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expression in the treated cells. Further, possible 
molecular mechanism and the signalling pathway 
involved in the differentiation of HL-60 cells were 
also investigated. Use of specific signalling pathway 
inhibitors in the differentiation study, and proteome 
array analysis of the treated cells collectively revealed 
the involvement the of ERK/MAPK mediated 
pathway. Partial characterization of the P3 by 
GC–MS analysis revealed the presence of dibutyl 
phthalate, and derivatives of 2,5-dihydrofuran to be 
the highest among the 5 identified compounds. This 
study thus demonstrated that purified differentiation-
inducing principle(s) from M. charantia seed extract 
induce HL-60 cells to granulocytic lineage through 
ERK/MAPK signalling pathway.

Keywords Momordica charantia · Acute 
myeloid leukemia · HL-60 cells · Differentiation · 
Granulocyte · Antibody array

Introduction

Acute myeloid leukemia (AML), at an 80% of 
occurrence rate in the adult population, is the most 
common subtype of leukemia. AML incidence rate 
has increased globally from 1997 to 2017, mostly in 
male and elder people (Yi et  al. 2020). The median 
survival rate for AML patients is less than a year and 
only 32% and 24% of patients have an overall survival 
time of 2-year and 5 years, respectively (Shallis et al. 
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2019; Song et  al. 2018). Chemotherapy is the most 
reliable therapy for treating AML. However, severe 
toxicity, high relapse rate, and drug resistance are 
major concerns with this approach. Since leukemia 
arises due to a defect in the differentiation pathway 
of the precursor cells, differentiation therapy has 
gained interest in the past few decades and has 
shown tremendous potential for treating AML 
patients. Differentiation therapy involves the use 
of external agents that trigger differentiation of 
defective leukemic cells, irreversibly alter the cancer 
cell phenotype into normal cells which subsequently 
undergo apoptosis. ATRA (all-trans-retinoic acid), 
a vitamin A derivative has been used clinically in 
differentiation therapy for treating AML patients 
(Breitman et  al. 1980; Brown and Hughes 2012; 
Lo-coco et al. 2013). However, its adverse side effects 
such as differentiation syndrome, leucocytosis, and 
resistance limit its use against AML. Therefore, 
the search for new molecules capable of inducing 
differentiation of leukemic cells with minimal 
side effects and better efficacy continues. Few of 
these molecules include DMSO, arsenic trioxide, 
securinine, luteolin, homoharringtonine, etc., many 
of which are plant-derived. These potential molecules 
could be effective by themselves or can be used in 
combination with the existing therapies.

The present study was aimed to identify the 
differentiation-inducing potential of Momordica 
charantia seed extract. Momordica charantia (Mc), 
commonly known as bitter melon belongs to the 
Cucurbitaceous family with great nutritional and 
medicinal value (Lucas et  al. 2010). It is widely 
distributed in the tropical area of Asia, Africa, 
South America, part of the Amazon Basin, and the 
Caribbean. Different parts of M. charantia plant 
contain several biologically active phytochemicals, 
which have been reported to confer a variety of 
biological activities including anti-cancer, anti-tumor, 
anti-oxidant, anti-inflammatory (Budrat and Shotipruk 
2008). M. charantia extracts (pulp, peel, seed, and 
whole fruit) reduced tumor burden, incidence rate, 
the cumulative number of papillomas in mice with 
skin papilloma genesis (For review, please see Shetty 
et  al. 2005). The M. charantia extract or its active 
constituents have also been reported to possess anti-
leukemic activity, as well as protective effects against 
lymphoma, Hodgkin’s disease, and a variety of cancer 
(reviewed by Raina et  al. 2016). The anti-cancer 

