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Nitric oxide is the key mediator of death induced by  
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Abstract: Nitric oxide (NO) has been shown to be effective in cancer chemoprevention and therefore drugs that help 
generate NO would be preferable for combination chemotherapy or solo use. This study shows a new evidence of 
NO as a mediator of acute leukemia cell death induced by fisetin, a promising chemotherapeutic agent. Fisetin was 
able to kill THP-1 cells in vivo resulting in tumor shrinkage in the mouse xenograft model. Death induction in vitro 
was mediated by an increase in NO resulting in double strand DNA breaks and the activation of both the extrinsic 
and the intrinsic apoptotic pathways. Double strand DNA breaks could be reduced if NO inhibitor was present during 
fisetin treatment. Fisetin also inhibited the downstream components of the mTORC1 pathway through downregula-
tion of levels of p70 S6 kinase and inducing hypo-phosphorylation of S6 Ri P kinase, eIF4B and eEF2K. NO inhibition 
restored phosphorylation of downstream effectors of mTORC1 and rescued cells from death. Fisetin induced Ca2+ 
entry through L-type Ca2+ channels and abrogation of Ca2+ influx reduced caspase activation and cell death. NO in-
crease and increased Ca2+ were independent phenomenon. It was inferred that apoptotic death of acute monocytic 
leukemia cells was induced by fisetin through increased generation of NO and elevated Ca2+ entry activating the 
caspase dependent apoptotic pathways. Therefore, manipulation of NO production could be viewed as a potential 
strategy to increase efficacy of chemotherapy in acute monocytic leukemia.
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Introduction

Numerous biological processes are mediated 
by nitric oxide (NO) generated constitutively 
within the cells. However, drugs and other 
stresses can also generate NO leading to cell 
death [1]. This property has generated substan-
tial interest because of this awareness that NO 
can be used as a potent agent to induce cell 
death. Reports indicate that NO has a signifi-
cant potential in killing cancer cells and inhibit-
ing tumor growth [2]. It is now established that 
co-delivery of NO with chemotherapeutic drugs 
can enhance the suppression of tumors [3, 4]. 
Therefore, drugs that generate NO are poten-
tially of great usage for use as a combination 
therapy or for single use. NO can have dual 
roles either through activation or suppression 
of pathways that bring about cell survival or 
death [5]. Acute leukemia is due to uncontrolled 
expansion and differentiation of progenitor 
cells of the lymphoid or myeloid origin and is 

divided into acute myeloid leukemia (AML) 
when cells originate from myeloid progenitors 
and acute lymphoblastic leukemia (ALL) when 
the cells are of lymphoblastic origin.  Although 
reports are available on cell death induced by 
chemically generated NO in these cells, data on 
chemotherapeutic agents acting through gen-
eration of NO is scarce and not well understood. 
The flavonoid fisetin, a tetrahydroxyflavone 
commonly found in fruits and vegetables like 
strawberry, apple, grape, onion, persimmon etc. 
is known to kill several types of cancer cells 
through its anti-proliferative, antioxidant and 
ROS generating activities [6, 7]. This compound 
has been shown to suppress NO [8-10] but not 
inducing an increase, however, a complete pic-
ture of how fisetin aids in cell survival or death 
using NO as a mediator is not clear. 

Nitric oxide mediated cell death occur through 
the process of apoptosis or autophagy [1, 11]. 
While apoptosis is the major pathway leading to 
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cell death [12], autophagy is a house keeping 
process involved in turnover of essential mole-
cules through the lysosomal pathway [13] and 
balance between the two processes often 
determine cell fate [14]. The two primary apop-
totic pathways recognized as the death recep-
tor (extrinsic) and mitochondrial (intrinsic) path-
ways play critical roles in the working of 
chemotherapeutic regimens. 

The present study provides new evidence for 
the involvement of NO as a mediator of AML 
cell death induced by fisetin. Fistein induced 
AML cell death through overproduction of cel-
lular NO that caused double strand breaks and 
activated both the extrinsic and intrinsic path-
way of apoptosis without any activation of 
autophagy. Fisetin inhibited phosphorylation of 
downstream effectors of the mTOR pathway 
leading to cell death that was reversed if NO 
generation was inhibited. Interestingly, an 
increase in intracellular Ca2+ occurred through 
L-type Ca2+ channels and inhibition of Ca2+ entry 
partially prevented cell death, but this Ca2+ 
increase was independent of the NO increase. 
Therefore, NO mediated cell death can be 
explored as a major mode for inducing AML cell 
apoptosis. 

