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Abstract Glioblastoma multiforme (GBM) is an aggres-
sive, malignant cancer Johnson and O’Neill (J Neurooncol
107: 359-364, 2012). An extract from the winter cherry
plant (Withania somnifera), AshwaMAX, is concentrated
(4.3 %) for Withaferin A; a steroidal lactone that inhibits
cancer cells Vanden Berghe et al. (Cancer Epidemiol
Biomark Prev 23: 1985-1996, 2014). We hypothesized that
AshwaMAX could treat GBM and that bioluminescence
imaging (BLI) could track oral therapy in orthotopic
murine models of glioblastoma. Human parietal-cortical
glioblastoma cells (GBM2, GBM39) were isolated from
primary tumors while U87-MG was obtained commer-
cially. GBM2 was transduced with lentiviral vectors that
express Green Fluorescent Protein (GFP)/firefly luciferase
fusion proteins. Mutational, expression and proliferative
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status of GBMs were studied. Intracranial xenografts of
glioblastomas were grown in the right frontal regions of
female, nude mice (n = 3-5 per experiment). Tumor
growth was followed through BLI. Neurosphere cultures
(U87-MG, GBM2 and GBM39) were inhibited by Ash-
waMAX at ICsg of 1.4, 0.19 and 0.22 uM equivalent
respectively and by Withaferin A with ICsy of 0.31, 0.28
and 0.25 pM respectively. Oral gavage, every other day, of
AshwaMAX (40 mg/kg per day) significantly reduced
bioluminescence signal (n =3 mice, p < 0.02, four
parameter non-linear regression analysis) in preclinical
models. After 30 days of treatment, bioluminescent signal
increased suggesting onset of resistance. BLI signal for
control, vehicle-treated mice increased and then plateaued.
Bioluminescent imaging revealed diffuse growth of GBM2
xenografts. With AshwaMAX, GBM neurospheres col-
lapsed at nanomolar concentrations. Oral treatment studies
on murine models confirmed that AshwaMAX is effective
against orthotopic GBM. AshwaMAX is thus a promising
candidate for future clinical translation in patients with
GBM.
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Abbreviations

BLI Bioluminescence Imaging

DAPI 4’ 6-Diamidino-2-Phenylindole

h-EGF Human Epidermal Growth Factor

EGFR Epidermal Growth Factor Receptor

EGFRvIII Epidermal Growth Factor Receptor
variant IIT

h-FGF Human Fibroblast Growth Factor

GBM Glioblastoma Multiforme
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GBM2 Patient-derived glioblastoma multiforme
cell culture (from Stanford University
School of Medicine)

GBM2/gfp/luc  GBM2 that is genetically modified to
express a fusion protein of firefly
luciferase and Green Fluorescence
Protein (GFP)

GBM39 Patient-derived glioblastoma multiforme
cell culture (from University of
California at San Diego School of
Medicine)

GFP Green Fluorescent Protein

GFP/Luc Fusion protein of Green Fluorescence
Protein and firefly luciferase

HSP70 Heat Shock Protein 70

PBS Phosphate Buffered Saline

h-PDGF-AA Human Platelet-derived Growth Factor
variant AA

h-PDGF-BB Human Platelet-derived Growth Factor
variant BB

U87 GBM cell line purchased from ATCC

Introduction

Glioblastoma multiforme (GBM) is a deadly form of
malignant cancer with a median survival time of 15 months
and a 5-year survival of 2.3 % [l]. The moniker of
“multiforme” reflects the heterogeneous morphological,
molecular and genomic profile that the disease presents.
Given the cancer’s aggressive nature, current interventions
consist of equally aggressive surgical resection and sub-
sequent radio- and chemotherapy/immunotherapy. The
cancer is heterogeneous, however and thus standardized,
non-specific therapies are often ineffective [1]. To address
the challenge of sub-optimal response, this new century has
witnessed the emergence of classification strategies where
cohorts of glioblastomas have been identified through
novel molecular, genomic or molecular imaging biomark-
ers [3, 4]. For instance, gliomas can now be categorized as
Classical, Mesenchymal, Proneural or Neural based upon
the expression of certain molecular signatures such as wild-
type and VIII variant Epidermal Growth Factor Receptor
(EGFR), PDGF-AA and -BB, and Isocitrate Dehydroge-
nase I (IDH1) [5-8]. Classification of GBM based upon
EGFR expression is particularly relevant as aggressiveness
of glioblastomas has been associated with high EGFR
expression [9].

