine which leads to the insertion of a thymine
in place of cytosine, resulting in a mis-matched base pair that
can lead to cell death (7, 8). The induction of DNA damage
by temozolomide is followed by cell cycle arrest in the G,/M
phase, eventually causing cell senescence, or apoptosis (5,
9). However, the methylated sites can be fixed by the
induction of DNA repair systems, such as the mis-match
repair (MMR) or the base excision repair (BER) (6, 7). The
resistance of GBM to temozolomide has been associated
with the expression of a dealkylating enzyme, O°-
methylguanine methyltransferase (MGMT) that reverses
methylation at the O° position of guanine and neutralizes the
cytotoxic effects of temozolomide (6-8). Thus, resistance to
temozolomide and subsequent upregulation of pro-survival
& pro-invasive pathways has evoked interest in evaluating
combination therapies against GBM (9-12).

Several studies have reported the role of dietary
compounds like isoflavones in influencing the development
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and progression of cancer (13-17). Isoflavones possess
potent anti-oxidant and anti-inflammatory properties (14, 18-
20) and are effective adjuvant chemotherapeutic and
radiotherapeutic agents for multiple cancers (15, 17).
Epidemiological studies indicate reduced rates of cancers in
Asian populations that consume a diet rich in soy (18, 20).
Isoflavones have been shown to inhibit APE1/REF-1 repair
and redox activity that can potentially render the cancer cells
sensitive to radiotherapy (17, 21). Mechanistically,
isoflavones inhibit the activation of tyrosine kinase growth
factor receptors and matrix metalloproteinases (MMPs) that
are upregulated in glioblastoma and drive uncontrolled
proliferation of tumors (10, 11, 22-26).

Based on several studies on the anticancer potential of
isoflavones, we hypothesize that biochanin A as a DNA repair
inhibitor augments the cytotoxic activity of temozolomide,
inhibiting cell proliferation and modulating cell metabolism in
human glioblastoma cells, U-87 MG and T98 G.

Materials and Methods

Cell culture and drug treatments. Human glioblastoma cell lines, U-
87 MG and T98 G were obtained from American Type Culture
Collection (Manassas, VA, USA) and were cultured as previously
described (11).

Stock solutions of temozolomide and biochanin A (Sigma-
Aldrich, St. Louis, MO, USA) were prepared in DMSO (Sigma-
Aldrich) at 100 mM each. Fresh dilutions were prepared from stock
solutions prior to the experiments. The final concentration of DMSO
in the culture medium did not exceed 0.07% (v/v).

Cell viability and cell count assay. U-87 MG cells were plated in a
96-well plate with 2500 cells/well and treated with different
concentrations of biochanin A and temozolomide. The assay was
performed as previously described (11).

For cell count assay, U-87 MG cells (10x103 per well) were
plated in 24-well plates and treated with biochanin A and
temozolomide alone or in combination for 72 h. After treatment, the
cells were trypsinized and counted on a Beckman Z series coulter
counter (Beckman Coulter, Inc., Brea, CA, USA).

Colony formation assay. U-87 MG cells (1x103 cells per well) were
cultured and treated with 70 uM of biochanin A (B70) and
temozolomide (T70), alone or in combination and incubated at 37°C
in a Heracell 150i CO, incubator (Thermo Fisher Scientific,
Waltham, MA, USA) with 5% CO, (v/v) overnight. The cells were
maintained under similar growth conditions with medium
replenished at regular intervals until ~80% confluency was
achieved. The cells were stained with crystal violet (in methanol)
for 10 min and washed with distilled water. The plates were dried
at room temperature and pictures were taken.

Hoechst staining assay. Both U-87 MG and T98 G cells were
seeded (10x103) in a 24-well plate and incubated overnight at 37°C
in a 5% CO, (v/v) incubator. The cells were treated with biochanin
A (70 pM) and/or temozolomide (70 uM) for 72 h. After treatment,
the medium was aspirated and cells stained with a solution of
Hoechst 33342 (Molecular Probes, OR, USA). The cells were
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incubated in dark for 15-30 min before fluorescent images were
captured using Evos FL cell imaging system (Life technologies,
Carlsbad, CA, USA) using 20x magnification.