Materials and methods

Reagents

Fisetin (3,3’,4’,7-tetrahydroxyflavone,5-dexoy-
quercetin), propidium iodide (PI) and all other 
chemicals unless mentioned were obtained 
from Sigma-Aldrich (St. Louis, MO). Antibodies 
to caspase-8, caspase-3, FAS, BID, γH2AX 
(phosphor S139) and caspase inhibitors Z-VAD-
FMK, Z-IETD-FMK, Z-DEVD-FMK, Z-LEHD-FMK 
and caspase substrates Ac-IETD-AFC, inhi- 
bitor Ac-IETD-CHO, Matrigel were from BD 
Biosciences (San Jose, CA). Antibodies against 
poly(ADP-ribose) polymerase (PARP), cyto-
chrome C and caspase-9 were from Santa Cruz 
Biotechnology (Santa Cruz, CA) and antibodies 
against caspase-7, p70 S6 kinase, phosphor-
S6 ribosomal protein (Ser240/244), phosphor-
S6 ribosomal protein (Ser235/236), phospho-
eIF4B (Ser422), phosphor-eEF2K were from 
Cell Signaling Technology (Beverly, MA). Fluo- 
3-acetoxymethyl ester (fluo-3-AM), 2’,7’-dichlo-
rofluorescein diacetate (DCF-DA), 4-amino-
5-methylamino-2’,7’-difluorofluorescein (DAF-
FM), S-nitroso-N-acetylpenicillamine (SNAP), 2-(4- 

carboxyphenyl)-4,4,5,5-tetramethylimidazo-
line-l-oxyl-3-oxide (cPTIO), Hoechst 33342 and 
secondary anti-mouse IgG conjugated to Alexa 
Fluor 488 were obtained from Molecular Probes 
(Eugene, OR). G-Biosciences (St. Louis, MO) 
and Biological Industries (Kibbutz Beit Haemek, 
Israel) supplied CBX protein estimation kit and 
fetal bovine serum (FBS) and enhanced chemi-
luminescence system, respectively.

Cell culture

THP-1, K562 and U937 the monocytic leuke-
mia cell lines, (ATCC, Manassas, VA) were main-
tained in Roswell Park Memorial Institute 
(RPMI)-1640 media (Sigma-Aldrich, St. Louis, 
MO), supplemented with 10% FBS. The cells 
were maintained at 37°C in 5% carbon dioxide 
and air. Fisetin treatment was given to these 
cells maintained in 24 well plates at a concen-
tration of 2 × 105 ml-¹.

Cell viability measurement 

For cell viability, MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay 
as described by Hansen et al. [15] was per-
formed with slight modifications. Briefly, vari-
ous treated cell groups were incubated in 
media containing MTT at 250 µg ml-¹ for 6 h at 
37°C followed by solubilizing the crystals in 
lysis buffer (20% SDS in 50% dimethyl for-
mamide) for 3 h at 37°C and OD was measured 
at 570 nm. Data were plotted against a stan-
dard curve prepared with known number of 
viable cells. For detection of PI positive cells, 
cells fixed in 70% ice-cold ethanol and stained 
with PI [propidium iodide] were analyzed by flow 
cytometry.

SDS-PAGE and Western blot

SDS-PAGE and Western blot was carried out as 
described previously [14]. Briefly, whole cell 
extracts (25-40 µg) prepared by mixing the 
cells with lysis buffer (0.125 M Tris, 4% SDS, 
20% glycerol, and 10% 2-ME) were resolved in 
12% SDS polyacrylamide gels and transferred 
onto nitrocellulose membranes. For all non-
phospho antibodies, blocking was done in 5% 
nonfat dry milk and for all anti-phospho anti-
bodies in 5% BSA in 0.05% PBS-Tween 20. The 
membranes were incubated with primary anti-
bodies at required dilutions [anti-caspas-
es-8,-9,-3,-7, anti-cytochrome C, anti-p70 S6 
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kinase, anti-phosphor-S6 anti-ribosomal pro-
tein (Ser240/244), anti-phosphor-S6 riboso- 
mal protein (Ser235/236), anti-phospho-eIF4B 
(Ser422), anti-phosphor-eEF2K, (1:1,000), anti-
γH2AX (phosphor S139), anti-PARP (1:2,000) 
and anti-Bid (1:5,000) and anti-actin (1:10,000)] 
in PBS-Tween-20 containing 5% non-fat dry 
milk and incubated overnight at 4°C. After sec-
ondary antibody (Jackson Immuno Research 
Laboratories Inc., West Grove, PA) incubation at 
1:5,000-1:10,000 dilutions in 0.05% PBS-
Tween-20 for 1 h at room temperature, protein 
bands were visualized on X-ray films using the 
enhanced chemiluminescence system.

Immunocytochemistry and annexin-V staining

Cells fixed in 4% formaldehyde were blocked 
with 3% normal goat serum containing 0.1% 
saponin at room temp for 30 min and subse-
quently incubated with primary antibody 
against γH2AX (phosphor S139) at 1:200 dilu-
tion for 1 h at 37°C followed by secondary anti-
body conjugated to Alexa Fluor 488 at 1:150 
dilution for 1 h at the same temp. An inverted 
microscope [(TE-2000E) Nikon, Tokyo, Japan] 
equipped with a RetigaExi camera (Q-imaging) 
was used to acquire images (Media Cybernetics, 
Bethesda, MD). For the detection of apoptotic 
cell death, PI staining and phosphatidylserine 
exposure by Annexin V-labeling was conducted 
using Dead Cell Apoptosis Kit (Molecular 
Probes, Eugene, OR). Labeling was analyzed 
with a BD FACS Calibur (Becton-Dickinson, 
Franklin Lakes, NJ) flow cytometer equipped 
with a 488 nm air-cooled argon ion laser. 
Analysis was carried out using Flow Jo software 
(version 8.7.1). Mice were euthanized and dis-
sected to remove tumors and various other 
organs, and were fixed in 4% formaldehyde and 
Bouin’s fluid for TUNEL and hematoxylin and 
eosin (H&E) staining for routine histology, 
respectively. Tissues were processed as per 
standard protocol.