Such developments have, in turn, spurred investigations
into novel drugs that, in contrast to established, non-
specific therapies, are found by taking advantage of the
new molecular classification protocols described above. In
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particular, new drugs have been found that interact with
specific molecular targets or signaling pathways that are
associated with the cancer class in question. For example,
through this approach, the multi-histone deacetylase inhi-
bitor, panobinostat was found to be therapeutically effec-
tive against diffuse pontine gliomas [10]. In addition, these
searches have uncovered not only drugs that have been
developed de novo but also drugs that were formerly tar-
geted for other indications [11-13].

Withaferin A, an example of the latter, is a steroidal
lactone that originates from the roots and leaves of the
winter cherry plant (Withania somnifera or WS) and is
the first member of the withanolides to be discovered
[14]. Within the Ayurvedic and Unani medical tradition,
the roots and leaves of the winter cherry plant (known
as Ashwagandha or “scent of horse”) are the raw
material for numerous herbal medicines and are applied
to a wide range of physical and mental health problems
[15]. A unified insight into Withaferin A’s action is still
forthcoming, but current molecular and mechanistic
studies into Withaferin A have shown it to be a down-
regulator of numerous transcription factors such as NF-
kB and Spl [16, 17]. It has been reported that the
steroid also interacts with HSP70 and proteasomes [18].
Given such targets, it is not surprising that Withaferin A
has been found to inhibit neovascularization via alter-
ations in VEGF gene expression and calcium signaling
[16, 19].

Such changes are often associated with altered EGFR
signaling and therefore carcinogenesis, thus we were
compelled to explore Withaferin A’s (and by implication,
Ashwagandha’s) effect on glioblastoma cells. In addition,
although Withaferin A has been studied in cell culture and
in murine models for various types of cancers [20-24], to
the best of our knowledge it has not been studied for GBM
in living subjects. In this article, we report on how expo-
sure to a specialized WS root extract (Trade Name: Ash-
waMAX), that contains 4.3 % of Withaferin A,
significantly impeded the growth of several glioblastoma
cells both in culture and in pre-clinical xenograft models.
Our study is the first to show the efficacy of AshwaMAX
(and by implication, Withaferin A) against orthotopic
xenograft models of human glioblastomas.

Materials and methods
Purchase of chemical reagents
Unless otherwise stated, all chemicals were purchased

either from Selleckchem Inc. (Houston, TX, USA) or
Sigma-Aldrich (St. Louis, MO, USA).
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Preparation of Withaferin A and AshwaMAX

Withaferin A was purchased in their purified form from
Selleckchem (Houston, TX, USA). AshwaMAX, a root
extract from the winter cherry tree, was supplied by
Pharmanza Herbal Pvt Ltd. (Gujarat, India), and the extract
was tested for the presence of Withaferin A [25]. The
extract was a brown powder, standardized to contain no
less than 4.3 % Withaferin A with total Withanolides of
8.4 % as determined by HPLC analysis (USP method).

Cell culture studies

Two patient-derived GBM lines (GBM2, GBM39) and one
commercially available GBM cell line (U87-MG from
ATCC, Manassas, VA, USA) were used for our studies.
GBM2 originated from the Stanford University Medical
Hospital and was obtained for research purposes after
approval from the University’s Internal Review Board. We
gratefully acknowledge GBM39 as a gift from Dr. Paul
Mischel (Ludwig Institute for Cancer Research, University
of California at San Diego). These lines, along with U87
were used principally for cell culture experiments.

For all bioluminescence work, we used genetically-
modified GBM2 and GBM39 whereby cells were trans-
fected with lentiviral vectors that expressed either firefly
luciferase (for GBM39) or a fusion protein of GFP and
firefly luciferase (for GBM2) [26, 27]. Briefly, explant
cultures of GBM2 and GBM 39 cells were transduced with
HIV1-based lentiviral vectors expressing firefly luciferase
(Luc) for GBM39, or a fusion protein of GFP and firefly
luciferase (GFP/Luc) for GBM2. Lentiviral vectors were
generated by transfection of 293T cells with plasmids
encoding the vesicular stomatitis virus G envelope, gag-
pol, and Fluc (generously provided by Dr. Y. Ikeda, Mayo
Clinic, Rochester, MN) or with the GFP/Luc fusion protein
(generously provided from Dr. Michelle Monje, Stanford
University, Stanford, CA). Conditioned medium, contain-
ing viral vectors, was harvested 48 h, post-transfection,
filtered (0.45 um), and frozen until use. Cells were trans-
duced using viral supernatants, and expression of luciferase
was confirmed by measuring cellular luciferase activity
(IVIS Spectrum; Xenogen Corporation, Alameda, CA).
Luciferase-modified GBM cells were then collected and
used to establish intracranial tumors that were monitored
for drug response by longitudinal bioluminescence imag-
ing. U87-MG was grown in DMEM (Life Technologies)/
10 % FBS/and 1x Penicillin/Steptocmycin (Life Tech-
nologies). GBM2 and GBM39 were grown in a defined,
serum-free media of a 1:1 mixture of Neurobasal-A Med-
ium (1x)/DMEM/F12(1x) that also contained HEPES
Buffer Solution (10 mM), MEM Sodium Pyruvate Solution
1 mM, MEM Non-Essential Amino Acids Solution 10 mM