Cell cycle analysis. About 2x104 cells per well were seeded in a
12-well plate and treated with 70 pM biochanin A and temozolomide
and incubated for 48 h. The cells were harvested and fixed with ice
cold 70% ethanol for ~1 h at 4°C. The fixed cells were washed twice
with PBS, treated with 50 pl of 100 pug/ml Ribonuclease A and 30 wl
of PI (Stock of 50 pg/ml). The cells were kept at room temperature
in dark for 30 min and analyzed for quantitation of DNA content and
assessment of cell cycle distribution using the flow cytometer Guava
easyCyte (Millipore Sigma, Burlington MA, USA).

Cell metabolism studies

Mito Stress Test. U-87 MG and T98 G cells were treated with
biochanin A (70 pM) and temozolomide (70 uM) individually or
in combination, and incubated for 72 h. After incubation, 3x104
cells per well were plated in an 8-well XFp cell culture miniplate
(Seahorse Bioscience, Agilent, Santa Clara, CA, USA) and
incubated overnight at 37°C in a 5% CO, (v/v) incubator. After
incubation, the growth medium in the miniplate was replaced with
the assay medium (XF basal medium containing 1 mM sodium
pyruvate, 10 mM D-Glucose & 2 mM L-Glutamine, pH 7.4), and
incubated in a non-CO, incubator at 37°C for ~1 h. The stock
compounds  rotenone/antimycin A, carbonyl cyanide-4
(trifluoromethoxy) phenylhydrazone (FCCP) and oligomycin were
prepared by appropriately diluting the compounds with the assay
medium. The stock compounds were loaded into the cartridge
(Seahorse Bioscience, Agilent) hydrated with the XF calibrant to
achieve final concentrations of 1.0 uM oligomycin, 0.5 uM FCCP
and 0.5 uM rotenone/antimycin A. The oxygen consumption rate
(OCR) and extracellular acidification rates (ECAR) were monitored
using Seahorse XFp Extracellular Flux Analyzer (Seahorse
Bioscience, Agilent).

XF-PMP (Plasma Membrane Permeabilizer) assay. U-87 MG and
T98 G cells were treated with biochanin A (70 pM) and
temozolomide (70 uM) alone or in combination, and incubated for
72 h. The cells were plated at a density of 3x104 cells per well in
an 8-well XFp cell culture miniplate (Seahorse Bioscience, Agilent)
and incubated overnight at 37°C in a 5% CO, (v/v) incubator. To
evaluate the integrity of Complexes I-IV of the mitochondrial
respiratory chain of the cells, OCR was measured as recommended
by the manufacturer after cell permeabilization with 1 nM PMP
reagent (Seahorse Bioscience, Agilent). Briefly, 10 mM pyruvate
and 1 mM malate were used as substrates, in addition to 4 mM
ADP. The final concentrations of the compounds injected in the
cartridge were: port A, 2 uM rotenone; port B, 10 mM succinate;
port C, 2 uM antimycin A; port D, 150 mM ascorbate plus 2 mM
TMPD. The protocol and algorithm program for XF-PMP assay
were designed using wave 2.4 software. The assay was repeated at
least 2 times for each cohort.

Western Blot analysis. Western blot analysis was performed as
described earlier (10, 11) to evaluate the effect of temozolomide and
biochanin A (alone and in combination) on the expression of cell
signaling proteins like ERK, p-ERK, AKT, p-AKT, EGFR, c-myc.
Equal amounts of protein (15 pg) were loaded into the wells in a
sodium dodecyl sulfate poly acrylamide gel (SDS-PAGE) and the
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proteins were separated by electrophoresis. The relative expression
of these proteins was normalized with (-actin. All antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Gelatin zymography. The gelatinolytic activity of MMPs (MMP-2
and MMP-9) was analyzed in U-87 MG cells treated with different
drug concentrations and incubated at 37°C for 72 h. The serum-free
conditioned medium was collected, centrifuged and the resultant
supernatant was freeze-dried and reconstituted with distilled water
before loading it (30 pl) into commercially available zymogram gels
(BioRad, Hercules, CA, USA). The samples were further processed
as previously described (10).

