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Abstract: The Electron transport chain (ETC) is responsible for oxidative phosphorylation-mediated mitochondrial 
respiration. Here we wanted to address the mahanine-induced targeted pathways in glioblastoma multiforme (GBM) 
in the context of G0/G1 phase arrest and redox alteration. We have demonstrated mahanine, as a novel mitochon-
drial complex-III inhibitor which induced G0/G1 phase arrest in GBM. This event was preceded by accumulation 
of intracellular ROS by the inhibition of mitochondrial ETC. The accumulated ROS induced DNA damage response 
(DDR), that mediated Chk1/Chk2 upregulation and activation which were essential factors for the G0/G1 arrest. 
NAC-mediated scavenging of ROS generation reduced the propensity of G0/G1 phase arrest in GBM cells by maha-
nine. Knockdown of Chk1/Chk2 also affected the cell cycle inhibitory potential of mahanine. During G0/G1 arrest, 
other hallmark proteins like, cyclin D1/cyclin D3, CDK4/CDK6 and CDC25A were also downregulated. The G0/G1 
phase restriction property of mahanine was also established in in vivo mice model. Mahanine-induced complex-III 
inhibition triggered enhanced ROS in hypoxia responsible for higher G0/G1 arrest. Furthermore, we demonstrated 
that mahanine-treated G0/G1 arrested cells were less potent to form xenograft tumor in vivo. Additionally, they 
exhibited reduced ability to migrate and form intracellular tube-like structures. Moreover, they became susceptible 
to differentiate and astrocyte-like cells were generated from the epithelial lineage. Taken together, our results estab-
lished that complex-III of ETC is one of the possible potential targets of mahanine. This nontoxic chemotherapeutic 
molecule enhanced ROS production, induced cell cycle arrest and thereafter regressed GBM without effecting nor-
mal astrocytes.
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Introduction 

Reactive oxygen species (ROS) is a combined 
form of both oxygen radicals (superoxide and 
hydroxyl) and some non-radical derivatives as 
hydrogen peroxide [1]. Electron transport chain 
(ETC) probably is the most important intracel-
lular resource of ROS. In the eukaryotic organ-
ism, the location of the ETC is mainly in the 
mitochondria and endoplasmic reticulum. In 
the mitochondrial ETC, series of oxidation-
reduction reactions occur between different 
reductants and oxidants by the flow of elec-
trons and protons [1]. However, during the 
transfer of electrons, a few may leaked out and 

convert O2 into highly reactive superoxide anion. 
It then triggers the damage to mitochondrial 
membrane potential and cell may undergo 
apoptosis [2]. Different mitochondrial ETC com-
plex blockers trigger high amount of ROS and 
therefore promote cancer cell death [3, 4]. 

The cell cycle is a sequential series of actions 
by which an emergent cell duplicates all of its 
machinery and splits into two progenitor cells. 
Under normal condition, after division of the 
cells in the mitotic (M) phase, they enter into G1 
and then G0 phase for proper development and 
maturation [5, 6]. Mature cells then go through 
S and G2 phases to complete the cycle. It is the 
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cyclin D family of proteins involved with CDK4/
CDK6, responsible for early G1 regulation. 
Association of cyclin E with CDK2 is mainly 
responsible for the G1 to S transition [5-7]. DNA 
damage response (DDR) induces the activation 
of check point kinases (Chk1/Chk2) and there-
by regulates G0/G1 arrest [8, 9]. CDC25A, an 
oncogenic phosphatase, is also responsible for 
CDK2 activity and hence regulate cell cycle pro-
gression [9]. 

GBM is the most common and highest grade of 
malignant primary brain tumor in humans and 
mainly originates in glial cells with highest mor-
tality rate [10, 11]. Despite advances in clinical 
and surgical neuro-oncology, the diagnosis, 
prognosis and treatment remain poor. The over-
all survival rate for 1 year is only ~40%, although 
a combined radiotherapy and chemotherapy 
does result in some improvement (~46%) [12]. 
Structure of the blood brain barrier is degener-
ated in GBM [13]. Various oncogene-activating 
mutations and the repression or deletion of 
tumor-suppressor genes are frequently found 
and are involved in disease progression [11, 
14, 15]. A large portion (30-35%) of patients is 
diagnosed with the particularly lethal oncogen-
ic EGFRvIII mutation [16, 17].

Till today, there is an acute shortage of proper 
chemotherapeutic agents for GBM. The main 
agents are temozolomide, RTK inhibitors and 
the cetuximab. However they show poor suc-
cess rate and high degree of toxicity [18, 19]. 
Drug-unresponsiveness is also a typical prob-
lem [19, 20]. Therefore, the introduction of new 
molecules having a low level of toxicity with 
improved efficacy is urgently required [21]. 
Mahanine, a carbazole alkaloid, induces Fas/
FasL and mitochondrial activation-mediated 
apoptosis in leukemia both in vitro and in vivo 
with minimal toxicity to tissues [22, 23]. It also 
induces redox-alterations which destabilize 
Hsp90 chaperone activity, suggesting a specif-
ic role in pancreatic cancer [23, 24]. Anti-cancer 
activity in histiocytic lymphoma, promyelocytic 
leukemia and prostate cancer cells were also 
reported [25-28]. We have identified that mah-
anine triggered its cytotoxicity through C-7-OH 
and 9-NH functional groups and it is a DNA 
minor grove-binding agent [29]. Also mahanine-
induced ROS accumulate a tumor suppressor 
protein (PTEN) in nucleus and activates p53/
p73-mediated apoptosis alone and in synergy 
with 5-flurouracil in colorectal carcinoma cells 
[30]. Additionally, it reduces 5-8 fold cisplatin 

concentration when used in adjunct with maha-
nine for the apoptosis of cervical cancer [26].

We have earlier established that mahanine 
modulates redox potential in the cancer cells, 
here we mainly addressed the major targeted-
pathway responsible for the cell cycle regula-
tion, mediated by redox manipulation in maha-
nine-treated GBM cells. As identification of 
target molecule enhances the value of chemo-
therapeutic agents, we have taken this 
approach to identify the probable major target 
for mahanine. Our results suggested that mito-
chondrial complex-III is one of the potential tar-
gets of mahanine and its inhibition mediated 
accumulation of ROS, an essential factor for 
DDR. This DDR mediated Chk1/Chk2 upregula-
tion and their activation trigger the G0/G1 
phase arrest in mahanine-treated GBM cells 
both in vitro and in vivo systems and reverted 
different oncogenic properties of cancer cells/
tissues. Oxidative manipulations by mahanine 
also overcome hypoxia-induced probable drug 
resistance. Taken together, our results suggest 
that mahanine is a potential new candidate for 
GBM. 