(1x), GlutaMAX-I Supplement (1x) and Antibiotic—An-
timycotic (1x). All solutions are from Invitrogen/Life
Technologies Inc. The full working media also contained
h-EGF (20 ng/ml), h-FGF-basic-154 (20 ng/ml), h-PDGF-
AA (10 ng/ml), h-PDGF-BB (10 ng/ml) and Heparin
Solution, 0.2 % (2ug/ml) as growth factors (all from
Shenandoah Inc.) and B-27 (Invitrogen/Life Technologies)
as supplements.

Cellular readout assays

To assess how our selected drugs affected cellular function,
we established a number of readout assays.

Cellular proliferation

Cellular proliferation was assessed, indirectly, via the
Alamar Blue assay. Intrinsic mitochondrial activity (and by
implication, cellular proliferation) was assessed by mea-
suring the oxidation of exogenously added Resaurin by the
cell’s internal mitochondrial respiratory complexes [28].
Briefly, cells were seeded onto 96-well plates (Corning,
5000 cells/well). 24 h after, escalating doses of drugs were
added systematically to three wells per concentration. Final
concentration of drugs ranged from 0.01 up to 200 pM.
Alamar blue was added after two days and 24 h later, the
plates were scanned on a Tecan 800 multi-channel fluo-
rescent (Excitation: 560 (20) nm, Emission: 590 (10 nm)
microplate reader.

Proliferation was measured directly via counting of
trypsinized single cell suspensions on a standard haemo-
cytometer (Fisher Scientific Inc., Fremont, CA) or on a
Celigo S Automated Cytometer (Nexcelom Inc., Lawrence,
MA).

Cell viability

The Celigo S Cellular Cytometer was also used to assess
for occurrence of cell death by reading for percent of try-
pan blue positive cells (Nexcelom Inc., Lawrence, MA).
Cell viability was determined by measuring for percentage
of cells positive for propidium iodide (1 pg/ml) staining
via standardized techniques [29]. An alternative approach
was to run single cell suspensions that had been incubated
with propidium iodide (1 pg/ml) though an ARIA (Becton—
Dickinson Inc.) FACS sorter to identify positive (dead)
versus negative (live) cells.

Cellular apoptosis
Apoptotic index was determined by staining for Annexin V

scoring for the amount of Annexin V positive cells as per a
standardized protocol provided by eBiosciences Inc. The
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scoring was done either on a FACS/ARIA (BD Bio-
sciences) or a CELIGO S cytometer counter from Nex-
celom Inc.

Western assays for EGFRvIII

Western immune-assessment of wild type and vIII variant
of EGFR was performed as per previously described pro-
tocols [26, 30]. Briefly, Antibodies used in this study for
the detection of total EGFR, and phospho-EGFR (Y 1080),
were obtained from Cell Signaling; antibody for detection
of h-actin was obtained from Sigma (St. Louis, MO).

Preclinical studies
Intracranial injection of patient-derived glioblastoma lines

All preclinical protocols have been approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of
Stanford University. The patient-derived human glioblas-
toma cells, GBM2 (p20-25) and GBM39 (P4-9) were
injected with the use of a stereotactic instrument (Supple-
mental Figure S3) [31] into the right parietal region of the
brain of female nu/nu mice (ages 6—10 weeks). Injection
site was 2 mm to the right of the central suture and 0.5 mm
anterior to the lambda junction. Depth of injection was
2-3 mm.

Visualization of tumors Growth of tumors was monitored
either via bioluminescence imaging (BLI) or T1- and T2-
weighted Magnetic Resonance Imaging (MRI) [32]. Luci-
ferase activity was visualized by injecting mice intraperi-
toneally with 100 pl of firefly luciferase (30 mg/ml) and
the luminescence was monitored, 10 min later, by placing
the mouse under nose-cone anesthesia, into an IVIS
Spectrum (Xenogen Inc., Alameda, CA, USA). To visual-
ize the soft tissue structure within tumors, the mice were
subjected to MRI. The mice were injected intraperitoneally
with 100 pl of a gadolinium-containing contrast agent
(Multihance, 0.1 mol/kg mouse) to maximize the visual-
ization of the tumors.