Statistical analysis. The data were analyzed by one-way ANOVA
(using KaleidaGraph version 4.03), followed by Dunnett’s post-hoc
test. p-Value of <0.05 was considered statistically significant in each
analysis.
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Figure 1. Cell viability studies. A. Cell count assay of U-87 MG cells treated with temozolomide and biochanin A for 72 h. n=3, * p<0.05 versus
control. B. Cell count assay of U-87 MG cells treated with temozolomide, biochanin A alone and in combination. Temozolomide combined with
biochanin A was more effective in decreasing cell count of U-87 MG cells. n=3, *p=<0.05 versus control, @p=0.05 versus T20, #p=<0.05 versus T70.
C. Fluorescent images of U-87 MG cells treated with temozolomide and biochanin A (a: Control, b: Biochanin A 70 uM, c: Temozolomide 70 uM,

d: Biochanin A 70 uM + Temozolomide 70 uM) for 72 h in a Hoechst assay. Combination of temozolomide and biochanin A (D) significantly reduced
the number of live cells.

Results

Temozolomide and biochanin A reduced GBM cell viability.
Temozolomide decreased the viability of U-87 MG cells in
a dose-dependent manner. The cell count assay of U-87 MG
cells clearly showed that both temozolomide and biochanin
A decreased the percentage count of U-87 MG cells in a
dose-responsive manner (Figure 1A). Moreover, biochanin A
significantly potentiated the effect of temozolomide in
combination, showing an optimal inhibition at 70 uM
(Figure 1B). These observations were further consolidated
by the results of Hoechst assay and colony formation assay,
clearly showing the efficacy of the combination treatment in
inhibiting U-87 MG cells, compared to either of the drugs
alone (Figure 1C).
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Figure 2. Cell metabolism studies (Mito stress test). A. The effect of treatment of biochanin A (B70), temozolomide (T70) and the combination treatment
(B70+T70), on the rate of mitochondrial respiration (OCR) in U-87 MG cells after 72 h, as determined by the Mito stress test. The B70 treatment
showed a maximal increase in OCR, but a clear increase in the OCR can be observed on combination treatment compared to temozolomide alone.
B. The combination treatment did not show any effect on the process of ATP production, spare respiratory capacity or proton leak in the U-87 MG
cells, while B70 treatment seems to increase the ATP production and spare respiratory capacity of the cells (*p<0.05 and **p<0.01). C. Effect of
combination treatment (B70+T70), biochanin A (B70) and temozolomide (T70), on the rate of mitochondrial respiration (OCR) in T98 G cells after
72 h. A decrease in the OCR of cells I is seen on combination treatment compared to the B70 and T70 alone. D. The combination treatment clearly
caused a decrease in ATP production and the spare respiratory capacity while increasing the proton leak in T98 G cells (*p<0.05 and **p<0.01).
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Figure 3. Cell metabolism studies (PMP assay). A. The XF-PMP assay was performed on U-87 MG cells treated with Biochanin A, Temozolomide, &
the combination of both the drugs. The cells were permeabilized with 1 nM XF-PMP reagent and the respiratory chain complexes were probed with
specific substrates, inhibitors and uncouplers to evaluate the effect of treatments on mitochondrial respiration. The combination treatment led to a decrease
in the OCR compared to other treatments. B. A clear decrease in mitochondrial respiration is observed and is mediated mainly through complex-IV
inhibition in temozolomide and the combination treatment (¥*p<0.05 and **p<0.01). All the treatments were compared to the control. C. The T98 G cells
were treated with Biochanin A, Temozolomide, & the combination treatment and XF-PMP assay was performed. The cells were permeabilized with 1
nM XF-PMP reagent. The effect on mitochondrial respiration was evaluated by probing the respiratory chain complexes with specific substrates, inhibitors
and uncouplers. D. The combination treatment led to an increase in the activity of all the complexes (especially complex I and IV) while the other
treatments had no significant effect on the respiratory complex-mediated mitochondrial respiration in T98 G cells (*p<0.05 and **p<0.01).

The combination treatment however, did not show any
significant inhibitory effect on the T98 G cell count.