Caspase activity assay

Caspase-8 activity in the treated and untreated 
cell lysates was assayed using the caspase-8 
specific fluorescence peptide substrate Ac- 
IETD-AFC and the caspase-8 inhibitor Ac-IETD-
CHO. Fluorescence from free AFC (7-amino-
4-trifluoromethyl coumarin) was measured us- 
ing a spectrofluorometer (PerkinElmer, Wal- 
tham, MA) with excitation wavelength of 400 
nm and emission wavelength of 450-550 nm.

Measurement of ROS, NOS and cytosolic free 
Ca2+

Changes in intracellular free Ca2+, reactive oxy-
gen species (ROS) and reactive nitrogen spe-
cies (NOS) concentrations were monitored 
using the specific probes Fluo-3AM, DCF-DA 
and DAF-FM respectively as described previ-
ously [16]. Briefly, 106 cells ml-¹ was loaded in 
phenol free media without FBS and 0.5 µM 
Fluo-3AM with 0.5 µM pluronic acid F-127 (for 
well dispersal of the dye) and 250 µM of sulfin-
pyrazone (to prevent the leakage of dye) and 
time kinetics of Ca2+ changes was measured 
using a flow cytometer at 488 nm. Free ROS 
and NO were monitored at an excitation of 480 
nm and emission of 520 nm respectively with a 
Fluostar Omega spectrofluorometer (BMG 
Technologies, Offenburg, Germany).

Xenograft tumors

All the animal studies were approved by 
Institutional Animal Ethics Committee of 
National Institute of Immunology, New Delhi. 
Approximately 5 × 106 THP-1 cells, suspended 
in phosphate-buffered saline, were mixed with 
Matrigel and implanted subcutaneously into 
the right axillary fossa of 5-6 week-old athymic 
nude mice [NIH(s) (nu/nu)]. Mice were housed 
under specific pathogen-free conditions. The 
tumor bearing animals (50-100 mm³) were 
divided randomly into two groups, one group 
treated with fisetin (2 mg/kg) intraperitoneally 
every alternative day for 12 days, and control 
group was treated with vehicle only. Tumor vol-
umes were measured using Vernier calipers 
and calculated with the help of the equation: 
volume = (L × W²)/2 where L = length and W = 
width.

Statistical analysis

Data were analyzed by student’s unpaired 
t-test. The values were considered significantly 
different at p < 0.05. All experiments were 
repeated 3-5 times and data expressed as the 
mean ± SEM of several independent experi- 
ments.

Results

Fisetin affects survival of acute monocytic 
leukemia cells

To test the efficacy of fisetin to eliminate AML 
cells, both in vivo and in vitro systems were 
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used. We generated xenograft tumors with 
THP-1 cells in nu/nu mice, grown till a volume of 
50 mm2. These tumors were treated with fisetin 
(2 mg/kg/alternate day) and tumor sizes were 
measured at intervals till 32 days. As shown in 
Figure 1A-C, a significant difference in the 
sizes of the tumors were measured between 
fisetin treated and vehicle treated groups with 
the vehicle treated tumors being significantly 
larger in size in comparison to fisetin treated 
ones. TUNEL staining of tissue sections from 
the tumors for measuring DNA fragmentation 
[17] subsequent to treatment, showed a higher 
number of TUNEL positive cells in fisetin treat-
ed tumors confirming higher rates of cell death 
with apoptotic phenotype (Figure 1D). Bar 
graph in Figure 1E shows a significant differ-
ence in the number of cells with DNA fragmen-
tation between the control and the fisetin treat-
ed group. 

Next, we tested the efficacy of fisetin to kill 
cells in vitro. A dose dependent increase in 
arrest of metabolic activities at 12 h achieving 
above 50% cell death at 50 µM concentration 
was recorded (Figure 1F). Since 20 µM fisetin 
was at a range where sufficient viable cells 
were undergoing changes brought about by 
fisetin treatment, this dose was chosen for fur-
ther studies. To check if the cells expressed 
apoptotic phenotype after exposure to fisetin, 
death was assessed by phosphatidylserine 
(PS) exposure to the outer leaflet of the cell 
[18]. Post fisetin treatment, a time dependent 
increase in the number of early and late apop-
totic cells was observed (Figure 1G, 1H). At all 
hours, the cells with apoptotic phenotype were 
most abundant while cells dying by non-apop-
totic means were significantly less (Figure 1G, 
1H). Nuclear fragmentation, another distinct 
feature of apoptosis, where the nucleus splits 

into smaller bodies [19] was visible at 12 h in 
fisetin treated cells (Figure 1I). In summary, the 
above data from in vivo and in vitro tests con-
firmed that THP-1 acute monocytic leukemia 
cells were sensitive to fisetin treatment and 
most of the dying cells expressed an apoptotic 
phenotype.