MRI was performed at the Stanford Clark Center Small
Animal Imaging Facility in an actively-shielded Discovery
MRO901 General Electric 7T horizontal bore scanner (GE
Healthcare) including Integrated Electronics Company
(IECO) gradient drivers, an Agilent 120 mm inner diam-
eter shielded gradient insert (600 mT/m, 1000T/m/s),
EXCITE?2 electronics; the supporting LX11 platform; and a
3 cm inner diameter Millipede quadrature transmit/receive
volume RF coil. Animals were anesthetized with 2 %
isoflurane in oxygen, and physiological monitoring
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included respiration, and temperature feedback for surface
body temperature maintenance by warm airflow over the
animal. A fast spoiled gradient echo (FSPGR) sequence
(TR = 9.7 ms; TE = 2.1 ms; flip angle = 5°; NEX = 20;
FOV = 2 cm; image matrix = 160 x 160; slice thick-
ness = 1 mm) was used to acquire 3 sets of 12, 12, and 8
orthogonal T1-weighted images in the axial, sagittal, and
coronal planes through the mass, respectively.

Oral Gavage of AshwaMAX AshwaMAX was suspended
in a solution of PBS to a stock concentration of 25-50 mg/
ml. The suspension was applied via oral gavage, every
other day at an input of 40 mg equivalence/kg mouse/day.
Growth of tumors was tracked as described above with
weekly or twice weekly scans of bioluminescence. BLI was
done both before and after start of the administration of
drug. Vehicle-treatment consisted of administering mice an
equivalent volume of PBS via oral gavage.

Fluorescent and bioluminescent microscopy To assess
the morphology and microenvironment of the growing
tumors, selected mice (control and/or therapy) were sacri-
ficed and the brain excised and frozen in OCT. When
appropriate, the brain was sliced into 10-30 um axial or
sagittal sections via a Leica CM 1850 cryostat (Leica
Biosystems, Richmond, USA) around the site of intra-
cranial injection. The slices were adhered to glass slides
and either direct fluorescent microscopy was performed (to
detect GFP-positive tumor cells) in the presence of a cel-
lular counter stain such as DAPI or the slides were fixed
and stained for hemotoxylin and eosin via a standard pro-
tocol [33]. Bioluminescent microscopy was visualized
under either an Olympus LV200 bioluminescent micro-
scope (Olympus Life Sciences, Waltham, MA) or an IVIS
Spectrum Imaging System (Xenogen Corporation, Ala-
meda, CA). Bioluminescent microscopy by the LV200 was
performed either at 100x or 400x magnification for
acquisition times of 2 and 10 min respectively. In addition
to incubation with D-luciferin (30 mg/ml), supplementary
reagents of 5 mM ATP, 2 mM MgSO, and 0.5 mM
Coenzyme A were added to the reaction mix.

Statistical analysis

All statistical analyses were performed either with Excel
2010 (Microsoft Corp.) or with PRISM v6.0 (Graph Pad
Software, San Diego, CA) software. Univariate significance
analysis of experimental data was determined by the Student
t test while multivariate analysis was determined through
2-way ANOVA. Differences were considered significant
when P < 0.05. Data always reported as mean + SD.
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Results
Cell culture studies

Morphology of GBM neurospheres and expression
of EGFRvIIl

Typical glioblastoma (GBM) cell cultures formed neuro-
spheres 2—4 days after initial seeding into growth media.
Representative views of GBM neurospheres are shown in
Fig. la. Over 60 % of human GBMs with amplified EGFR
are known to express the vIII variant of EGFR [3, 9]. We
thus examined the protein expression of EGFRVIII for the
three GBM lines that we studied: U87-MG, GBM2 and
GBM39. GBM2 expressed EGFRVIII levels (Fig. 1b) at an
order of magnitude below that of GBM39 (Fig. 1b) while
EGFRVIII levels for U87-MG was undetectable (data not
shown, [34]).