Materials and methods

Reagents

The primary antibodies of p-Chk1 (Ser 317, Ser 
296), Chk1, p-Chk2 (Thr 68, Ser 516, Ser 19), 
Chk2, CDC25A, cyclin D1, cyclin D3, CDK4, 
CDK6, cyclin E, CDK2, GFAP, β-actin, HIF1α and 
HRP-conjugated secondary antibodies were 
purchased from Cell Signaling Technology 
(USA). Flow cytometry compatible FITC-con- 
jugated anti-rabbit IgG (H + L), FCS, H2DCFDA, 
mitotracker deep red, Trypsin-EDTA and IMDM 
cell culture medium were purchased from 
Invitrogen (USA). esiRNAs, N-TER nanoparticle 
driven transfection system, antibiotic–antimy-
cotic, PI (Propidium Iodide), NAC, MTT, molecu-
lar grade BSA, Tween-20, Tris-HCl, EGTA, man-
nitol, sucrose, HEPES, KOH, KCl, KH2PO4, MgCl2, 
MOPS (3- (N-morpholino)propanesulfonic acid), 
α-keto glutarate (αKG), succinate, pyruvate, 
malate, duroquinone, TMPD (N, N, N’, 
N’-Tetramethyl-1, 4-phenylendiamin), ADP, mal-
onate, rotenone, antimycin A, TTFA (Thenoyltri- 
fluoroacetone), sodium azide, ascorbic acid, 
cytochrome c, decylubiquinone, haematoxylin, 
eosin, DPX, curcumin, temozolomide and DMSO 
were obtained from Sigma-Aldrich (USA). Xylene 
was purchased from SRL-India. Cycle Test Plus 
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Figure 1. ROS-induced DNA damage response-mediated activation of checkpoint kinases in G0/G1 cell cycle arrest 
in glioblastoma multiforme. A. Chemical structure of mahanine isolated from Murraya koenigii. B. Mahanine (15 
µM) induced G0/G1 phase cell cycle arrest in U87MG and LN229 cells. Enhancement of the % gated cells in the 
G0/G1 phase and subsequent reduction of cells in both S and G2/M phases indicated mahanine-induced G0/G1 
phase cell cycle arrest. C. Mahanine induced upregulation of total Chk1 and Chk2 along with the phosphorylated 



Complex-III inhibition induces G0/G1 phase arrest in GBM

632 Am J Cancer Res 2014;4(6):629-647

kit for cell cycle analysis, cell recovery solution 
and matrigel were purchased from BD Bio- 
science (USA). SuperSignal West Pico imaging 
system was obtained from Thermo-scientific 
(USA).

Purification and characterization of mahanine

Mahanine was purified from fresh leaves of an 
Indian medicinal plant, M. koenigii, which 
belongs to the family of Rutaceae [26, 30]. 
HPLC, FAB-MS, 1[H] and 13[C] NMR spectral 
data analyses established its structure as mah-
anine (Figure 1A, Figure S1A, S1B) [22]. Cellular 
response mechanisms were identified with > 
98% HPLC purified mahanine (Figure S1B).

Cell lines and astrocytes 

Highly (U87MG) and moderately (LN229) inva-
sive human glioblastoma cells were purchased 
from ATCC (USA) and grown in Iscove’s Modified 
Dulbecco’s Medium (IMDM) supplemented with 
10% heat inactivated fetal calf serum (FCS) and 
1% antibiotic-antimycotic solution in a humidi-
fied atmosphere at 37°C with 5% CO2. 

Primary cultures of astrocytes were established 
from cerebra of 1-2 day old rats [31]. Briefly, 
cells were seeded in 6-well plate (2 × 106 cells/
well) and incubated in IMDM containing 10% 
FCS in a CO2 incubator. The medium was 
changed on every 2 days and cytotoxicity was 
determined with 12th day post seeded cul- 
tures.

Cell cycle analysis

Cells (1 × 106) were treated with mahanine 
(0-20 µM) in presence or absence of esiRNA of 
Chk1/Chk2 and also in various oxygen environ-
ments for 24 hr. They were harvested and pro-
cessed using Cell Cycle Test Plus kit. At least 
20,000 cells were analyzed in FACS and ana-
lyzed by CellQuest Pro software (BD FACSC- 
alibur). 

Transfection 

Cells (5 × 105) were pre-seeded for 24 hr in 
6-well plate. Subsequently esiRNA transfection 
reagent containing esiRNA, nanopure water 
and NTER nanoparticle delivery solution was 
prepared. Control cells were in absence of esiR-
NA. This solution (200 µl) was added to each 
well and culture for 6 hr. Then the supernatant 
was aspirated and cells were subsequently cul-
tured with fresh complete growth medium for 
another 12-15 hr before any drug treatment. 
Confirmation of esiRNA-mediated downregula-
tion of target gene was evaluated by the 
Western blot analysis.

Measurement of intracellular ROS

Cells (1 × 106) were treated with mahanine 
(0-20 µM) for 1 hr and the levels of intracellular 
H2O2 were evaluated flow cytometrically by incu-
bating with H2DCFDA (10 µM) for 30 min at 
37°C. This assay was also carried out in 1% and 
8% oxygen environment in a hypoxia incubator 
(Thermo Scientific, USA). For the inhibition of 
ROS generation, cells were pretreated with 
N-acetyl cystine (NAC, 5.0 mM) for 1 hr before 
mahanine-treatment. 10,000 cells were ana-
lyzed [22]. Generation of ROS was also ana-
lyzed in presence of different mitochondrial 
ETC inhibitors (antimycin A, rotenone and TTFA).

Immunoblot analysis

Proteins were extracted from cells and quanti-
fied by Bradford method. An equivalent amount 
of protein (50 µg) was resolved by SDS-PAGE 
(7.5-12.5%) and electrotransferred to nitrocel-
lulose membrane. The membrane was blocked 
by TBS-BSA, probed with primary antibody 
(1:1000 dilution) overnight at 4°C, washed with 
TBS-Tween-20 (0.1%) and incubated with the 
appropriate HRP-secondary antibody (1:1000-
1:3000). Membrane was washed and immune-
reactive complex was identified by the West 
Pico chemiluminescence detector system [23].

forms of those proteins. Enhancement of phosphorylations at Ser 317 and Ser 296 (for Chk1) and Thr 68, Ser 516 
and Ser 19 (for Chk2) upon mahanine treatment indicated DDR. D. Generation of ROS upon treatment of mahanine 
for 1 hr in both LN229 and U87MG cells by H2DCFDA staining. Elevated ROS was identified by enhanced mean fluo-
rescence intensity value of H2DCFDA. NAC (5.0 mM) was used as the scavenger of the produced ROS. E. NAC (5.0 
mM)-mediated scavenging of ROS reduced the cell cycle arrest activity of mahanine upon 24 hr treatment in both 
the GBM cells. F. NAC (5.0 mM)-mediated scavenging of ROS could revert the DDR as no or reduced upregulation of 
total Chk1 and Chk2 and also their phosphorylated forms. G. Chk1 and Chk2 knocked down cells showed ~60-65% 
reduction in G0/G1 phase cell cycle arrest in mahanine-treated U87MG indicating the potential role of those check-
point kinase proteins in mahanine-driven cell cycle dysfunction. Each value is the mean ± SD of three independent 
experiments. *P < 0.05, significant difference between two test groups.
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Hypoxia induction assay

U87MG and LN229 cells were cultured in 1% O2 
environment for 24 hr [32] and incubated in 
absence and presence of mahanine with a defi-
nite concentration for 1 hr to estimate ROS and 
24 hr for cell cycle analysis. Experiment was 
repeated in 8% oxygen environment as this was 
considered as brain tissue normoxic control 
[33]. 