activity of M. charantia or its components is exerted 
through a variety of mechanisms viz. regulation of 
cell signaling, activation of reactive oxygen species 
(ROS), regulation of glucose and lipid metabolism, 
hypoxia, inhibition of invasion and angiogenesis, 
induction of apoptosis, and augmentation of 
immune defense system (Sur and Ray 2020). The 
anti-leukemic potential of M. charantia was first 
established in 1971 by West and colleagues (West 
et  al. 1971). These investigators reported prolonged 
survival (over 2  years) of a patient suffering from 
lymphatic leukemia, owing to the consumption of 
an aqueous extract of bitter melon (200  ml, twice 
daily). Earlier studies from our laboratory have 
demonstrated that the seed extract of M. charantia 
(Pusa Vishesh variety) induced differentiation of 
HL-60 cells toward granulocytic lineage, which 
was characterized by increased CD11b expression, 
specific esterase activity, and decreased c-Myc 
transcription (Soundararajan et  al. 2012).However, 
the active principle(s) responsible for the induction 
of differentiation has not been purified, and also 
the mechanism of induction of differentiation 
is not elucidated. Therefore, the present study 
was undertaken to purify and identify the major 
differentiation-inducing bioactive principle(s) of 
M. charantia seed extract, as well as to decipher 
the signalling pathways involved in the induction of 
differentiation in human’s promyelocytic leukemic 
cells (HL-60 cells).

Materials and methods

Reagents

MTT [(3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide], NBT (nitroblue 
tetrazolium), DMSO (dimethyl sulfoxide), 
doxorubicin, TPA (12-O-tetradecanoylphorbol-13-
acetate), antibiotic antimycotic solution (100X) were 
purchased from Sigma-Aldrich Chemical Company, 
USA. RPMI 1640, trypan blue, fetal bovine serum 
(FBS), and penicillin–streptomycin were purchased 
from Biological Industries, Israel. HPLC grade 
solvents namely methanol, ethanol, isopropanol, 
acetone, hexane, dimethylformamide (DMF), 
chloroform, dimethyl sulfoxide (DMSO)-NMR grade, 
were procured from Merck, Germany.
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Cell surface marker anti-human PE-cy5 anti-
human CD11b antibody, FITC-labeled anti-human 
CD15, and FITC-labeled anti-human CD14 antibody 
were from Biolegend, USA. Pharmacological kinase 
inhibitors, PD98059 (MEK1/2 inhibitor), SP600125 
(JNK1/2/3 inhibitor), wortmannin (PI3 kinase 
inhibitor), SB202190 (P38 inhibitor), and sunitinib 
(receptor tyrosine kinase inhibitor) were purchased 
from Sigma-Aldrich Chemical Company, USA.A 
protein kinase A inhibitor (H89) was procured from 
Tocris Bioscience, UK.

Rabbit monoclonal antibody against p44/42 
MAPK (ERK1/2) was obtained from Cell Signaling 
Technology, USA (Cat. No. 4695S). Mouse 
monoclonal antibody against phosphorylated p44/42 
MAPK (p-ERK1/2) was obtained from Santa 
Cruz Biotechnology, Inc. USA (sc-7383). Mouse 
monoclonal anti-GAPDH antibody was obtained from 
Thermo Fisher Scientific, USA (Cat. # AM4300). 
Secondary antibodies i.e. HRP-conjugated goat anti-
rabbit IgG (Cat. No. AP106P) and goat anti-mouse 
IgG (Cat. No. A9917) were from Sigma-Aldrich, 
USA. Clarity™ ECL Western blot substrate kit was 
obtained from Bio-Rad, USA.

Plant material

M. charantia (F1 hybrid sadabahar variety) seeds 
were purchased from the Indian Agricultural 
Research Institute (IARI) Pusa, New Delhi, India.

Cell culture

HL-60 cells obtained from National Center for Cell 
Science, Pune, India were grown and maintained 
in a complete 1 × RPMI 1640 culture medium 
supplemented with 10% FBS and 1 × antibiotic 
antimycotic solution under sterile conditions in 
humidified 5%  CO2 atmosphere at 37  °C in a  CO2 
incubator.