Dose-dependent inhibition of proliferation by Withaferin
A and AshwaMAX

We used the alamar blue assay [28] to assess for prolifer-
ative activity in U87, GBM2 and GBM39 and the impact
on proliferation by both Withaferin A (Fig. 2a) and Ash-
waMAX. When inhibition studies, (using the alamar blue
assay as the readout) were performed with Withaferin A
(Fig. 2b), we observed a dose-dependent inhibition of
alamar blue activity (and hence proliferative activity) for
all three glioblastoma cell lines (U87-MG, GBM2,
GBM39). ICsy values were submicromolar and ranged
from 0.25 to 0.31 uM (Fig. 2b).
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Fig. 1 Morphological and molecular characterization of glioblas-
toma cell lines GBM39 and patient-derived GBM2. Cell line
1 = GBM2, Cell line 2 = GBM39. a Bright field microscopy of
human glioblastoma cell lines. b Western blot for antibodies to
EGFRUVIII (total and phosphorylated) in GBM2 and GBM39. Control
is beta-actin. U87-MG expressed virtually no EGFRVIII
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Fig. 2 a Chemical structure of Withaferin A. Dose-dependent
inhibition of cellular proliferation by b Withaferin A and ¢ Ash-
waMAX on GBM39, GBM2) and U87-MG. For Withaferin A, ICs,s
were at 0.31 pM (U87MG), 0.28 yM (GBM2) and 0.25 pM
(GBM39). For AshwaMAX, ICsy‘s were at 14.8 pg/ml (US7MG),
2.1 pg/ml (GBM2) and 2.4 pg/ml (GBM39) or, if assuming 4.3 %
Withaferin A in AshwaMAX: 1.4, 0.22 and 0.19 uM equivalent
respectively. All measurements are done in triplicate

The root extract from the Withania somnifera tree,
AshwaMAX, is reported to contain 4.3 % (w/w) With-
aferin A [25]. The addition of increasing amounts of
AshwaMAX also caused a dosage dependent inhibition of
alamar blue activity for U87-MG, GBM2 and GBM39
(Fig. 2¢). ICs59 values for AshwaMAX extract were
14.8 pg/ml (USTMG), 2.1 pg/ml (GBM2) and 2.4 pg/ml
(GBM39). The corresponding ICsy for equivalence of
Withaferin A (assuming 4.3 % content of Withaferin A in
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AshwaMAX) were 1.4, 0.22 and 0.19 pM equivalent for
U87MG, GBM2 and GBM39 respectively. Thus, in con-
trast to the Withaferin A alone studies (Fig. 2b), U87
responded with a higher ICsy of inhibition (14.8 pg/ml)
than either GBM2 (2.1 pg/ml) or GBM39 (2.4 pg/ml). The
findings most likely illustrate the unique environmental,
phenotypic and molecular features of U87-MG compared
to other patient-derived gliomas.

Withaferin A and AshwaMAX affects neurosphere
formation and cell viability of glioblastoma cells
specifically

We wished to validate that the abrogation of cell titer blue
activity by AshwaMAX or Withferin A is related to a
parallel reduction of some cellular function that is impli-
cated to growth and proliferation. When GBM2 was treated
with either AshwaMAX (50 mg/ml) or Withaferin A
(20 pM), the normal process of neurosphere formation as
seen in untreated or DMSO-treated control cells (Fig. 3a)
was disrupted as early as 24 h post-addition(Fig. 3b, c).
Instead, the cultures became largely populated by single
cells and any existing neurospheres essentially collapsed
(Supplemental Figure S1). Dose-dependent studies on the
impact of AshwaMAX in eliminating GBM2 neurosphere
formation revealed an ICsy of 2.5 pg/ml (Fig. 3d) a fig-
ure that is close to the equivalent ICso from the alamar blue
studies (2.1 pg/ml). Cell viability studies, performed by
assessing for the percentage of Pl-positive cells, showed
that both AshwaMAX and Withaferin A significantly
decreased the number of viable cells by nearly four-fold
(n =3, P<0.001, two-way ANOVA) to less than
20 % =+ 10 viable cells (Supplemental Figure S2). There
was some cell death brought on by processing and thus cell
viability under control, vehicle-treated conditions never
reached 100 %.

Toxicity studies

To examine for specificity of inhibition by AshwaMAX
and Withaferin A against glioblastoma cells, we did dose
response studies for those two drugs on a normal human
fibroblast, PCS. These dosage studies were then compared
to equivalent experiments performed on U887, GBM2 and
GBM39. In general, such investigations revealed a nearly
ten-fold greater resistance (as assessed by ICsgy) both to
Withaferin A (PCS = 2.1, U87 = 0.31, GBM2 = 0.28,
GBM39 = 0.25 pM) and to AshwaMAX (PCS = 19.62,
U87 = 14.8, GBM2 = 2.1, GBM39 = 2.4 pg/ml) when
compared to the three glioblastoma lines: U87-MG,
dGBM2 and GBM39 (Fig. 3e).
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Preclinical studies