Isolation of mitochondria

Mitochondria from U87MG was isolated by digi-
tonin permeabilization method [34] with some 
modifications. Briefly, cells were washed with 
mitochondria-isolation buffer-I (pH 7.2) contain-
ing 210 mM mannitol, 70 mM sucrose, 5 mM 
HEPES, 0.02% BSA and 1 mM EGTA. Digitonin 
solution was added followed by equal volume of 
buffer-I. Cells were centrifuged at 3000 × g for 
10 min and homogenize by Potter-Elvehjem 
homogenizer. Supernatant was isolated by the 
centrifugation at 1000 × g for 15 min and mito-
chondria was collected as pellet by centrifuga-
tion at 12000 × g for 15 min. 

Measurement of oxygen consumption 

U87MG and LN229 cells (2 × 106) and isolated 
mitochondria (0.3-0.5 mg/2 ml protein) were 
placed separately in the electrode chamber in 
respiratory medium (PBS, 2 ml) and oxygen 
consumption was measured in presence of glu-
cose (10 mM) and mahanine (100 µM) by using 
Clark-type oxygen electrode fitted with Han- 
satech (GB) Oxygraph [35, 36].

Respiratory complex-inhibition by mahanine 
was confirmed by using specific respiratory 
complex substrates and inhibitors at 30°C. 
Substrates for complex-I [α-keto glutarate (10 
mM), pyruvate (10 mM), malate (5.0 mM)]; com-
plex-II [succinate (5.0 mM)]; complex-III [duro-
quinone (1.5 mM)]; complex-IV [TMPD (300 
µM)], ATP synthase complex [ADP (0.4 mM)], 
different inhibitors e.g. 3 µM rotenone (com-
plex-I), 10 mM malonate (complex-II) and 25 
mM azide (complex-IV) were used at the indi-
cated points. 

Complex-III activity by spectrophotometric 
analysis

Activity of complex-III was measured spectro-
photometrically following the reduction of cyto-
chrome c by decylubiquinol at 550 nm [37, 38]. 
Decylubiquinol was prepared by reduction of 2, 

3-dimethoxy-5-methyl-n-decyl-1, 4-benzoquin- 
one (decylubiquinone) [39]. 

Active mitochondrial complexes were prepared 
from isolated mitochondria by dissolving in 
n-dodecyl-β-D-maltoside containing 10 mM 
potassium phosphate buffer using four freeze-
thaw cycles. Mitochondrial protein (10-15 µg) 
was used as a source of complex-III. Complex-
III-mediated reduction of cytochrome c (1 mM) 
was measured at 550 nm in presence of decy-
lubiquinol (10 mM). Inhibition of complex-III 
specific activity was identified in presence/
absence of mahanine (0-100 µM) in compari-
son to known complex-III inhibitor antimycin A 
(10 µg/ml) following the Beer-Lambert law 
equation [40]: 

Complex-III activity = [{(ΔAbs550nm without Anti- 
mycin – ΔAbs550nm with Antimycin)/minute} × 
reaction volume]/[molar extinction co-efficient 
of cytochrome c × light path length × sample 
volume × protein concentration]

The fold change of cytochrome c reductase 
activity was graphically represented at 30 sec 
interval in presence and absence of antimycin 
A and mahanine by normalizing the every read-
ing by the zero time point value.

Mitochondrial membrane potential assay

Cells (1 × 106) were treated in presence and 
absence of mahanine for 6 hr and the mito-
chondrial membrane-depolarization was deter-
mined with mitotracker deep red (100 nM) by 
incubating for 15 min at 37°C. Corresponding 
fluorescence was evaluated by FACS. ROS-
dependent mitochondrial-depolarization was 
evaluated by the pretreatment of NAC (5.0 mM) 
for 1 hr before mahanine treatment. 10,000 
cells were analyzed.

Measurement of cell death

GBM cells (1 × 106) were treated with maha-
nine for 24 hr and the dead cell population was 
determined by PI (5 µg/ml) staining for 15 min 
at 4°C through FACS. ROS-dependent plasma 
membrane disintegration was evaluated by the 
pretreatment of NAC (5.0 mM) for 1 hr before 
mahanine treatment. 10,000 cells were ana-
lyzed [22].

Cell proliferation analysis by MTT assay

GBM and astrocyte cells (1 × 104) were treated 
with mahanine (0-30 µM) for 48 hr and subse-
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quently incubated with MTT (100 µg/ml) in 
fresh culture medium for 3 hr. Formazan crys-
tals were dissolved in DMSO and OD was taken 
at 550 nm (Thermo Scientific, USA) [23].

Therapeutic strategy of mahanine in tumor 
xenograft study and in vivo identification of cell 
cycle progression 

Female nude mice (NIH (s) nu/nu, 6-7 weeks 
old) were maintained in pathogen free condi-
tions. U87MG cells (1 × 106, 200 µl) suspended 
in IMDM-matrigel (BD Bioscience, 1:1) were 
injected s.c. into the right hind limb. The tumor 
was allowed to develop for 20 days until it 
reached 200-250 mm3, after that mahanine 
(100 mg/kg, 200 µl) in 10% DMSO containing 
NaCl (0.15 M) was administrated intraperitone-
ally per day for first 5 consecutive days and 
then five more treatment in alternative days in 
one group of tumor-carrying mice (n = 5). The 
control group of mice (n = 5) was treated with 
the same volume of vehicle only. Tumor volume 
was calculated by the formula: L × W2/2 (mm3), 
where L = length and W = width using a Vernier 
caliper. On the 35th day after the inoculation of 
the cancer cells, all the mice were sacrificed 
and the tumor xenografts were excised. The 
tumor cells were isolated from tumor tissue by 
collagenase type II-DNase I treatment [41]. 
Cells from the control and treated mice were 
subjected to cell cycle analysis by FACS. Tumor 
cells were also processed for the assessment 
of key G0/G1 phase cell cycle regulatory pro-
teins by Western blot analysis. 