Preparation of fractionated M. charantia seed extract

M. charantia seeds rinsed in 0.1  N HCl, were air-
dried, decorticated, and ground into a fine powder 
using liquid nitrogen. Acetone extract of M. charantia 
seeds was prepared essentially as described by 
Soundararajan et al. (2012). Briefly, the seed powder 
(200  g) was resuspended in 10 volumes of acid 

ethanol buffer (0.2  N HCl in 75% ethanol, 1  mM 
PMSF) followed by centrifugation at 20,000×g for 
1 h. The soluble fraction (Mc-1) was concentrated to 
1/4th of its original volume under reduced pressure 
followed by neutralization with 0.05  M  (NH4)2CO3 
and liquid ammonia to adjust the pH to 7.4. The 
resultant solution was centrifuged at 20,000×g for 
45  min. The pellet and the supernatant fractions 
were designated as Mc-2 and Mc-3 respectively. 
The Mc-2 pellet fraction was suspended in acetone 
and incubated overnight (O/N) at -70  °C. After 
centrifugation at 20,000×g at 4  °C for 45  min, the 
pellet was discarded and the acetone extractable 
fraction (Mc2-Ac) was obtained by evaporation. The 
Mc2-Ac was resuspended in water and sequentially 
extracted with 5 volumes of organic solvents in 
decreasing order of hydrophobicity i.e. hexane, 
chloroform, diethyl ether and ethyl acetate, with 
continuous stirring for 3 h, followed by centrifugation 
(20,000×g) at 4 °C for 1 h. After each extraction, the 
organic solvents were carefully harvested, and dried 
under vacuum. The resultant powder thus obtained 
was referred to as Mc2-Ac-hex, Mc2-Ac-CHCl3, 
Mc2-Ac-DE and Mc2-Ac-EA, respectively. Yields of 
different fractions obtained from 200  g decorticated 
seed powder are mentioned in Supplementary 
Table  1. Each of these fractions were assessed for 
differentiation-inducing potential together with parent 
fractions Mc2-Ac and Mc2-Ac-hex.

Analytical HPLC

Firstly, analytical normal phase-HPLC (NP-HPLC) 
was performed to optimize conditions for the 
separation of components (peaks) present in Mc2-
Ac-hex for further purification, using a silica column 
(L × ID − 250 mm × 4.6 mm with 5 µM particle size) 
fitted with a guard column (L × ID − 30 mm × 10 mm) 
in Varian 920 (Agilent, USA) HPLC system. The 
peaks identified by absorbance at 270  nm were 
separated using a linear gradient of hexane (65–61%): 
chloroform (35–39%) containing 0.1% TFA at a flow 
rate of 0.5 ml/min for 15 min.

Semi-preparative HPLC

Agilent 1260 infinity series HPLC system was used 
for analytical and semi-preparative NP-HPLC. For 
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purification of different peak fractions, a semi-
preparative silica column (L × ID − 250 mm × 10 mm 
with 5  µM particle size) protected with 5  µM 
(L × ID − 30 mm × 10 mm) guard column was used. A 
linear gradient of hexane and chloroform containing 
0.1% TFA was run for 45 min at a flow rate of 1 ml/
min. The absorption was measured at 270 nm.

NBT reduction assay

Nitroblue tetrazolium assay to assess the generation 
of superoxide radicals in differentiated HL-60 cells 
was carried out as described by Breitman et  al. 
(1980). HL-60 cells were cultured in a 12 well plate 
at a density of 0.2 ×  106 cells/well. The cells were 
treated with the test fractions for different time points, 
as mentioned in the legends. The cells treated with 
1. 2% DMSO were taken as positive control whereas 
the cells treated with 0.18% DMSO were included 
as vehicle control (VC). Post-treatment, the cells 
were harvested by centrifugation (200×g, 5  min) 
and resuspended in 100 µl (2 ×  105 cells) of complete 
RPMI medium containing TPA (10 µg/ml) and NBT 
(at a final concentration of 0.1% v/v prepared in 30% 
DMF), and incubated at 37 °C for 30 min. The cells 
were then centrifuged again (200×g, 5 min). The cell 
pellet was washed once with 1 × PBS, and finally 
resuspended in 100  µl 1 × PBS. Approximately 200 
cells were scored for NBT staining (in triplicates) 
using a light microscope. The extent of differentiation 
was expressed as percent NBT positive cells.

Minimum time required to trigger differentiation

HL-60 cells were seeded in 12 well-plate at a density 
of 0.2 ×  106 cells/ml/well. The next day, the cells 
were treated with Mc2-Ac-hex fraction (20 µg/ml) for 
different time intervals (24 h, 48 h, 72 h, and 96 h). 
At each time point (24 h, 48 h, 72 h, and 96 h), the 
cell culture medium in the plate was replaced with the 
normal complete RPMI medium without any Mc2-
Ac-hex. On 96  h, the treated cells were scored for 
NBT positive cells (as described in the above section) 
from day 1 to day 4.