Establishment of intra-cranial xenograft with GBM2s
expressing GFP/luciferase fusion protein

As an initial experiment, approximately 400,000 GBM2/
gfp/luc cells were injected 3 mm deep into the right pari-
etal region of the murine brain (Supplemental Figure S3 for
equipment set-up). Representative time-courses for chan-
ges in BLI with respect to time after implantation are
shown in Fig. 4a, c. Initially, there is a linear increase in
bioluminescent signal from 0 to ~20 days post-implanta-
tion (p < 0.02, four parameter non-linear regression anal-
ysis). After 25-30 days, post-implantation, BLI signals
stabilized and stayed constant for up to 60 days post-im-
plantation. In fact, several mice have shown stable biolu-
minescence signal (107 to 10® photons/sec) for up to
7 months post-implantation. In general, the mice at this
time-point had no significant loss in weight or alterations in
physical behavior. In the past 7 months, however, about
24 % of GBM2/gfp/luc-implanted mice showed significant
weight loss (31 out of a total of 127 mice) and were sub-
sequently sacrificed. By way of contrast, all mice implan-
ted with U87-MG suffered significant loss of weight and
needed to be sacrificed one month post-surgery while mice
implanted with GBM39 suffered similar weight loss and
needed to be sacrificed at 2 months post-surgery (data not
shown).

Time-dependent changes in BLI with oral gavage
AshwaMAX

Oral gavages of AshwaMAX (40 mg/kg/day) were given
every other day at a point where the BLI signal increased at
a linear rate with respect to time (Fig. 4b, c¢). HPLC
analysis of murine plasma confirmed the presence of
Withaferin A in the bloodstream with oral gavage treat-
ment of AshwaMAX (Supplemental Figure S5). There was
a rapid decline of BLI signal, by nearly an order of mag-
nitude, within 1 week of treatment for all mice. The loss of
signal was reproduced in other mice (Fig. 4c) and persisted
for nearly 30 days. Indeed there was nearly a complete
disappearance of bioluminescence, after-which, the BLI
signal recovered and there was a subsequent increase in
BLI signal one month after the beginning of AshwaMAX
treatment (Fig. 4b, d). Control, vehicle-treated mice
showed an increase in BLI signal, followed by a plateau of
signal by approximately 30 days after the start of the oral
gavages (Fig. 4a, d). During the time of vehicle- versus
drug-treatment, no animal suffered a significant loss of
weight (Supplemental Figure S6).
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lines: U87, GBM2 and GBM39. For Withaferin A the ICsys are:
PCS = 2.1, U087 = 0.31, GBM2 = 0.28, GBM39 = 0.25 pM and for
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Visualization of GBM2/gfp/luc Xenografts by T1-weighted
MRI and bioluminescent microscopy

To test if the glioblastoma xenografts could be visible with
a key modality in clinical radiology, mice with intracranial
tumors (GBM2 at 28 weeks post-implantation) were sub-
jected to T1-weighted MRI scans in the presence of an
intraperitoneally-injected Gd-based contrast agent (Multi-
hance, Bracco S.p.A.). As shown by the sagittal (Fig. 5a)
scan, a faint and diffuse MRI signal for GBM?2/gfp/luc
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«Fig. 4 Preclinical examination of the influence of AshwaMAX on

growing intra-cranial tumors of gfp/luciferase-expressing GBM2.
Representative BLI scans for mice with orthotopic xenografts of
GBM2 expressing GFP/Luciferase that are either a vehicle-treated or
b given oral gavage, every second day, of AshwaMAX (40 mg/
kg/day). ¢ Representative, BLI profile of mice with an orthotopic
GBM?2/GFP/Luc cranial implant when given oral gavage, every other
day, of AshwaMAX (40 mg/kg/day). d Representative graphical
quantification of murine BLI for control, vehicle-treated mice (round
data points) and mice given oral gavage every other day of
AshwaMAX (square data points) at 40 mg/kg/day (n = 3 mice per
experiment, slope of plot significantly different from zero (P < 0.02)
as assessed via four parameter non-linear regression analysis). Plot for
AshwaMAX treatment compared to vehicle-treatment is significantly
different at P < 0.05 for n = 3 mice per group as assessed via two-
way ANOVA

xenografts appeared at 28 weeks post-implantation. There
were no distinctive borders to the MRI signal at that time-
point. At the same time, this very same mouse displayed
strong BLI signal (Fig. 5b). When sagittal, 30 pM frozen
sections of brain were prepared, BLI\ microscopy imaging
revealed a strong but spread-out signal along the sagittal
axis and base of the organ (Fig. 5c). 400x bioluminescent
microscopy reveal luciferase activity to be diffused along
several tracks of embedded cells within the brain (Fig. 5d).