Migration assay

Mahanine-treated and untreated U87MG and 
LN229 cells (1.5 × 106) were cultured to > 80% 
confluency in 6-well plate. Three separate 
scratch-wounds were made through the conflu-
ent cells and incubated further for 24 hr. 
Number of cells were calculated that moved 
into the scratched arena and image was taken 
by using phase contrast microscopy (Carl Zeiss, 
Germany) [23].

Connective tube formation assay

Thin layer of matrigel in IMDM (1:3) was formed 
in 24-well plate at 25°C. Control and mahanine-
treated G0/G1 phase-arrested cells (5 × 104) 
were layered over matrigel in serum free medi-
um. Images of connective tubes were recorded 
by phase contrast microscopy after 24 hr.

Differentiation assay

Mahanine-pretreated G0/G1 arrested and con-
trol cells (5 × 104) were diluted with matrigel 
(1:1) in IMDM and incubated for 5 days at 37°C 
in 24-well plate. Images were captured for radi-
al outgrowth containing astrocytes/glial like 
cells by phase contrast microscopy [42]. 

To establish the astrocytic/glial differentiation 
in molecular level, cells were recovered from 
matrigel using recovery solution by incubating 
for 30 mins at 30°C with shaking. Cell suspen-
sion was centrifuged at 2000 rpm, fixed, per-
meabilized and incubated with anti-glial fibril-
lary acidic protein (GFAP). FITC-secondary 
antibody was added and analyzed by FACS [43]. 
At least 20,000 cells were analyzed.

Statistical analysis

All the data were from at least three indepen-
dent experiments. Statistical analysis of data 
was performed using Graph Pad Prism 5 and 
Microsoft Excel software. The differences 
between the groups were analyzed by t-test or 
Mann-Whitney U-test. Comparisons between 
same cell line or mice group were done using 
paired t-test. Standard error bars represented 
the standard deviation of the mean (± SD). *P < 
0.05, designated significant differences bet- 
ween the means of the control and the treated 
cells/mice, or two test groups.

Results 

Mahanine induces G0/G1 phase cell cycle ar-
rest and DDR in glioblastoma cells

Initially we wanted to determine whether maha-
nine has any role in cell cycle progression and 
regulation. Accordingly, we exposed two glio-
blastoma grade IV cells (U87MG and LN229) to 
various concentrations of mahanine for 24 hr 
and identified cell cycle arrest in the G0/G1 
phase and the most effective concentration 
was 15 µM (Figure 1B, Figure S2). At this con-
centration, ~15% and ~20% excess cell was 
accumulated in G0/G1 phase in LN229 and 
U87MG respectively. A few cells were accumu-
lated in the sub G0 phase indicating the initia-
tion of apoptosis at 20 µM of mahanine (Figure 
S2). 

Next we asked that what were the important 
pathways associated in cell cycle arrest. Accor- 
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dingly, we checked the DDR-related kinases 
Chk1/Chk2 and identified that both were 
upregulated in their total protein level and also 
activated through enhanced phosphorylations 
at Ser317 and Ser296 for Chk1 and Thr68, 
Ser516 and Ser19 for Chk2 upon treatment 
with mahanine (Figure 1C). The activation of 
Chk1/Chk2 was most prominent at 10-15 µM 
dose which corresponded to maximum cell 
cycle arrest. This result suggested that in some 
way DDR was related with the mahanine-
induced G0/G1 phase cell cycle arrest. 

Mahanine-induced intracellular ROS is major 
mediator for DDR and activation of Chk1/Chk2 

Further we asked the cause of the DDR in pres-
ence of mahanine. Previously we had observed 
that mahanine is a potential pro-oxidant agent 
in leukemia, colorectal and pancreatic carcino-
ma [22, 24, 30]. This compound was also gen-
erated ROS efficiently within 1 hr both in 
U87MG and LN229 (Figure 1D). After demon-
strating the involvement of DDR in the maha-
nine-treated G0/G1 arrest, we investigated the 
role of ROS in cell cycle arrest in GBM. NAC-
mediated scavenging of ROS significantly 
reduced G0/G1 arrest, suggesting the partici-
pation of ROS in the mahanine-induced cell 
cycle arrest (Figure 1E). 

We then hypothesized that ROS-mediated DDR 
is an important event for the mahanine-induced 
G0/G1 arrest. The scavenging of ROS by NAC 
efficiently suppressed mahanine-mediated 
upregulation of Chk1/Chk2 and phosphoryla-
tion at Ser296 for Chk1 and Ser19 for Chk2 
(Figure 1F). This result indicated that maha-
nine-mediated accumulation of ROS was 
indeed an important factor for the generation 
of DDR in GBM. Furthermore, ~60-65% reduc-
tion of the cell cycle arrest in Chk1 and Chk2 
knockdown U87MG demonstrated their critical 
importance in mahanine-mediated G0/G1 
phase arrest (Figure 1G, Figure S3). Thus, we 
established that the ROS-mediated DDR trig-
gered upregulation and activation of Chk1 and 
Chk2 which was essential for mahanine-medi-
ated G0/G1 phase cell cycle arrest in GBM.

Mahanine triggers inhibition of complex-III in 
the mitochondrial electron transport chain 

One of the most well accepted models of intra-
cellular ROS production is the inhibition of ETC 

followed by leakage of electron into the mito-
chondrial lumen [36]. To further explore ETC as 
a target for mahanine, we investigated the 
mechanism of ROS production. Accordingly, we 
studied whether mahanine could inhibit the cel-
lular and isolated mitochondrial oxygen con-
sumption or not. Therefore, we measured the 
rate of oxygen consumption as indicated in 
slope under the curve after addition of maha-
nine in U87MG and LN229 (Figure 2A, 2B). The 
reduction of the rate of oxygen consumption 
after addition of mahanine in both cells indi-
cated a potential inhibition of ETC. 