Assessment of cell viability

To assess the cytotoxicity of HPLC-purified active 
peak 3 fraction (P3) of M. charantia Mc2-Ac-hex 

extract, the HL-60 cells were seeded in 96 well plates 
at a density of 5 ×  103cells/well/100 µl and incubated 
O/N in a humidified 5% CO2 atmosphere at 37  °C. 
After incubation, the cells were treated with different 
concentrations of P3. DMSO (0.18%) treated cells 
were included as vehicle control and Doxorubicin 
(10  μM)-treated cells were included as a positive 
control. Cell viability was measured using MTT 
assay at 96 h post-treatment as described by Yedjou 
et  al. (2006). Absorbance was measured at 570  nm 
using a microplate reader (Tecan-Sunrise). Percent 
cytotoxicity was calculated with respect to untreated 
cells.

Immunophenotyping of differentiated HL-60 cells for 
lineage determination

HL-60 cells were seeded (1 ×  106 cells/3  ml/well) 
in a 6 well plate. After 12  h, the cells were treated 
with Mc2-Ac-hex (20 µg/ml), P3 fraction (20 µg/ml), 
and vehicle control (0.18% DMSO). DMSO (1.2%) 
treated cells were taken as a positive control. Cells 
were harvested at 96  h by centrifugation (200×g, 
5 min) and washed with ice-cold 1 × PBS containing 
10% FBS and 1% sodium azide. The cell samples (in 
400 µl of cold 1 × PBS containing 10% FBS and 1% 
sodium azide) were stained individually with PE-cy5-
labeled anti-human CD11b antibody, FITC-labeled 
anti-human CD15, or FITC-labeled anti-human CD14 
antibody (0.3 µg/ml each) at 4 °C for 45 min in dark. 
The cells were washed with 1 × PBS and resuspended 
in 400  µl of ice-cold PBS containing 10% FBS and 
1% sodium azide. Finally, the cells were assessed 
for CD11b/CD15/CD14 expression (excitation at 
488 nm; emission at 667 nm for PE-Cy5 CD11b, at 
578  nm for FITC-labelled CD14 and CD15) using 
FACS-Aria flow cytometer, and results were analyzed 
by FACS-Diva software.

Identification of signalling pathway

To delineate the signalling pathway underlying the 
P3- induced differentiation of HL-60 cells, specific 
inhibitors namely PD98059 (Ajenjo et  al. 2000), 
SP600125 (Jiang et al. 2003), Wortmannin (Ito et al. 
2016), SB202190 (Jacquel et  al. 2006), Sunitinib 
(Ocadlikova et  al. 2021), and H89 (Chijiwa et  al. 
1990) targeting specific pathways at the optimized 
concentrations were used to block the targeted 
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pathway. For this, HL-60 cells (0.3 ×  106 cells/ml) 
were seeded in a 12 well plate and incubated for 12 h 
in a  CO2 incubator. After 12 h, the cells were treated 
with reported effective concentrations of different 
inhibitors (references cited above). The cells were 
treated with 5  µM each of PD98059, SP600125, 
Wortmannin, SB202190, and H89 and 15  µM of 
Sunitinib, for 45  min prior to the addition of the 
P3 fraction. The cells were further cultured for 96 
hand finally subjected to NBT staining and CD11b 
expression analysis as described above.

Western blot analysis

In order to confirm the inhibitory effect of PD98059, 
a specific inhibitor of activation of ERK1/2, on 
P3-induced differentiation is through ERK pathway, 
effect of different concentrations of PD98059 on the 
expression levels of phosphorylated ERK1/2 were 
analyzed by Western blotting. For this, HL-60 cells 
were seeded (1 ×  106 cells/3  ml/well) in a 6 well 
plate. After 12 h, the cells were treated with different 
concentrations of PD98059 for 45  min prior to the 
addition of P3 fraction (20  µg/ml). Vehicle (0.18% 
DMSO)-treated and P3-treated cells were included 
as negative and positive controls, respectively. The 
cells were cultured in a humidified  CO2 atmosphere 
(5%) for 96 h. The cells were harvested, washed with 
1 × PBS and lysed in 150  µl mammalian cell lysis 
buffer (50 mM Tris–HCl, pH 7.5,150 mM NaCl, 1% 
triton-X-100, 10  mM iodoacetamide, 1  mM EDTA 
supplemented with 1 × protease inhibitor cocktail 
(ProteaseArrest, Cat. # 786-108, G-Biosciences, 
USA). Protein concentration was estimated using 
Bicinchoninic acid assay kit (G-Biosciences, USA).