GBM39 xenografts grew more aggressively than equiv-
alent GBM2 xenografts yet cell culture ICsqs to AshwaMAX
were the same, thus we investigated the impact of Ash-
waMAX treatment (oral gavage, 40 mg/kg/day) on nude
mice with standardized intra-cranial implantations of
400,000 GBM39 cells. Treatment started at 2 weeks post-
implantation where BLI scans showed a significant growth in
tumor burden. MRI studies showed that, in contrast to
GBM2, the GBM39 xenografts for vehicle-treated mice
showed distinct regions for tumor versus normal brain with
several finger-like projections along the corpus callosum and
the hippocampus (Supplemental Figure S4A), a pattern that
was not detectible by MRI for GBM2/gfp/luc xenografts.

By 7-8 weeks post-implantation, all vehicle-treated
mice were dead with total BLI signals above 10® photons/
sec while AshwaMAX-treated mice survived at least
1 month more (data not shown). When sagittal sections of a
vehicle-treated mouse (Supplemental Figure S4B) and an
AshwaMAX-treated mouse (Supplemental Figure S4C)
were compared (8 weeks post-implantation of xenografts),
the AshwaMAX-treated mouse had much diminished total
BLIs signal compared to controls but migration of the
signal (and hence the cells) was not impaired.

Discussion
One salient finding arising from the in vitro studies is that

AshwaMAX is capable of abrogating the formation and
growth of neurospheres in culture. Such results prompted
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Fig. 5 a Coronal TI-weighted MRI scans for GBM2/GFP/LUC
orthotopic implants at 28 weeks. Contrast agent was Multihance.
b Corresponding, preclinical BLI scan of a nude mice with a 6 month
orthotopic implantation of GBM2/gfp/luc. Site of implantation of cell
line was 3 mm deep into the parietal cortical region of the right
hemisphere, about 2 mm to the right and 0.5 mm anterior to the
lamda suture. 30 s acquisition scan for bioluminescent image, 1 x 1
binning and F-stop of 1. ¢ BLI scan of a 30 uM sagittal section of the
right side of the murine brain. One second acquisition scan with

us to perform preclinical experiments that revealed a sec-
ond salient finding, namely, that oral delivery of a natural
product (AshwaMAX) to preclinical models of human
glioblastomas (genetically modified to express a GFP/
Firefly Luciferase fusion protein) caused an initial dimin-
ishment of bioluminescent signal which suggests a reduc-
tion in viable numbers of tumor cells. This is consistent
with cell culture observations of decreased cellular via-
bility (Supplemental Figure S2) through challenge by
AshwaMAX. The eventual recovery of bioluminescence
signal suggests that monitoring of gliomas by BLI even-
tually detected either the expansion of an AshwaMAX-
resistant subline or the migration of glioma subpopulations
towards microenvironments that are protective against
AshwaMAX. Presently, it is unknown as to which process
occurs, however, AshwaMAX did not seem to eliminate
glioma migration away from the original site of injection
(Supplemental Figure S4).

Our study represents the first time that the natural pro-
duct, AshwaMAX has been shown to be effective in a
preclinical model of glioblastoma and that the effectiveness
of the drug has been successfully monitored by the
molecular modality of bioluminescent imaging. This would
indicate that AshwaMAX will be a highly promising

standard 1 x 1 binning and F-stop of 1. Dynamic range shown as
6.2 x 10% to 1.9 x 10° p/siem?/sr. d Representative example of a
400x bioluminescent microscopic image for a BLI-positive region
from the tissue section shown in “C”. Cellular morphology is shown
in brightfield while bioluminescent activity is shown in false-color as
green. 10 min acquisition time with Olympus LV200 bioluminescent
microscope. White bars represent size scale of each pictograph.
Yellow arrows indicate individual cells and structures that are also
positive for bioluminescent activity

candidate for future clinical evaluation. Our studies may
also serve as a paradigm on how other natural products
indicated for other disorders can be screened as anti-cancer
agents. Natural products such as AshwaMAX may poten-
tially be used in conjunction with other drugs such as
temozolomide and bevacizumab [35, 36] which are estab-
lished chemotherapies against glioblastoma. A similar
research direction could involve combination studies of
AshwaMAX with nanoparticle-enhanced radiotherapy
(RT) [37] or High-intensity Focused Ultrasound (HIFU)
[38]. Such interventions target the brain by breaking down
its blood brain barrier and potentially render a previously
sheltered tumor accessible to both therapeutic and imaging
agents. The steroidal character of Withaferin A confers
favorable capacities of the drug to permeate cellular
membranes and thus render it capable of penetrating the
blood brain barrier. Additional interventions such as RT or
HIFU may augment the already good ability of Withaferin
A to penetrate and cross the barrier.