This result guided us to find out the answer of 
next obvious question that, which complex of 
mitochondrial ETC was inhibited by mahanine. 
Therefore, rate of oxygen consumption of iso-
lated mitochondria from U87MG was measured 
in presence of complex-specific substrate fol-
lowed by mahanine treatment (Figure 2C-E). 
Initial oxygen consumption in presence of 
α-keto glutarate (complex-I substrate) and ADP 
(ATP synthase substrate) was inhibited after 
addition of mahanine, indicated the probability 
of complex-I inhibition but addition of succinate 
(complex-II substrate) was unable to restart the 
respiration indicated that the ETC was indeed 
inhibited after complex-II (Figure 2C). This was 
further confirmed by addition of malonate 
(complex-II inhibitor). It was expected that if 
mahanine inhibited complex-I, then oxygen con-
sumption rate starting with α-keto glutarate 
and succinate should not decrease much and 
addition of malonate should further reduce the 
respiratory rate but it was not the case (Figure 
2D). To confirm the inhibition sites of mahanine 
after complex-II, measurement of oxygen con-
sumption was started from the beginning with 
α-keto glutarate, succinate and ADP. It was 
identified that addition of mahanine inhibited 
the oxygen consumption rates which was 
sharply increased again by addition of TMPD 
(complex-IV substrate, Figure 2E), indicated 
that the mahanine induced inhibition in com-
plex-III. Finally, mahanine-mediated complex-III 
inhibition was reconfirmed by the sequential 
addition of substrate and inhibitors of all the 
ETC complexes, where mahanine behaved like 
a potential inhibitor of duroquinone-induced 
sensitized mitochondrial complex-III in isolated 
mitochondria from both GBM cells (Figure 2F, 
Figure S4A). Once again the complex-III inhibi-
tory property was firmly established as maha-
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Figure 2. Inhibition of molecular oxygen consumption and respiration of cell was induced by blocking mitochondrial 
ETC at complex-III. A, B. Mahanine induced suppression of molecular oxygen consumption in both U87MG and 
LN229 cells identified by oxygraph analysis. Slope of the curve indicated the rate of oxygen consumption. Higher 
the value of the slope higher was the oxygen consumption. Reduction of slope after addition of mahanine indicated 
the inhibition of ETC. Bar graph represents the pictorial view for the inhibition of oxygen consumption in both the 
GBM cells. As mahanine was dissolved in absolute ethanol hence dissolved oxygen was higher. Due to this, after 
addition of mahanine total oxygen content became high in the reaction mixture, however inhibition by mahanine 
was evidenced by reduced slope. C. Succinate (complex-II substrate) could not initiate the mitochondrial oxygen 
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nine-mediated inhibition of ETC was not initiat-
ed further with succinate and duroquinone. 
However addition of TMPD started the ETC 
which was again inhibited by azide, complex-IV 
inhibitor (Figure S4B, S4C).

For the confirmation of complex-III inhibition by 
mahanine, spectrophotometric estimation of 
the conversion of cytochrome c from oxidized to 
reduced form was measured by determining 
the complex-III activity. Mahanine was identi-
fied again as a potential inhibitor of complex-III, 
depending on dose-dependent inhibition of 
specific activity of complex-III (Figure 3A). 
Antimycin A (10 µg/ml, 20 µM, complex-III inhib-
itor) exhibited almost equivalent inhibitory 
activity like 100 µM mahanine. Based on the 
specific activity, IC50 of mahanine for complex-
III inhibition was ~24.68 µM within 5 minutes of 
kinetic reaction (Figure 3B). 

Mahanine mediates ROS generation in hypoxia

Complex-III plays a major role in hypoxia-
induced ROS generation [44, 45]. Antimycin A 
produces enhanced ROS in cells under hypoxic 
condition [44]. To reconfirm this phenomenon, 
we incubated the U87MG cells in 1% hypoxic 
environment for 24 hr and then they were treat-
ed separately with antimycin A, mahanine, rote-
none and TTFA in combination or alone. Both 
antimycin A and mahanine could produce sig-
nificant ROS whereas inhibitors of complex-I 
and II unable to produce ROS in hypoxic condi-
tion (Figure S5). We have observed concentra-
tion-dependent ROS accumulation in maha-
nine-treated GBM cells in this condition (Figure 
3C).

Enhanced ROS induce higher G0/G1 phase 
cell cycle arrest and cell death in hypoxia

To further evaluate the importance of ROS in 
1% hypoxic condition, cells were pretreated 

with NAC. There were significant hindrance of 
mahanine-induced G0/G1 arrest (Figure 3D), 
cell death (Figure 3E) and mitochondrial mem-
brane depolarization (Figure 3F) in NAC-
pretreated cells. These results indicated that 
mahanine-induced enhanced ROS was an 
essential factor for the cancer cell attenuation 
in hypoxic condition. 

One of the major challenges in cancer chemo-
therapy is hypoxia-induced drug resistance 
[46]. To address this question, we used 1% and 
8% oxygen environments as tumor hypoxia and 
tissue normoxia model respectively. Tissue 
absorption of oxygen is always limited and 
effective concentration is much below than 
aerial oxygen percentage. In brain, effective 
oxygen concentration is about 5-10% in tissue 
[33]. Mahanine exhibited higher pro-oxidant 
activity in hypoxic condition than tissue nor-
moxia in GBM. Initial ROS level was higher in 
hypoxia than tissue normoxia. Due to the com-
plex-III inhibition by mahanine, cells accumu-
lated higher level of ROS (Figure 3G) which in 
turn responsible for enhanced cytotoxicity in 
hypoxic condition. This mahanine-induced 
enhanced ROS generation was also correlated 
with the moderately higher G0/G1 phase cell 
cycle arrest in hypoxia than 8% oxygen atmo-
sphere (Figure 3H). Mahanine treatment accu-
mulated about 6-7% higher amount cells in G0/
G1 phase in hypoxia than tissue normoxia. 
These results indicated that hypoxia-induced 
drug resistance might not be a barrier for this 
novel complex-III inhibitor, mahanine.

Mahanine-induced G0/G1 arrest is confirmed 
by regulational change of cyclins/CDKs in 
GBM

For further confirmation of G0/G1 phase cell 
cycle arrest, we wanted to identify the regula-
tion of different known G0/G1 transition relat-
ed proteins. We observed that, CDC25A, early 