Combination of biochanin A and temozolomide increased
oxidative phosphorylation in U-87 MG cells. Following the
72-h drug treatment of U-87 MG cells, the changes in the
metabolic phenotype of cells were evaluated by monitoring
the OCR and ECAR in real time. The basal mitochondrial
respiration of the cells in combination treatment showed no

significant difference relative to control. To evaluate the
maximal mitochondrial respiration of cells, FCCP, a
mitochondrial oxidative phosphorylation uncoupler was
used. The combination treatment showed an increase in
maximal mitochondrial respiration to ~142 pmol/min
compared to ~119 pmol/min in T70 alone and ~114
pmol/min in control cells (Figure 2A). Cells treated with B70
alone had a maximal respiration of ~178 pmol/min. The
combination treatment or T70 alone did not induce a
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Figure 4. Cell-cycle analysis. A. Cell-cycle analysis of U-87 MG cells treated with: a: Control, b: Biochanin A 70 uM, c: Temozolomide 70 uM, d:
Biochanin A 70 uM + temozolomide 70 uM, for 48 h. A clear increase in the G phase arrest is observed on combination treatment of cells. B.
Cell cycle distribution of U-87 MG cells treated with biochanin A and temozolomide alone and in combination for 48 h.

significant effect on the respiratory capacity and proton leak
in the cells (Figure 2B). However, cells treated with the
combination of compounds showed a significantly decreased
glycolysis (ECAR) compared to control cells.

Oxidative phosphorylation decreased in T98 G cells after
combination treatment. In T98 G cells, the combination and
T70 alone treatments showed a decrease in maximal
respiration to ~236 pmol/min and ~274 pmol/min
respectively, from ~343 pmol/min in control cells (Figure
2C). The cells treated with B70 showed a maximal
respiration of ~405 pmol/min. However, the combination
treatment was observed to cause a decrease in basal OCR,
ATP production and spare respiratory capacity while
increasing the proton leak in the cells (Figure 2D).
Furthermore, the variation in the ECAR of control cells and
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treated cells was very insignificant and the treated cells
showed a decreased ECAR compared to control cells.

Combination treatment altered mitochondrial respiration by
inhibiting Complex 1V activity in permeabilized U-87 MG
cells but not in T98 G cells. The U-87 MG cells were
permeabilized with 1 nM PMP reagent and evaluated for
changes in OCR, after treatment with biochanin A and
temozolomide alone and in combination. A clear decrease in
OCR was observed on combination treatment and with T70
alone compared to the control (Figure 3A). This decrease in
mitochondrial respiration was primarily mediated through
respiratory complex IV activity (Figure 3B).

However, in the permeabilized T98 G cells, a mild increase
in the OCR was observed after combination treatment (Figure
3C). No significant decrease was observed in mitochondrial
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respiration and the combination treatment did not show any
inhibitory effect on any of the respiratory chain complexes.
Conversely, the combination treatment seemed to increase the
activities of complex I and IV (Figure 3D).

The combination treatment repealed G,/M phase arrest. In
U-87 MG cells, temozolomide exerted a significant induction
of G,/M phase arrest after 48 h, while no alteration in cell
cycle distribution was observed with biochanin A. However,
on combination treatment, biochanin A seemed to rescind the
G,/M phase arrest, showing an increase in G; phase arrest
in the cells (Figure 4A and B). The T98 G cells, also showed
a mild increase in G1 phase arrest, after 48 h of combination
treatment.

Combination treatment decreased the expression of cell
signaling proteins. Western blot analysis was performed to
determine the effect of temozolomide and biochanin A on the
expression of cell signaling proteins. The results demonstrated
that compared to either biochanin A or temozolomide alone,
the combination treatment of biochanin A and temozolomide
decreased the levels of p-ERK, p-AKT, EGFR, and c-myc and
up-regulated the expression of phosphorylated-p53 (p-p53)
(Figure 5A and B). Temozolomide alone was not effective in
inhibiting the protein expression of EGFR or c-myc and the
phosphorylation of either ERK or AKT (Figure 5A).

Biochanin A enhanced the inhibitory effect of temozolomide
on MMPs. Western blot analysis to determine the expression
of MMPs in U-87 MG cells showed that the combination
treatment of biochanin A and temozolomide decreased the
protein expression of MT1-MMP (Figure 5B) and inhibited
the activity of MMP-2 (Figure 5C) compared to either
biochanin A or temozolomide alone.

Discussion

GBM is one of the most difficult brain cancers to treat. The
survival rate of patients with GBM remains low despite a
multimodal approach to treatment (27-30). The efficacy of
alkylating drugs like temozolomide depends largely on the
DNA repair pathways, pro-survival pathways like PI3K/AKT
and pro-invasive enzymes that are upregulated in GBM (11,
31-35). Isoflavones can inhibit tumor progression by
impeding DNA repair and cell signaling pathways like Wnt
and Nf-kB by inhibiting topoisomerase II and by acting as
antioxidants (10, 36-39). Hence, combining temozolomide
with biochanin A, could be an effective way to improve the
efficacy of temozolomide in GBM treatment (10, 38-40).