Optimizing therapeutic effectiveness of AshwaMAX
may also involve a deeper study on the effective thera-
peutic window of AshwaMAX. For instance, the steroidal
character of Withaferin A as well as other compounds in
AshwaMAX may have an immunosuppressive effect on the
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patient. This has implications in examining future appli-
cations of AshwaMAX and Withaferin A in combination
with immunotherapy protocols. Thus AshwaMAX’s impact
on the tumor microenvironment of gliomas will need to be
investigated, first in murine models that are fully
immunocompetent and eventually in humans receiving
immunotherapies.

In the entire AshwaMAX study, the mice suffered no
loss of weight (Supplemental Figure S6). This finding is
congruent with reports in the literature showing a general
lack of toxicity with treatment by similar or same formu-
lations of winter cherry tree extracts [11, 39-41] in
humans. The research results, in aggregate, strengthens the
validity in utilizing a natural plant extract such as Ash-
waMAX to treat gliomas.

AshwaMAX has advantages to the pure Withaferin A
partly because animal studies with pure drug is more costly
than with the natural product. This may confer insights on
clinical costs for future human applications. More impor-
tantly, the ICs, equivalent dose for Withaferin A tend to be
lower for AshwaMAX in GBM2 and GBM39 than the
comparable ICsgs for purified Withaferin A (Fig. 2b). Our
experiments thus infer that the presence of compounds
other than withanolides may aide AshwaMAX to be a more
potent therapeutic than Withaferin A alone although more
research will be required to confirm this.

In order to track the effectiveness of AshwaMAX ther-
apy in a clinical setting, one must have a convenient
modality to monitor glioma tumors in the brain and
therefore have a practical way to monitor therapeutic
response. Magnetic resonance imaging (MRI) is the most
common modality of choice; however, such an approach is
expensive, the procedure tends to be prolonged and labo-
rious for the patient, and visualization may not be apparent
if the tumor grows diffusely in the brain [25]. Indeed
examination of GBM2/gfp/Luc xenografts via biolumi-
nescent microscopy would suggest that diffuse growth and
migration is characteristic of the cancer. Thus it is unlikely
that MRI alone will be useful in tracking its progress and
its responsiveness to therapy.

Optimizing therapeutic usefulness of AshwaMAX and
by implication, Withanolides, will be aided by further
investigations into the mechanism of action of Withaferin
A. Although comprehensive mechanistic information
explaining Withaferin A’s anti-tumoral properties remains
lacking, there are provocative suggestions in the literature
on how the lactonal steroid actually works. Reports
strongly indicate that Withaferin A can affect the
cytoskeletal organization [42, 43] as well as proteasomal
activation [44] in tumor cells. Growth stimulation, angio-
genesis induction by tumor cells as well as susceptibility to
apoptosis are all impacted with Withaferin A potentially
through the effect of the steroid on the expression of

@ Springer

activity of heat shock proteins and the transcription factor,
NF-xB [45]. Withaferin A may exert its effect (either
directly or through its modulation of heat shock protein 90)
on several kinases such as PKC, MAP Kinases, P38 and
JNK, AK+ and ERK [46—48]. As a consequence, future
studies will focus upon elucidating details of mechanisms
and thereby gaining insights on how to fine-tune the
effectiveness of Withaferin A.

Future directions to elucidate mechanisms will include
the study of more glioma lines exhibiting differential
expression of key molecular markers such as EGFR and
EGFRUVIII but also FGF and PDGF. We can thus probe how
generalizable is the therapeutic effectiveness of Ash-
waMAX and Withaferin A. The relationship between
intrinsic diffusiveness of GBM lines in xenografts and
sensitivity to drugs such as Withaferin A or AshwaMAX
should also be elucidated. In order to maximize effective-
ness of anti-glioblastoma drugs, circulating biomarkers
whose presence indicate the onset of resistant sub clones
ought to be identified and characterized. The newly dis-
covered lymphatic circulation system that resides within
the dural sinuses of the central nervous system [49] may
also contribute to the accessibility of drugs (and maybe
their metabolism) within the brain. Such research should
improve the clinical utility of the natural product, Ash-
waMAX and by implication, Withaferin A.
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