consumption in mahanine-inhibited ETC indicated the probable inhibition after complex-II. D. Malonate (complex-II 
inhibitor) could not further inhibit mitochondrial ETC which was previously inhibited by mahanine. This observation 
substantiated the fact that mahanine inhibited ETC after complex-II. E. Mahanine-induced inhibited mitochondrial 
ETC was activated upon the addition of TMPD (complex-IV substrate) and further inhibited by azide (complex-IV 
inhibitor), suggested the probable inhibition site between complex-II and complex-IV. F. Confirmation of complex-III 
inhibition by mahanine was established by sequential oxygraph analysis. Duroquinone (complex-III substrate)-medi-
ated enhanced mitochondrial respiration was significantly blocked by mahanine hence proved this compound as a 
complex-III inhibitor. All the numerical values are included in the plot is representing the rate of oxygen consumption 
by the whole cell (per 2 × 106 cells) and/or live isolated mitochondria from U87MG cell (per mg). Bar graph repre-
sents the inhibition of oxygen consumption per addition of mitochondrial ETC inhibitors in different complexes with 
respect to the immediate control i.e. substrate-mediated activation per complexes. Each value is the mean ± SD of 
three independent experiments. *P < 0.05, significant difference between two test groups. 
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Figure 3. Confirmation of mahanine as mitochondrial complex-III inhibitor even in hypoxic condition. A. Dose de-
pendent reduction of complex-III activity by mahanine according to the conversion of cytochrome c from oxidized 
to reduced form by spectrophotometric estimation at 550 nm. B. Identification of specific activity of complex-III 
in absence and presence (25, 50 and 100 µM) of mahanine and evaluation of IC50 as 24.68 µM for mahanine 
within 5 minutes. C. In 1% oxygen containing hypoxic conditions, mahanine induced ROS generation within 1 hr in 
both U87MG and LN229 cells identified by H2DCFDA staining. D-F. Scavenging of mahanine-induced ROS by NAC 
in hypoxia (1% oxygen) rescued GBM cells from G0/G1 phase arrest (24 hr), cell death (24 hr) and mitochondrial 
membrane depolarization (6 hr) indicating the potential involvement of oxidative stress in mahanine-mediated cel-
lular responses in hypoxia. G. Mahanine-treated U87MG and LN229 cells showed enhanced production of ROS in 
hypoxia (1% oxygen) than 8% oxygen-containing brain tissue normoxic condition. H. Mahanine-treated U87MG and 
LN229 cells showed moderately enhanced G0/G1 phase cell cycle arrest in hypoxia than brain tissue normoxic con-
dition. Each value is the mean ± SD of three independent experiments. *P < 0.05, significant difference between 
two test groups.

G1 regulatory proteins e.g. cyclin D1, cyclin D3, 
CDK4 and CDK6 were downregulated upon 
treatment of mahanine (Figure 4A). Although, 
late G1 regulatory proteins, cyclin E and CDK2 
were almost unaltered suggesting the impor-
tance of early G1 phase in this cell cycle arrest. 

Superior anti-proliferative activity of mahanine 
than known chemotherapeutic agents, even 
in temozolomide resistant GBM cells with low 
toxicity

After initial cell cycle arrest in glioblastoma 
cells by mahanine, concentration-dependent 
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cell death was observed in both GBM cells. 
They showed more sensitivity towards maha-
nine than normal lineage astrocytes (Figure 
4B). Thus the selectivity of mahanine towards 
cancer cells with minimal adverse toxicity 
towards normal astrocytes was demonstrated.

Next we wanted to compare the anti-prolifera-
tive activity of mahanine with two selected 
drugs namely curcumin and temozolomide. 
Mahanine showed enhanced anti-proliferative 
activity in both GBM cells as reflected by lower 
IC50 value (~12-15 µM) than curcumin (~30-35 
µM) after 48 h treatment (Figure 4C). 

Even temozolomide-resistant U87MG cells [19, 
47] showed much higher susceptibility towards 

mahanine as indicated by ~80 fold less IC50 
value after 48 hr (Figure 4D) indicating that 
mahanine may consider to be a better chemo-
therapeutic agents for GBM with low adverse 
toxicity. 

Mahanine restricts the cell cycle progression 
of cancer cells in G0/G1 phase transition in 
vivo model

To confirm the in vivo therapeutic efficacy of 
mahanine, we have generated xenograft tumor 
model in athymic nude mice by transplanting 
U87MG cells. After the treatment of mice with 
mahanine, progression of tumor was signifi-
cantly restricted (Figure 5A, 5B). Furthermore, 
mahanine-treated mice showed reduction in 

Figure 4. G0/G1-transition regulatory proteins were positively regulated in the course of cell cycle arrest and apop-
tosis. A. Mahanine induced downregulation of CDC25A, cyclin D1, cyclin D3, CDK4 and CDK6 in both LN229 and 
U87MG cells confirmed the G0/G1 cell cycle arrest in molecular level. B. Concentration-dependent inhibition of 
cell survival of mahanine-treated U87MG and LN229 glioblastoma cells after 48 hrs wherein normal astrocytes 
were used as control. Mahanine-induced less inhibition of cell survival indicated relative nontoxicity of mahanine 
towards normal astrocytes. C. Mahanine showed enhanced cytotoxicity than curcumin identified by IC50 value in both 
the GBM cells upon 48 hr treatment. D. Susceptibility of temozolomide resistant U87MG cell towards mahanine, 
identified by ~80 fold reduced IC50 value upon 48 hr treatment. Each value is the mean ± SD of three independent 
experiments. *P < 0.05, significant difference between two test groups.
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Figure 5. In vivo therapeutic efficacy of mahanine to reduce xenograft tumor and confirmation of G0/G1 arrest in 
nude mice model. A. Pictorial representation of mahanine-mediated regression of U87MG xenograft tumor in nude 
mice. B. Pictorial representation of reduced size of excised tumor in mahanine-treated mice than control set. C. 
Treatment of mahanine induced the reduction of tumor weight in treated mice than control group. D. The graphi-
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the weight of tumor mass (Figure 5C) and also 
reduced gradual progression of tumor through-
out the incubation period of 35 days (Figure 
5D). 

To establish the in vitro mechanisms elicited by 
mahanine for G0/G1 arrest in in vivo condition, 
cell cycle analysis was performed of tumor-iso-
lated cells and identified that mahanine 
restricted those cells in G0/G1 phase. FACS 
analysis indicated that about 85% cells were 
accumulated in G0/G1 phase after the thera-
peutic course of mahanine, whereas only about 
50% cells were there in vehicle-treated tumor 
(Figure 5E). This in vivo G0/G1 arrest was con-
firmed by the down regulation of cyclin D1, 
CDK4, CDC25A and upregulation of Chk1, Chk2 
in mahanine-treated tumor (Figure 5F). 

Mahanine-induced G0/G1 arrested cells show 
significant inhibition of different oncogenic 
properties in vitro and in vivo

Cancer cells have a variety of oncogenic char-
acteristics facilitating their rapid growth/prolif-
eration. We investigated whether mahanine-
induced G0/G1 arrested cells displayed an 
inhibition of any such oncogenic properties. 
Mahanine-induced G0/G1 arrested GBM cells 
illustrated a significantly reduced capacity to 
migrate (Figure 6A). The arrested U87MG also 
exhibited a reduced capacity for connective 
tube formation between cells (Figure 6B) indi-
cating less invasiveness. Interestingly, maha-
nine-induced G0/G1 arrested cells differentiat-
ed from epithelial-like cells and formed as- 
trocytes/glial-like radial outgrowth-containing 
structures in matrigel (Figure 6C). The upregu-
lated level of GFAP in G0/G1 arrested U87MG 
confirmed the differentiation process by maha-
nine (Figure 6D). 