Western blot analysis was performed by the 
method of Karan et  al. (2021). Equal amounts of 
proteins (~ 50 µg) from each sample electrophoresed 
on SDS-PAGE gels (12%) were electro-transferred 
onto nitrocellulose membrane. After blocking the 
membrane with 2% BSA in 1 × PBST (137 mM NaCl, 
2.7  mM KCl, 10  mM  Na2HPO4, 1.8  mM  KH2PO4, 
pH 7.4, and 0.05% Tween 20) overnight at 4 °C, the 
membrane was washed three times with 1 × PBST, 
and finally incubated with primary antibody diluted 
in 1 × PBST [anti-ERK1/2, anti-p-ERK1/2 (1:500); 
anti-GAPDH (1:1000)] for 1 h at room temperature. 
The membrane was then incubated with the 
corresponding secondary antibody (1:5000) for 

1  h at room temperature followed by PBST washes. 
The blot was developed using Clarity™ enhanced 
chemiluminescence  (ECL) Western blot substrate 
(Bio-Rad, USA). The images were acquired using 
ChemiDoc XR S + Gel imaging system (Bio-Rad, 
USA).

Proteome profiling

Proteome Profiler Human Phospho-Kinase Array Kit 
(ARY003B, R&D Systems, USA) was used according 
to the manufacturer’s protocol to analyze the relative 
level of phosphorylation of different proteins. The cell 
lysates of the P3-treated and vehicle-treated cells were 
prepared at 96  h post-treatment and protein content 
was estimated using BCA protein estimation kit (G 
Biosciences, USA) as per manufacturer’s instructions. 
The analytes-coated membrane was incubated with 
array buffer 1 for blocking, followed by incubation 
with 600 µg of the cell lysates (4 °C, overnight). The 
membrane was then washed 3 × with wash buffer 
followed by incubation at room temperature for 2  h 
with detection antibody. The membrane was washed 
with wash buffer to remove the unbound antibodies, 
followed by incubation with diluted streptavidin 
horseradish peroxidase for 30  min with shaking. 
Finally, chemiluminescence reagent (1 ml) was added 
to the membrane and the reactive spots were detected 
using ChemiDoc (Syngene, USA). The ImageJ 
software was used for densitometry analysis (imagj.
nih.gov/ij) of different spots to determine relative 
intensities.

GC–MS analysis

Hexane extract of M. charantia and peak fraction P3 
were subjected to gas chromatography interfaced to 
the mass spectrometer, GC–MS–QP2010 (Shimadzu, 
Japan). GC–MS was performed on a Rxi-5 Sil 
silica capillary column (0.25  mm i.d. × 0.25  µm  df), 
composed of 5% diphenyl- 95% dimethylpolysiloxane. 
The carrier gas helium (99.99%) was administered 
in the column at a constant flow rate of 1.21 ml/min 
and a linear velocity of 40.9 cm/sec with pressure at 
90.5  kPa. The ion source temperature and interface 
temperature were kept at 220  °C and 270  °C, 
respectively with an ionization voltage of 70 eV. The 
sample injection mode was set at a split ratio of 10:1 
inflow control mode. Mass spectra were recorded at 
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an event time of 0.20 s with a scan speed of 3333 over 
a range set at m/z of 40 Da to 650 Da. The column 
oven temperature was initially kept at 100 °C, which 
was gradually increased till it reached the injection 
temperature of 260  °C. The GC–MS was run for 
39.98 min with a solvent delay time of 4 min.

Compounds were identified by comparing the 
mass spectra of the putative components present in 
the analyzed extract with the established mass spectra 
of known references available online in the NIST 
chemical library (National Institute of Standards 
and Technology Standard Reference Data Program 
Gaithersburg, MD 20899).