Fisetin treatment resulted in increase of NO 
levels

Since most drugs generate ROS, we measured 
ROS production after fisetin treatment using 
DCF-DA, a dye that detects the total amount  
of ROS in the cell [20]. Although flavonoids fre-
quently act through ROS [21], no ROS in- 
crease could be detected with DCF-DA after 
fisetin treatment (Figure 2A). However, when 
NO generation was measured using a NO sensi-
tive dye DAF-FM, there was a significant 
increase in NO with increasing time of exposure 
(Figure 2B). This increase was sensitive to 
cPTIO (2-(4-Carboxyphenyl)-4,4,5,5-tetrameth- 
ylimidazoline-l-oxyl-3-oxide), a cell-permeating 
NO scavenger, the addition of which during fise-
tin treatment brought down the NO levels 
(Figure 2B). Since NO production can signal for 
cell death [1], cell death was measured in the 
presence or absence of cPTIO, thus creating 
conditions of fisetin action in the presence or 
absence of NO. Presence of cPTIO was able to 
significantly reverse a seven times decrease in 
viability induced by fisetin treatment (Figure 
2C). Bar graphs (Figure 2D) shows distribution 
of cells stained with annexin-V where it was evi-
dent that presence of cPTIO during fisetin treat-
ment reduced early and late apoptotic cells as 
well as the cells dying by non-apoptotic means. 
The above experiments suggested a direct link 
between the reduction of NO and lowering of 
cell death. 

Figure 1. Fisetin induces apoptosis in THP-1 cells in-vivo and in-vitro. (A) Figure shows the effect of fisetin on tumors 
generated by THP-1 cells in nu/nu mice. C, control; T, treated. (B) A significant reduction in tumor size after 12 days 
of treatment was observed as measured with Vernier calipers. (C) Graph showing tumor volume changes within 12 
days after initiation of fisetin treatment (marked by arrow). Data are mean ± SEM, n = 8. (D) TUNEL staining of the 
respective xenografted tumor sections show cells with fragmented DNA in fisetin treated group indicating increased 
apoptosis. (E) Bar graph represents the average number of TUNEL positive cells from a total of 10 tissue sections. 
P < 0.01. (F) THP-1 cells treated with fisetin at different concentrations for 12 h showing cytostasis at different 
doses. Data are ± SEM, *p < 0.05. n = 3. (G) Untreated cells or cells treated with 20 μM fisetin for 6, 12 and 24 h 
showing phosphatidylserine exposure. The upper right quadrant represents both annexin and PI positive cells (late 
apoptotic), the lower right quadrant shows only annexin positive cells (early apoptotic), the upper left quadrant 
only PI positive cells and lower left is unstained cells. (H) The bar graph shows comparative interpretation of data 
presented in (G). a, total cell death; b, necrotic cell death; c, early apoptotic cells; d, total apoptotic cells. The data 
are ± SEM of 3 experiments, *p < 0.05. (I) Analysis of nuclear morphology by fluorescence microscopy following 
Hoechst staining of nucleus of fisetin treated and untreated cells. The bar represents 10 µm.
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Figure 2. Fisetin induces reactive nitrogen species to induce cell death. (A) Figure shows generation of reactive 
oxygen species in response to fisetin as measured with fluorescence dye DCF-DA. Note that there was no ROS 
generation in fisetin treated cells. H2O2 was used as the positive control. (B) DAF-FM (sensor dye of NO) stained 
fisetin treated cells showing significant increase in NO as compared to control cells. cPTIO  used as NO inhibitor 
shows attenuation of NO production. (C) Measurement of apoptotic death in fisetin treated cells in the presence and 
absence of the NO inhibitor cPTIO as measured by phosphatidylserine exposure, shows inhibition of cell death in 
the presence of cPTIO. The upper right quadrant represents both annexin and PI positive cells (late apoptotic), the 
lower right quadrant shows only annexin positive cells (early apoptotic), the upper left quadrant only PI positive cells 
and lower left is unstained cells. (D) Bar graph shows distribution of cells as achieved by AnnexinV staining shown 
in (C). Data are ± SEM, n = 4, *p < 0.05. (E) Cells stained with NO sensor dye DAF-FM shows an increase in NO in 
presence of NO generator SNAP. The cPTIO was used as a NO scavenger. (F) The bar graph represents cell death in 
the presence of SNAP and cPTIO. Data are ± SEM, n = 3, *p < 0.05.
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To be sure that the above observations did not 
occur due to an interaction between cPTIO and 
fisetin, Mass Spectra of fisetin, cPTIO and the 
combination was recorded. Fisetin provided a 
single large peak at 286 and cPTIO provided 
two major peaks at 278 and 262 nm. In a mix-
ture of both, all three peaks were present but 
no other product was found (Figure S1A) show-

ing that the components did not react with 
each other. To further confirm this, absorbance 
spectra for fisetin, cPTIO and their combina-
tions was measured. Fisetin and cPTIO show 
distinct spectra and the combination spectra 
resemble any one of them depending upon con-
centration but no change of pattern was noticed 
(Figure S1B). 