Next we wanted to address whether the effect 
of mahanine-induced G0/G1 phase arrest was 
reversible or not. To confirm that we implanted 
G0/G1 arrested cells into the nude mice along 

with the control cells and observed for 30 days 
to measure tumor formation. Mahanine-treated 
G0/G1 arrested U87MG showed reduced 
capacity to form in vivo xenograft tumor identi-
fied by tumor size, volume and weight (Figure 
6E, Figure S6A, S6B). Reduced formation of 
this tumor was further confirmed by the H&E 
staining, as it was identified that compactness 
of the cells and number of nucleus were 
reduced in the G0/G1 arrested U87MG-
mediated tumor than control (Figure 6F). For 
each experiment, cell cycle profile of control 
and G0/G1-arrested cells were checked and 
only arrested cells were injected for tumor 
transplantation where subG0 population was < 
5% (Figure S6C). All these observations sug-
gested that mahanine-induced cell cycle arrest 
could potentially revert the various oncogenic 
properties of malignant cells and hence might 
consider as a potential chemotherapeutic 
agent.

Discussion 

Various gene polymorphisms and mutations 
have an impact on DNA repair and cell cycle 
regulation in glioblastoma [48]. Therefore, an 
effect on cell cycle progression might be a use-
ful therapeutic strategy against this cancer. 
The main achievement of the present study is 
to introduce a carbazole alkaloid which induced 
cell cycle arrest in GBM in the G0/G1 phase 
transition through ROS production. The ROS 
was mainly generated through the inhibition of 
complex-III in mitochondrial ETC. Thus estab-
lishing complex-III of ETC is one of the potential 
targets of mahanine. This accumulated ROS 
further activated the DDR which then upregu-
lated and activated Chk1 and Chk2 leading to 
cell cycle arrest in GBM cells conclusively con-
firmed both in vitro and in vivo experiments.

Mitochondrial ETC is the most crucial system 
for energy generation and the major process 
for the oxidative phosphorylation [49-51]. Four 
different protein complexes in the ETC are 
located in the inner mitochondrial membrane. 

cal representation indicated the reduced-progressiveness of tumor in mahanine-treated mice for the 35 (from the 
date of tumor cell inoculation) days of incubation period. E. DNA profiling of isolated tumor cells from control and 
mahanine-treated group of mice indicated that mahanine restricted the cell cycle progression of tumor cells in G0/
G1 phase transition. Each histogram plot of cell cycle distribution indicated each tumor. F. Confirmation of in vivo 
G0/G1 phase cell cycle arrest by downregulation of cyclin D1, CDK4, CDC25A and upregulation of Chk1, Chk2 in 
mahanine-treated tumor cells. Each lane in Western blot analysis indicated each tumor cell extract. Each value is 
the mean ± SD of three independent experiments. *P < 0.05, significant difference between two test groups.  
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Figure 6. G0/G1 phase arrested cells showed altered functional activity in vitro and in vivo. A. Inhibition of in vitro 
migration of both mahanine (15 µM)-induced G0/G1 arrested U87MG and LN229 cells in scratched arena (in be-
tween dotted lines). B. Mahanine (15 µM)-induced G0/G1 phase arrested U87MG cells had lower potential to form 
connection tubes in in vitro matrigel assay. The connection tubes were indicated by ‘→’. Reduction of this tubular 
connection indicated the minimization of invasiveness of cancer. C. Mahanine (10 µM)-induced conversion of undif-
ferentiated epithelial like population of U87MG cell to well differentiated astrocytes or glial like structure with radial 
outgrowth by microscopic after the incubation in matrigel for 5 days. D. Overexpression of GFAP, the astrocytes or 
glial differentiation marker protein, in the mahanine-induced G0/G1 arrested U87MG cells after 5 days culture in 
matrigel. E. U87MG cell (control) produced extensive growth of xenograft tumor in right flank of nude mice compared 
to mahanine-treated G0/G1 arrested U87MG cell. F. H&E staining indicated that compact cellular arrangement 
and high density of nucleus in control U87MG-induced tumor section compared to G0/G1 phase arrested U87MG-
mediated tumor in athymic nude mice.

Electrons pass through the complex-I to com-
plex-IV with the help of electron carriers e.g. 

ubiquinone and cytochrome c. This process is 
essential for the generation of electrochemical 
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proton gradient through the inner membrane. 
Complex-V, the F1F0-ATPase, generate ATP from 
ADP and inorganic phosphate by utilizing the 
energy from the proton gradient, which pro-
vides fundamental energy molecule. If ETC is 
blocked in any complex in the chain then elec-
trons are leaked out and come into the lumen 
and readily reduce molecular O2 into superox-
ide anion, H2O2 and other species. These ROS 
are essential for initial mitochondrial and then 
cellular damages [49]. 

Mahanine is an established pro-oxidant agent 
in cancers [22, 24, 30] including GBM. Here we 
showed that the ROS is generated due to the 
leakage of electrons as mahanine inhibits com-
plex-III in ETC in GBM which is responsible for 
activation of the DDR. Such activation triggered 
upregulation and activation of Chk1 and Chk2 
as characterized by the activation phosphoryla-
tion at Ser317/296 (Chk1) and Thr68, 
Ser516/19 (Chk2). Scavenging of ROS by NAC 
pre-treatment significantly decreased the 
potency of the compound to induce DDR and 
cell cycle arrest. Chk1 and Chk2 are structural-
ly dissimilar however functionally related to ser-
ine/threonine kinases which are activated in 
response to different genotoxic insults [52-54]. 
The major role of Chk1 and Chk2 is to transmit 
the checkpoint signals from the initial check-
point-kinases ATM and ATR [55, 56]. Chk2 is 
expressed throughout the cell cycle process 
[57] and activated majorly by ATM in response 
to double-strand DNA breaks. However, Chk1 
protein is significantly restricted to S and G2 
phases [58] and activated in response to DNA 
damage or delayed replication. 

Mahanine-induced G0/G1 phase cell cycle 
arrest was further confirmed by downregulation 
of CDC25A and early G1-regulatory cyclin D1/
cyclin D3 and their associated kinases CDK4/
CDK6, but the late G1-regulatory kinase CDK2 
and the cyclin E level were unaltered. Down 
regulation of CDC25A might also related with 
the Chk1/Chk2 activation as hyperphosphory-
lation induced proteasomal degradation of 
CDC25A induced by checkpoint kinases. 
Mahanine induced expression of the epigeneti-
cally silenced tumor-suppressor gene RASSF1A 
and blocked cyclin D1 expression in prostate 
cancer [28]. 

Tamoxifen, a complex-I inhibitor is used in pre-
menopausal hormone-positive breast cancer. 