A clear decrease in viability of U-87 MG cells was
observed with both temozolomide and biochanin A.
However, the effect of biochanin A could be attributed to the
inherent nature of isoflavones, to increase the reducing
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Figure 5. Cell signaling and invasion studies. A. Western blot analysis
of cell signaling proteins: Human glioblastoma U-87 MG cells were
treated with biochanin A 70 uM, temozolomide 70 uM alone and in
combination for 24 h and 72 h. Cell lysates were prepared and
western blot analysis was carried out. Temozolomide at 70 uM in
combination with biochanin A at 70 uM, significantly inhibited protein
expression of EGFR, p-ERK, p-AKT and c-myc. B-actin was used as
a loading control. B. Western blot analysis of MT-MMP1 and p-p53:
Biochanin A at 70 uM in combination with 70 uM temozolomide
significantly inhibited the expression of MT-MMPI1, while p53
expression is increased compared to temozolomide alone in human
glioblastoma (U-87 MG) cells treated for 72 h. The protein expression
was normalized with B-actin. C. Gelatin zymography analysis of the
activity of MMP-2: Temozolomide at all concentrations did not
decrease the activity of MMP-2 in glioblastoma cells treated for 72 h
in serum-free media. Combination treatment with 70 uM biochanin A
and 70 uM temozolomide led to a significant inhibition in the activity
of MMP-2 as seen here with a substantial reduction in the intensity of
white bands.
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capacity of mitochondrial enzymes which intensifies the
formation of formazan crystals in MTT (23, 27). Thus, with
cell count assay that is devoid of interference from any dye
or colored chemicals, an optimal inhibition was observed on
combination treatment of biochanin A, 70 pM and
temozolomide, 70 uM in U-87 MG cells. The combination
treatment however, showed little effect on T98G cells, which
are known to be intrinsically resistant to temozolomide (7).
The viability results were further confirmed by the Hoechst
assay, that showed a significant change in nuclear
morphology where only a decrease in the number of live
cells was recorded (28).

GBM cells reportedly rely on the glycolytic pathway for
ATP generation even in the presence of oxygen, a metabolic
state termed as “aerobic glycolysis” (3, 29), which leads to
an increased rate of glucose consumption relative to normal
cells (29, 30, 41). We investigated the metabolic state of
GBM cells by measuring the rate of glycolysis (ECAR) and
mitochondrial respiration (OCR) in real time. In both the
cells, the biochanin treatment showed an increase in OCR
compared to the other treatments. Isoflavones such as
biochanin A, reportedly promote mitochondrial biogenesis
i.e. the production of functional mitochondria, by increasing
PGC-1a protein expression (42, 43). Hence, the increase in
intracellular ATP observed in both the cells on treatment with
biochanin A indicates, that the mitochondrial biogenesis and
respiration is coupled to ATP synthesis (42, 43). In U-87 MG
cells, the combination treatment showed a clear shift in
metabolic phenotype from a glycolytic to an oxidative
phosphorylation compared to the control and temozolomide
alone. Furthermore, a clear inhibition of glycolysis is
observed in U-87 MG cells, driving cells to use mitochondria
to make up for the ATP deficit. The sustained levels of OCR
after the FCCP injection implies that there is likely to be a
pool of other oxidizable substrates for respiration. Recent
studies have suggested the importance of restoring normal
oxidative phosphorylation in cancer cells, to not only inhibit
cell proliferation, but also impede the metastatic potential of
malignant cells (28-30, 42).

The combination treatment did not show any effect on the
metabolic phenotype of T98 G cells and the treatment
weakly inhibited glycolysis. The sudden drop in maximal
respiration after FCCP injection further suggests oxidation
of all the available substrates for respiration. The decrease
in spare capacity may result from the inhibition of a substrate
that could have been oxidized otherwise (29, 30, 42). The
combination treatment in U-87 MG cells seems to make the
mitochondrial metabolism more bioenergetic, leading to
decreased metabolic intermediates and inhibition of cell
proliferation (29, 42). The glycolytic metabolism of cancer
cells is reported to strongly correlate with resistance to
radiotherapy as the ionizing radiations cause the uncoupling
of oxidative phosphorylation leading to increased glycolysis
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(32, 38, 42). Hence, the reversal of glycolytic phenotype in
our study demonstrates that the combination treatment can
possibly augment the efficacy of radiation therapy by
inducing oxidative stress and lowering the acid production
(29, 32, 42).