Figure 3. Fisetin induced nitric oxide causes DNA double strand breaks. A. Western blots of fisetin (20 µM for 6 h) 
treated cells in the presence (Group 4) or absence (Group 2) of NO inhibitor, cPTIO shows that scavenging of NO 
prevents fisetin induced double strand breaks. Etoposide (20 μM for 18 h) (Group 3) was used as a positive control 
and actin as the loading control. All western blots are representative of a minimum of 3 repeats. Bar graph shows 
relative expression of gamma H2A-X phospho S139. Data are ± SEM, n = 3, *p < 0.05. B. Number of cells positive 
for double strand break was measured using fluorescence microscopy. Groups are 1, control; 2, fisetin; 3, etopo-
side; 4, fisetin + cPTIO; 5, etoposide + cPTIO; 6, fisetin + cPTIO + etoposide. Data are ± SEM, n = 3. 150-200 cells 
were analyzed per assay. C. Representative microphotographs showing cells stained for DNA double strand breaks 
under different conditions.
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To investigate if the THP-1 cells would respond 
to NO generated by other means, NO was 
induced in THP-1 cells by SNAP, an S-nitrosothiol 
which serves as a spontaneous NO donor under 
physiological conditions [22]. The NO generat-
ed by SNAP (Figure 2E) induced cell death and 
the amount of death was reduced when SNAP 
was given along with cPTIO (Figure 2F). This 
confirmed that NO was able to induce THP-1 
cell death independent of the stimuli that gen-
erated it.

Fisetin treatment induced double strand DNA 
breaks

Flavonoids are known to inhibit the activity of 
topoisomerases and show genotoxic effects 
through catalytic inhibition of both topoisomer-
ase I and II that could induce DNA double 
strand breaks [23]. To know if the effect of fise-
tin was due to its inhibitory effect on topoisom-
erase activity, DNA double strand breaks were 
identified by western blots and microscopy 
using gamma H2A-X phospho S139 antibody. 
As a positive control, etoposide, an inhibitor of 
topoisomerases was used. Fisetin treatment 
caused DNA double strand breaks in significant 
number of cells but the presence of cPTIO dur-
ing fisetin exposure could inhibit the DNA 
breaks (Figure 3A-C). The cPTIO failed to inhibit 
etoposide induced double strand breaks 
(Figure 3A-C). The above data clearly suggests 
that fisetin causes DNA double strand breaks in 
the THP-1 cells primarily through the produc-
tion of NO and do not act as a topoisomerase 
inhbitior as shown in other cell types. 

Fisetin induced NO production down regu-
lates mTOR activity and causes activation of 
caspases

Since impaired mTOR signaling is known to 
mediate flavonoid action [24] and could be acti-
vated by NO [25], mTOR pathway components 
were checked for changes. Downstream com-
ponents of mTOR signaling pathway revealed a 
significantly reduced basal level of p70S6 
kinase upon fisetin treatment (Figure 4A). The 
p70S6 kinase is a protein known to modulate 
cell cycle progression and cell survival [26] and 
its levels were restored when fisetin treatment 
was given in the presence of cPTIO (Figure 4A). 
Fisetin reduced phosphorylation of S6 ribosom-
al protein (S6 Ri P), a component of 40S ribo-
somal subunit involved in the regulation of 

translation at Ser 235/236 and Ser 240/244 
(Figure 4A). However, cPTIO treatment of the 
cells during fisetin exposure allowed Ser 
235/236 and Ser 240/244 phosphorylation 
(Figure 4A) suggesting a role of NO in these 
events. Other downstream targets of mTOR, 
eukaryotic translation initiation factor 4B 
(eIF4B) and eukaryotic elongation factor 2 
kinase (eEF2K) showed inhibition of phosphory-
lation after fisetin treatment that was reversed 
by cPTIO exposure (Figure 4A). Surprisingly, 
inhibition of mTOR did not lead to any changes 
in autophagy level as detected by autophagy 
efflux experiments and western blotting of key 
autophagy regulatory protein Beclin-1 (Figure 
S2). 

Since most of the apoptotic deaths occur 
through caspase dependent pathways, cas-
pase activation was tested in the presence or 
absence of the NO inhibitor cPTIO. Significant 
activation of initiator caspase-8 was observed 
after fisetin treatment but this could be pre-
vented in the presence of cPTIO (Figure 4B). 
Bid, a connector protein between caspase-8 of 
the receptor mediated death pathway and cap-
sae-9 of the mitochondrial pathway of death 
was cleaved by fisetin and the cleavage was 
prevented in the presence of cPTIO (Figure 4B). 
Executioner caspases-7 and -3 were also 
cleaved and the cleavage could be inhibited by 
scavenging of the NO (Figure 4C, 4D). PARP 
cleavage (Figure 4D) confirmed the functional 
outcome of the cleavages of caspases-3 and -7, 
as it is a substrate for caspase-3 and -7 and a 
hallmark of activation of these enzymes. 
Initiator caspase-9 activation was also visible 
(Figure 4D). To look at the functional outcome 
of caspase activation, caspase inhibition exper-
iments were carried out with inhibitors for cas-
pases-8, -9, -3. Caspase-8 inhibitor Z-IETD-
FMK (CI8) was most effective in reducing cell 
death as compared to the terminal caspase 
inhibitor, Z-DEVD-FMK (CI3) (Figure 4E). 
Caspase-9 inhibitor Z-LEHD-FMK (CI9) was 
least effective (Figure 4E). These experiments 
suggested that cell death was primarily medi-
ated through caspase activation post fisetin 
exposure. Since caspase-8 inhibition was most 
effective in reducing cell death, enzymatic 
assay was used to further confirm the inhibition 
of caspase-8 activity as shown in Figure S3A. It 
was evident from the above data that inhibition 
of NO production was directly linked to the sup-
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Figure 4. Nitric oxide down regulates mTOR pathway and activates caspases to promote apoptosis. A. Western blots of cells treated with fisetin (20 µM) for 6 h in the 
presence or absence of NO inhibitor cPTIO shows inhibition of mTOR downstream cascade. Graph shows relative expression of the proteins as measured by den-
sitometry. B. Blots show cleavage of pro-caspase 8 and Bid. The bar graphs below the blots show relative expression levels. C. Blot shows cleavage of pro-caspase 
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pression of caspase activation because cleav-
ages of caspase-7, -8, -3 and -9 were prevented 
significantly by scavenging of NO.  