Metformin (complex-I inhibitor), porphyrin pho-
tosensitizers and N-(4-Hydroxyphenyl) retin-
amide (complex-IV inhibitors) are in phase III 
clinical trial in cancers [49]. Complex-III inhibi-
tor, resveratrol has completed phase II trial 
[49]. Although other mitochondrial complex 
inhibitors are reported, but due to severe toxic-
ity problem, they are not considered as ideal 
chemotherapeutic agents in cancers. Mahanine 
has no adverse toxic effects [22, 23] and it 
shows activity against several malignancies, so 
we may use this mitochondrial complex-III 
inhibitor as a novel chemotherapeutic agent. 
Potentiality of mahanine was increased be- 
cause it showed equivalent efficacy in same 
cellular pathway both in vitro and in vivo.

Hypoxia is a signature mark for the different 
solid tumors including GBM. Oxygen tension is 
around 0.1-10% in GBM malignant tissue [33]. 
In contrast, oxygen level is in higher range from 
5-10% in normal brain [33]. Oxygen sensing in 
hypoxia is a major factor for redox balance and 
adaptation [59]. Hypoxia-induced ROS produc-
tion is highly controlled by well-regulated 
machinery in the mitochondrial ETC. This ROS 
plays an important role for the stabilization of 
HIF1α and thereby control the signal-transduc-
tion pathway in this stressed condition [59]. 
Complex-III plays a most important role in 
hypoxia-induced ROS generation [44, 45]. 
Relative stabilization of ubisemiquinone in 
complex-III Q-cycle in hypoxic-stress produces 
higher ROS by the conversion of molecular oxy-
gen to superoxide radical and H2O2, the major 
molecular-mediator of redox alteration [44]. 
Hence mainly the complex-III inhibitor like anti-
mycin A can produce excessive ROS in hypoxia 
[44, 60]. However, in contrast to antimycin A, 
myxothiazol (another complex-III inhibitor) along 
with complex-I (rotenone) and complex-II (TTFA) 
inhibitors cannot produce ROS in hypoxia as 
these cannot stabilise the ubisemiquinone 
form in Q-cycle [44, 60]. As the novel complex-
III inhibitor, mahanine generated significant 
ROS in hypoxia then this might be hypothesized 
that it also can stabilize ubisemiquinone form. 
This ROS had also been identified as important 
molecular-mediator for mahanine-induced cell 
cycle arrest, cell death and mitochondrial mem-
brane depolarization even in hypoxia. As maha-
nine accumulated enhanced ROS in hypoxia, 
this oxidative burst played an important role for 
higher G0/G1 phase arrest and inhibition of 
cancer cell proliferation than tissue normoxic 
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condition. Hypoxia-induced drug resistance are 
common phenomenon and we strongly believe 
that inhibition in specific site of complex-III 
would be a better strategy to manage cancer in 
hypoxic-milieu in tumor microenvironment. As 
mahanine did not show any adverse toxicity in 
vitro and in vivo like reported ETC blocker, it 
could be a useful agent in drug irresponsive 
hypoxic condition.

Mahanine also displayed a potent capacity to 
restrict growth at G0/G1 and induce cell death 
even in the most oncogenic EGFRvIII mutation 
[16, 17] in GBM (data not shown). Therefore, 
this non-toxic carbazole alkaloid may be consid-
ered as a potential alternative treatment of this 
intractable disease. Mahanine, an inhibitor of 
in vitro cell migration and cell-cell connective 
tube formation and in vivo tumor generation 
ability, supported its potential anti-glioma role. 
Additionally, the differentiation of mahanine-
treated cells arrested in the G0/G1 phase, 
identified as astrocyte or glial-like structure, 

generated from epithelial morphology, makes 
this molecule an interesting agent. Therefore, it 
is hypothesized that mahanine is capable of 
forcing G0/G1 phase-arrested cells through the 
G0 phase, as evidenced by their differentia- 
tion.

Based on all these observations, we strongly 
suggest that mahanine is a novel mitochondrial 
complex-III inhibitor of ETC with potent anti-
GBM activity both in in vitro and in vivo model 
triggering cell death by inducing cell cycle arrest 
through ROS mediated activation of DNA dam-
age check point (Figure 7). As it showed high 
therapeutic potential in several other cancer 
models, accordingly this is a potential agent for 
future chemotherapy. For the first time, com-
plex-III of ETC has been identified as the poten-
tial target of this nontoxic molecule. Therefore, 
we propose the introduction of this molecule 
alone or in combination with conventional che-
motherapeutic agents in the treatment of grade 
IV brain tumor, even in the hypoxic-microenvi-

Figure 7. Schematic representation of oxidative imbalance-induced G0/G1 phase cell cycle arrest in GBM by mah-
anine-mediated mitochondrial complex-III inhibition.
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ronment, temozolomide-resistant and EGFRvIII-
mutation-bearing conditions. However more 
studies are needed for further validation. 
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Figure S1. A, B. FAB-MS and HPLC profile of mahanine and its purification status. 
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Figure S2. Mahanine induced G0/G1 phase cell cycle arrest in U87MG and LN229 cells in concentration dependent 
after 24 hr treatment. Each value is the mean ± SD of three independent experiments. *P < 0.05, significant differ-
ence between tow test groups.

Figure S3. Confirmation of esiRNA-mediated knock-
down of Chk1 and Chk2 in U87MG cells by Western 
blot analysis.
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Figure S4. A. Establishment of complex-lll inhibition by mahanine was confirmed by oxygraph analysis in isolated 
mitochondria from LN229 cell. Duroquinone-mediated enhanced mitochondrial respiration was significantly inhib-
ited by mahanine. Mitochondria started respiration again after addition of substrate of complex-IV, TMPD alone or 
TMPD with ascorbic acid. B, C. Mahanine-mediated mitochondrial ETC inhibition could not initiate upon the addition 
of complex-ll substrate (succinate) and complex-lll substrate (duroquinone). Addition of TMPD again started the 
respiration which was inhibited by azide. All the numerical values are included in the plot is representing the rate of 
oxygen consumption by live isolated mitochondria (per mg). 
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Figure S5. Only complex-lll inhibitors [mahanine (20 
μM) and antimycin A (15 μM)] were capable to induce 
enhance ROS in 1% hyoxia than rotenone (5 μM) and 
TTFA (5 μM) respectively complex-l and complex-ll 
electron transfer inhibitor. 

Figure S6. A. Graphical representation of progressive tumor volume between two groups of nude mice indicated that 
G0/G1 arrested cell had significantly reduced potential of tumor formation during 30 days time course. B. G0/G1 
arrested U87MG cells produced very low weight tumor than U87MG cells by mahanine and control cells. Before the 
injection control and arrested cells were analyzed by PI staining and those population of arrested cells were injected 
where SubG0 cell population was ≤ 5%. 