Statistical analysis

Data represent mean ± standard deviation (SD) from 
a minimum of 3 independent experiments, performed 
in triplicates. Statistical analysis was performed using 
one-way ANOVA and a p value ≤ 0.05 was considered 
statistically significant. Prism 10 (GraphPad, USA) 
was used for the data analysis.

Results

It has been established earlier in our laboratory that 
the differentiation-inducing potential of M. charantia 
is present in the acetone extractable fraction of its 
seeds. Therefore, to further purify and characterize 
the active components responsible for the induction of 
differentiation of HL-60 cells, the acetone extractable 
fraction (Mc2-Ac) was further extracted using organic 
solvents with decreasing hydrophobicity and test of 
their differentiation inducing ability.

Differentiation inducing ability of different organic 
fractions of Mc2-Ac

Analysis of the differentiation-inducing ability 
of different organic fractions revealed that 
the differentiation-inducing principle(s) was 
predominantly present in hexane extract (Mc2-Ac-
hex) (Table  1). As evident from NBT staining at 
96 h, the Mc2-Ac-hex resulted in ~ 60% NBT positive 
cells at a concentration of 20 µg/ml which is higher 
than the number of NBT positive cells observed 
with the parent fraction Mc2-Ac treatment (~ 37%), 
thus showing enrichment of differentiation-inducing 

principle(s) in Mc2-Ac-hex. On the other hand, 
chloroform, diethyl ether, and diethyl acetate 
extractable fractions showed no significant difference 
in the % NBT positive cells when compared to 
vehicle-treated cells. The yield of the Mc2-Ac-hex 
fraction was determined to be 74.2  mg from 100  g 
seed powder.

The differentiation-inducing potential of different 
concentrations of Mc2-Ac-hex fraction (HF) was 
assessed using NBT reduction assay (Fig.  1A) 
and confirmed by flow cytometric analysis using 
antibodies against differentiation marker (Fig.  1C, 
D). As shown in Fig. 1A, treatment of HL-60 cells 
with the fraction Mc2-Ac-hex at 10  µg/ml did not 
show any significant increase in the number of 
NBT positive cells in comparison to vehicle-treated 
control. However, treatment of HL-60 cells with 
Mc2-Ac-hex at 20  µg/ml and 40  µg/ml resulted in 
a significant increase (p ≤ 0.001) in NBT positive 
cells (41.64 ± 4.46%, 43.40 ± 2.23%, respectively), 
when compared with the vehicle-treated cells 

Table 1  Differentiation inducing potential of different organic 
fractions of K2A extract

The HL-60 cells (1 ×  105 cells/ml/well) were treated with equal 
amount of different fractions (20  µg/ml). The cells treated 
with the corresponding volume of vehicle (% DMSO) were 
included as negative control whereas the cells treated with 
1.2% DMSO taken as a positive control. Cells were analysed 
for cell differentiation by NBT staining at 72 h and 96 h post 
induction. Data represent mean ± SD of three independent 
experiments, performed in triplicates. The Mc2-Ac represents 
acetone extractable fraction of M. charantia Mc-2 extract 
(Soundarajan et  al. 2012). The Mc2-Ac-hex, Mc2-Ac-CHCl3, 
Mc2-Ac-DE, and Mc2-Ac-EA represent hexane fraction, 
chloroform fraction, diethyl ether fraction and ethyl acetate 
of fraction Mc-2-Ac, resepectively. Statistical significance (p 
value) was calculated using Student’s t-test
*p ≤ 0.01; **p ≤ 0.001

Treatment % NBT positive cells 
at 72 h
(mean ± SD)

% NBT positive 
cells at 96 h
(mean ± SD)

Vehicle control 18.67 ± 1.26 20.56 ± 2.08
DMSO (1.2%) 60.25 ± 1.71** 80.00 ± 2.94**
Mc2-Ac 36.50 ± 2.08** 57.25 ± 3.40*
Mc2-Ac-hex 42.23 ± 2.06** 64.22 ± 2.22*
Mc2-Ac-CHCl3 17.05 ± 3.46 21.75 ± 2.50
Mc2-Ac -DE 22.00 ± 1.83 26.73 ± 3.59
Mc2-Ac -EA 16.43 ± 2.08 21.50 ± 2.06
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(17.65 ± 1.67%) at 72 h post-treatment. The number 
of NBT positive cells further increased at 96  h 
(65.84 ± 1.21% and 73.28 ± 3.74% with 20  µg/ml 
and 40  µg/ml, respectively). As expected, DMSO 
(1.2%) included as positive control also resulted in 
a significantly enhanced population of NBT positive 
cells (79.43 ± 3.06%; p ≤ 0.001) at 96 h.