Fisetin altered Ca2+ levels and activated cas-
pases

Since changes in the intracellular Ca2+ are 
known to be associated with activation of apop-
tosis, cellular free Ca2+ was monitored after 
exposure to fisetin. Within 60 seconds of addi-
tion of fisetin there was a significant increase in 
detectable free Ca2+ as compared to the basal 
values and this elevation in level was sustained 
till the time followed (300 sec) (Figure 5A). 
Preincubation with nifedipine, a L-type Ca2+ 
channel blocker prior to fisetin treatment 
reduced Ca2+ increase suggesting L-type chan-
nels as the main port of entry for Ca2+ from the 
extracellular millieu. To investigate the biologi-
cal significance of the Ca2+ influx, caspase acti-
vation and cell death was checked in the pres-
ence or absence of nifedipine. Cleavages of 
procaspases-7, -9 and -3 were partially inhibit-
ed in the presence of nifedipine (Figure 5B-D) 
while cleavage of procaspase-8 to its fully 
cleaved active product (23 kDa) was totally pre-
vented by nifedipine (Figure 5D). BID, the con-
nector between extrinsic and intrinsic pathway 
was cleaved by fisetin and this cleavage was 
partially prevented in the presence of nifedip-
ine (Figure 5D). Caspase-8 activity assay using 
Ac-IETD-AFC as substrate confirmed decreased 
activity in the presence of nifedipine (Figure 
5E). Importantly, nifedipine addition had a 
major functional consequence in terms of 
reduction of fisetin induced cell death to a sig-
nificant proportion (Figure 5F), suggesting that 
prevention of Ca2+ entry abrogated the activa-
tion of caspases. From the above data it is 
apparent that fisetin induced cell death involved 
activation of caspases preceded by a change in 
Ca2+ levels. Interestingly, presence of cPTIO did 
not interfere with Ca2+ entry suggesting that NO 
was not involved in changing Ca2+ levels (Figure 

S3B). Inhibition of Ca2+ entry using nifedipine  
did not interfere with NO increase (Figure 2B). 

Fisetin induced apoptosis in other leukemic 
cell lines is mediated through NO 

Since fisetin was able to induce apoptosis of 
THP-1 cells through production of NO, we were 
further interested to know whether it is a cell 
specific phenomenon or not. To test this hypoth-
esis, we treated two other human monocytic 
cell lines, U937 cells that are lymphoma cells of 
myeloid origin and K562, another human myl-
egenous leukemia cell line to fisetin. Fisetin 
induced NO production in both cell lines in the 
same time frame as that of the THP-1 cells and 
this NO could be scavenged by cPTIO (Figure 
6A). Pre-incubation of the cells with NO scaven-
ger cPTIO reduced fisetin induced cell death 
significantly (Figure 6A). The dose of 50 µM of 
fisetin induced cell death in these two cell lines, 
around 96% and 40% in U937 and K562 cell 
lines respectively (Figure 6B). The above data 
confirmed that fisetin could induce apoptosis in 
several leukemia cell lines through the genera-
tion of NO.

Discussion

NO donors and NO mimetics have been shown 
to be effective in cancer chemoprevention [27] 
and therefore, drugs that help generate NO 
could be more useful for combination therapies 
or for solo use [1]. Dietary flavonoids, now rec-
ognized as potential candidates for developing 
chemotherapeutic agents offer several promis-
ing candidates and fisetin is one of such candi-
dates [10, 24, 28]. Our previous studies have 
shown that fisetin enhances the cytotoxic 
effects of cisplatin in embryonal carcinoma 
cells, thereby establishing its potential as a 
possible candidate for combination therapies 
[14]. Fisetin can either increase or decrease 
NO depending on the cell type [29, 30], howev-
er, how the NO precipitates cell death is not 
well understood.