Another problem in GBM treatment, is the chemoresistance
developed by a subset of cancer cells called cancer stem cells
(CSCs), that are mostly driven by mitochondrial respiration
(42, 44). Hence, inhibiting the mitochondrial function in CSCs
could potentially lead to elimination of chemoresistance and
recurrence of the disease. We evaluated the mitochondrial
function of GBM cells permeabilized with 1 nM PMP reagent,
by probing the activity of respiratory complexes by the XF-
PMP assay. Again, the increase in OCR of permeabilized U-
87 MG and T98 G cells, on treatment with B70, could be
attributed to the antioxidative properties of biochanin A. The
decrease in OCR of U-87 MG cells after treatment with
temozolomide alone and in combination, is primarily mediated
through the inhibition of respiratory complex IV activity.
Complex IV is the terminal component of the electron
transport chain (ETC) that controls the efficient coupling of
mitochondria and thus ROS production by regulating the
electron flux capacity of ETC (42-44). In GBM patients, an
increased activity of cytochrome C oxidase (complex IV) has
been associated with the development of resistance to
temozolomide and a shorter median survival time (36, 42, 44).
Although the exact mechanism of temozolomide mediated
decrease in the complex IV activity remains to be elucidated
in U87 MG cells, the increase in the complex IV activity in
temozolomide resistant T98 G cells indicates that the complex
IV has a pivotal role in the acquisition of chemoresistance to
temozolomide.

Both genistein and biochanin A, have shown anticancer and
anti-invasive potential by inhibiting matrix-degrading enzymes
MMP-2, MMP-9 and uPA/uPAR in GBM (10, 37).
Overexpression of EGFR and EGFRVIII in glioblastoma cells
is associated with their increased proliferation and invasion
(31, 35). We observed that biochanin A augments the effect of
temozolomide in inhibiting EGFR and other active forms of
cell proliferation and survival proteins, ERK and AKT, i.e. p-
ERK and p-AKT while increasing the expression of tumor
suppressor, p-pS3. We also observed an increase in the
expression of pAKT in U-87 MG cells in high glucose media,
as compared to that in the low glucose media. Temozolomide
treated cells are known to up-regulate p53-dependent
pro-apoptotic proteins, Noxa and Bax (34). Thus, the
increased expression of active p5S3 on combination treatment,
might be responsible for improving the cytotoxic effects of
temozolomide on cell cycle arrest or senescence (33, 40). Our
cell-cycle studies also showed that, biochanin A improves the
potency of temozolomide mainly by impeding the
temozolomide-induced G,/M phase arrest in the cells. MMPs
(MMP-2 and MMP-9), that play an important role in GBM
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invasion, are overexpressed in malignant glioblastoma and are
important prognostic markers in pre-treatment and post-
treatment phases of GBM (10, 37). Previously, we have also
shown that, biochanin A effectively inhibited the expression
of HIF-1a and VEGEF proteins, key players in angiogenesis
(10, 11). Here, we clearly observed that biochanin A enhances
the inhibitory potential of temozolomide and decreases protein
expression of MMP-2 (72 KD) and its activator MT-MMP1.
Hence, our studies indicate that, biochanin A might have a
dual role in inhibiting both angiogenesis and invasion in
GBM. Many reports on combination therapies of MMPs
inhibitor and temozolomide highlight the importance of
targeting MMPs (38).

In conclusion, this study summarizes the effects of
combination treatment of temozolomide and biochanin A on
GBM progression. Although, biochanin A showed an
increase in the levels of OCR compared to other treatments,
overall the combination treatment exhibited an enhanced
Here, biochanin A
considerably potentiated the cytotoxicity of temozolomide
and enhanced inhibition of cell signaling and invasion
pathways, while also restoring the metabolic phenotype of
cells to mitochondrial respiration. The results provide a
rationale for evaluating combination therapies with biochanin
A in vivo and support the design of new and better therapies
for the treatment of an aggressive, fatal tumors like GBM.

anticancer effect on GBM cells.
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