As the maximum number of NBT-positive cells 
was noted at 96 h post-treatment, before proceeding 
further, induction of differentiation of HL-60 cells 
by Mc2-Ac-hex fraction (20  µg/ml) was confirmed 
by FACS analysis at 96  h using fluorochrome-
conjugated anti-CD11b antibody, a myeloid 

differentiation marker, (Fig.  1C, D). Representative 
dot plot corresponding to Fig.  1C is shown in Fig. 
S1. A significantly (p ≤ 0.001) enhanced population 
(44.83 ± 2.86%) of the CD11b-positive cells was 
observed in the Mc2-Ac-hex treated cells when 
compared to the cells treated with the vehicle (VC, 
18.66 ± 1.04%).

To determine the minimum time required for 
induction of differentiation of HL-60 cells, the cells 
were cultured in the presence of Mc2-Ac-hex (20 µg/
ml) for different time periods (24 h, 48 h, 72 h, and 
96  h), followed by culturing in a normal medium 
(without Mc2-Ac-hex) till 96 h. Analysis of the NBT 

Fig. 1  Analysis of differentiation-inducing potential of 
Mc2-Ac-hex (HF). A Time and concentration dependence 
analysis of differentiation by Mc2-Ac-hex. NBT reduction 
assay was performed in a time-dependent manner at three 
different concentrations (10  µg/ml, 20  µg/ml, 40  µg/ml) of 
Mc2-Ac-hex (HF). B Minimum time required to induce 
differentiation of HL-60 cells by Mc2-Ac-hex (HF). The 
HL-60 cells were cultured in the presence of Mc2-Ac-
hex (20  µg/ml) for the indicated time periods, followed by 
culturing in fresh medium without Mc2-Ac-hex (HF). The 
cells were scored for differentiation by NBT reduction assay 
at 96 h. C Flow cytometric analysis of CD11b positive HL-60 

cells treated with Mc2-Ac-hex (HF) fraction, DMSO (1.2%, 
positive control) and VC (DMSO, 0.18%). The panel depicts 
a representative figure showing the overlay of the fluorescent 
cell population using PE-cy5 conjugated anti-CD11b 
antibodies at 96  h post-treatment. D The bar diagram shows 
the quantitative analysis of cells expressing CD11b, shown in 
panel (C). The data in all the panels represent the mean ± SD 
of three independent experiments, performed in triplicate. The 
significant difference between groups with respect to vehicle 
(0.18% DMSO) treated control cells (VC) were analyzed by 
ordinary One-way ANOVA (Dunnett’s multiple comparisons). 
**p ≤ 0.01; ***p ≤ 0.001
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positive cell population at 96  h (Fig.  1B) showed a 
negligible increase in the NBT positive cells when 
treated with Mc2-Ac-hex for 48  h. However, the 
presence of Mc2-Ac-hex in the medium for 72  h 
significantly (p ≤ 0.001) increased the number of NBT 
positive cells (41.47 ± 1.96%), which subsequently 
peaked at 96 h post-treatment (64.64 ± 3.96%). These 
results indicate that the presence of Mc2-Ac-hex for 
a minimum period of 72  h was necessary to induce 
differentiation.

HPLC purification of bioactive principle(s) from 
Mc2-Ac-hex fraction of M. charantia seeds extract

Chromatographic separation of Mc2-Ac-hex fraction 
using a normal phase silica analytical column 
resulted in six-well resolved and separated peaks 
(Fig. 2). During, semi preparatory HPLC, a very thin 
peak collected that eluted before P1 (Fig. S2) could 
not be analyzed further, due to very small amounts 
and poor separation. The retention time and total peak 
yield of the 5 major peaks obtained with large-scale 
semi preparatory HPLC are given in Supplementary 
Table  2. Purity check analysis of each collected 
peak fraction using an analytical NP-HPLC revealed 

significant purification with the negligible presence 
of some minor peaks (Fig. S3).