7 on fisetin treatment. Bar graph represents relative expression levels of the proteins. D. Blots show cleavage of 
pro-caspase 9, 3 and PARP. Bar graph represents relative expression levels of the proteins. All western blots are 
quantified and numbers on Y-axis represents relative expression level compared to control (corrected by actin). Data 
are ± SEM, n = 3, *p < 0.05. E. THP-1 cells were pre-incubated for 30 min with caspase inhibitors (CI) (Z-DEVD-FMK, 
Z-LEHD-FMK, Z-IETD-FMK and Z-VAD-FMK) for caspases-3, -7, -9, -8 and all-caspases respectively shows phosphati-
dylserine exposure measured by Annexin V-PI staining through flow-cytometry. The upper right quadrant represents 
both annexin and PI positive cells (late apoptotic), the lower right quadrant shows only annexin positive cells (early 
apoptotic), the upper left quadrant only PI positive cells and lower left is unstained cells. Note that caspase-8 inhibi-
tion worked best in terms of prevention of cell killing. 
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Figure 5. Activation of caspases is partially dependent on Ca2+. (A) Time kinetics of the intracellular Ca2+ level after 
fisetin treatment measured for fluorescence in cells stained with Fluo-3AM showing an increase in intracellular Ca2+. 
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Note that nifedipine (10 µM), an L-type Ca2+ channel blocker could block Ca2+ entry. (B) Blot shows cleavage of pro-
caspase 7 on fisetin treatment in the presence and absence of nifedipine. The bar graph represents relative expres-
sion of the protein. (C) Blots show cleavage of pro-caspase 9 and 3. The bar graphs represent relative expression of 
the proteins. (D) Blots shows cleavage of pro-caspase 8 and Bid. The bar graphs represent relative expression of the 
proteins. All western blots are quantified and numbers on Y-axis represents relative expression level compared to 
control (corrected by actin). Results are ± SEM, n = 3, *p < 0.05. (E) Caspase-8 enzyme activity of cells treated for 
4 h with fisetin with or without nifedipine. (F) Annexin stained fisetin treated cells (20 µM for 12 h) with or without 
nifedipine pre-incubation showing a significant reduction in apoptotic cell death. The bars represent mean ± SEM of 
3 independent experiments, *p < 0.05. 

Using the model cell line THP-1, an acute mono-
cytic leukemia cell line, we show that fisetin is 
able to generate NO that in turn creates double 
strand breaks leading to activation of the 
mTORC1 pathway and activation of death 
inducing caspases. NO has been reported to 
either prevent or induce apoptosis depending 
on its concentration in a given cell type and the 
existing oxidative milieu [1, 2]. Since in our 
experiments, scavenging of NO resulted in inhi-
bition of cell death, a distinct link between NO 
elevation and the process of cell death induced 
by fisetin was established. This is in contrast to 
reports of fisetin action mediated through sup-
pression of NO in multiple cancer cell types 
[29, 10]. While correlation of NO to cell survival 
could be established by the observed reduction 
of cell death with NO inhibition, causality to cell 
death was established through other evidenc-
es. These included increase of cell death when 
NO was generated in untreated cells through 
an NO generator and reduction of death when 
NO generated by this process was reduced. 
Clearly, THP-1 cells were susceptible to damage 
induced by increased NO, whether it was gener-
ated by fisetin or by other sources. This sup-
ports observations in human promyeloid leuke-
mic cells using unrelated agents where NO 
could be generated by fucoidin, a polysaccha-
ride [31]. The susceptibility of other monocytic 
leukemia cell lines like U937 and K562 cells to 
fisetin generated NO suggested that NO could 
be the primary mediator of cell death in 
monocyt ic leukemia cells. As there was no 
involvement of ROS in fisetin action as found in 
other cell types [32], RNS appears to be the pri-
mary mediator of cellular injury leading to cell 
death.  

Presence of DNA double strand breaks post 
fisetin treatment suggested two possibilities, 
one was the direct influence of NO to create the 
double strand breaks or the breakage was due 
to the topoisomerase inhibitory action of the 
fisetin [32]. Since the DNA double strand breaks 

were reduced when NO was scavenged, involve-
ment of NO in inducing the breaks was clearly 
indicated. This observation was supported by 
data from different treatments in other cell 
types where NO has been shown to induce DNA 
double strand breaks [33, 34]. A correlation 
can be drawn from observations on other can-
cer cell types where inhibition of mTOR was 
shown to make cells more sensitive to DNA 
damage [35]. In our studies, since phosphoryla-
tion of the downstream components of the 
mTOR pathway like S6 Ri P kinase, eIF4B and 
eEF2K was prevented after fisetin treatment, 
the susceptibility to the DNA damage could be 
a result of this inhibition. 

Fisetin has been shown to activate multiple 
caspases [28] but not through the activation of 
NO. Activation of both the intrinsic and extrinsic 
pathway of apoptosis by fisetin shows a charac-
teristic effect of flavonoids of involvement of 
multiple pathways. Since a forced inhibition of 
fisetin generated NO reduced caspase cleav-
age, it was a direct correlation of NO to the 
events of caspase activation. This was further 
validated by blocking of caspase activation by 
suitable caspase inhibitors during fisetin treat-
ment where cell survival increased.  NO influ-
ences caspase activation in some cell types 
like SK-HEP-1 hepatocellular carcinoma and 
HL-60 human promyelocytic leukemic cells, 
where caspase-3 activation is also involved 
[36, 37]. In HeLa cells, the human cervical ade-
nocarcinoma cells, fisetin exposure show both 
caspase-8 and caspase-3 activation [28]. In 
this study, the activation of caspase-7 and -9 
along with caspase-8 and -3 shows involve-
ment of additional caspases in THP-1 cells.  
The ability of fisetin to kill THP-1 cells in vitro 
through apoptosis was corroborated in vivo by 
significant xenograft tumor shrinkage accom-
panied by the presence of TUNEL positive cells 
within the tumors when tumors were treated 
with fisetin. Fisetin also acts through different 
mechanisms like inhibition of COX2 as in HT-29 
human colon carcinoma cells [38]. 



Nitric oxide induced cell death in monocytic leukemia cells

493 Am J Cancer Res 2015;5(2):481-497



Nitric oxide induced cell death in monocytic leukemia cells

494 Am J Cancer Res 2015;5(2):481-497

Through the evolution of multicellular organ-
isms, Ca2+ ion has emerged as a crucial intra-
cellular signaling molecule [39]. Not only does 
this ion facilitate signaling, under circumstanc-
es of cellular stress initiate cell death process 
by a variety of mechanisms. The increase in 
intracellular Ca2+ in response to fisetin indicat-
ed a pro-apoptotic event as Ca2+ is known to 
mediate major apoptotic changes [40]. These 
studies show a distinct elevation of intracellular 
Ca2+ preceding the NO increase induced by fise-
tin, however, NO elevation was not related to an 
increase in Ca2+ because in the absence of Ca2+ 
increase there was no hindrance to NO 
increase. As multiple Ca2+ channels could be 
involved in the influx [41], different inhibitors for 
Ca2+ channels like pimozide, nifedipine and 
verapamil were used and nifedipine, an L-type 
Ca2+ channel blocker was able to block the 
increase suggesting primary involvement of 
L-type Ca2+ channels. Effects of flavonoids on 
Ca2+ homeostasis are not unknown and flavo-
noids such as quercetin, a natural polyphenolic 
compound can induce major changes through 
Ca2+ in neuronal cells [42]. Sylibin induces 
apoptosis in human chronic myeloid leukemia 
K562 cells through increase in Ca2+ [43]. 
Therefore, the changes brought about by fisetin 
in the Ca2+ homeostasis of the THP-1 cells also 
contributed to the activation of caspases and 
cell death. Although NO production was post 
Ca2+ influx, we tested if fisetin generated NO 
inhibition would have any effect on Ca2+ 
increase because NO dependency of Ca2+ is not 
uncommon [44], but as there was no change in 
the influx the NO changes appeared indepen-
dent of Ca2+ changes. 

In multiple cellular systems, NO is known to 
exert its functions in association with mTOR 
[45]. It is interesting that inhibition of mTOR, 
the checkpoint protein kinase in mammals [46, 
47] by NO did not result in any change in 
autophagy in these studies. This is not surpris-
ing because rapamycin, a well-known inhibitor 
of mTOR can induce apoptotic death in HL-60 
promyelocytic leukemia cells [48] or a close 

derivative RAD001 that can enhance cisplatin 
induced death without initiating autophagy 
[49]. On the contrary, existing reports in the lit-
erature show the ability of fisetin to induce 
autophagic cell death by inhibiting both the 
mTORC1 and mTORC2 pathways in PC-3 human 
prostate cancer cells [24].

In summary, this study provides a new possibil-
ity that fisetin can be evaluated as a possible 
therapeutic agent for acute monocytic leuke-
mia as it activates multiple pathways of death. 
This is important because in cancer cells some 
pathways can be deactivated, therefore, any 
agent that tends to initiate multiple death path-
ways is preferred. The ability to execute cell 
death activities through NO generation pro-
vides a possible means of improving efficacy 
through enhancement of NO induced by the 
drug. Therefore, given the efficacy of fisetin in 
killing monocytic leukemia cells, fisetin can be 
considered as a possible chemotherapeutic 
agent.
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Figure S1. Fisetin and cPTIO do not interact physically. A. Mass spectra of fisetin, cPTIO and their 
combination. Samples were prepared by dissolving in acetonitrile in presence of 0.1% FA and 
analyzed by positive-ion mode ES-MS. The ES-MS spectra were obtained using Micromass LCT 
mass spectrometer. MassLynx version 4.0 software was used for data acquisition and analysis. 
Data was collected between range of 100-1400 m/z. Fisetin provided a single large peak at 286 
and cPTIO provided two major peaks at 278 and 262. In a mixture of both all three peaks were 
present but no other product was found. B. Absorbance spectra for fisetin, cPTIO and their combi-
nations were measured. Samples were dissolved in methanol and reading was taken in UV-2450 
(Shimadzu) spectrophotometer. Data was analyzed with UVProbe 2.21 software. Fisetin and cPTIO 
have distinct spectra and in combination spectra resembles any one of them depending upon 
concentration but no change of pattern was noticed.
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Figure S3. A. Caspase-8 activity of THP-1 cell lysates was measured after treatment with fisetin that shows in-
creased activity as compared to untreated lysates. Here C, F, I represent control, fisetin treated and caspase-8 
inhibitor treated respectively. B. Time kinetics of the intracellular Ca2+ level after fisetin treatment measured for 
fluorescence in cells stained with Fluo-3AM showing an increase in intracellular Ca2+. Similar pattern of increase in 
Ca2+ level in cPTIO pre-incubated cells was observed.

Figure S2. Fisetin treatment does not affect autophagy. A. Cells were treated with fisetin (20 µM) for 6 h followed by 
100 nM bafilomycin A1 during the last 4 h and LC3BII was quantified by densitometry analysis normalized to actin. 
B. Western blot analysis of Beclin-1 shows no significant change after fisetin treatment. Actin was used as loading 
control. All western blots are representative of a minimum of 3 repeats, #p > 0.05.