Determination of differentiation-inducing potential of 
different peak fractions of Mc2-Ac-hex

The five peak fractions of Mc2-Ac-hex (P1–P5) were 
assessed for their differentiation-inducing potential to 
identify the active peak fraction (Fig. 3A). Analysis of 
NBT-positive cells at 96 h post-treatment showed that 
the treatment with P2 and P3 resulted in a significant 
increase (p ≤ 0.001) in NBT positive cells (47 ± 1.0% 
and 77.25 ± 2.062%, respectively) when compared 
with the vehicle-treated control cells. The number of 
NBT-positive cells in the parent Mc2-Ac-hex (HF) 
fraction was 64.33 ± 0.57%. Peaks 1, 4, and 5 did not 
show any significant increase in the population of 
NBT positive cells when compared to vehicle-treated 
control.

Since P3 showed the highest percentage of NBT-
positive cells (greater than the parent Mc2-Ac-
hex fraction), further analysis was done with P3. 
To determine the optimum concentration required 
for induction of differentiation, HL-60 cells were 
treated with different concentrations of P3 (10  µg/

Fig. 2  Analytical normal phase HPLC of the Mc2-Ac-hex. 
Different components (peaks) of the Mc2-Ac-hex fraction 
were resolved using a silica column at a gradient of chloroform 
(35–39%) against hexane (65–61%) at a flow rate of 0.5  ml/

min with a runtime of 15 min. The chromatogram depicts the 
elution profile with absorbance measured at 270 nm. Injection 
volume-15 µl (1 mg/ml dissolved in hexane)



599Cytotechnology (2022) 74:591–611 

1 3
Vol.: (0123456789)

ml, 20  µg/ml, and 30  µg/ml) and scored for NBT-
positive cells at 96  h post-treatment (Fig.  3B). 
Parent hexane fraction (Mc2-Ac-hex, 20  µg/ml) was 
included for comparative evaluation of induction 
of differentiation. A significantly increased NBT 
positive cell population was observed at all the 
concentrations when compared to vehicle control. At 
10 µg/ml of P3, 31.20 ± 8.98% of the cells were found 
to be positive (p ≤ 0.05). The percentage of NBT 
positive cells more than doubled to 78.0 ± 1.73% 
upon treatment with 20 µg/ml and significantly higher 
(p ≤ 0.001) in comparison to vehicle-treated cells. 
There was no further increase in the % NBT positive 
cells upon treatment with the higher concentration of 
P3 (30 µg/ml).

Assessment of P3 cytotoxicity

As the differentiation-inducing agent shouldn’t be 
cytotoxic to the cells, the cytotoxic effect of P3 on 
HL-60 cells was assessed at 96  h post-treatment. 
As shown in Fig.  3C, no significant cytotoxicity 
was observed at any of the tested concentrations 
of P3 (5  µg/ml to 20  µg/ml). However, treatment of 
HL-60 cells with P3 at higher concentrations (30 µg/
ml to 50 µg/ml) lead to significant decrease in cell’s 
viability (p ≤ 0.05 at 30 µg/ml; p ≤ 0.001 at 40 µg/ml 

and 50  µg/ml). Therefore, P3 at a concentration of 
20 µg/ml (which was capable of inducing significant 
differentiation with no apparent cytotoxicity) was 
used for further studies.

Mc2-Ac-hex and P3 induce differentiation of HL-60 
cells towards granulocytic lineage

To further confirm that the P3-induced 
differentiation of the treated cells, and to determine 
the lineage of differentiated cells, expression 
analysis of differentiation-specific cell surface 
markers (CD11b, a general differentiation marker; 
CD14, monocytic cell surface marker, and CD15, 
a granulocytic cell surface marker) was carried out 
in and Mc2-Ac-hex (HF) and P3-treated HL-60 
cells (Fig.  4, Fig. S4). Expression of CD11b was 
significantly higher (p ≤ 0.001) in Mc2-Ac-hex- 
P3-treated HL-60 cells (~ 45% and ~ 65%) at 96  h 
with respect to vehicle-treated cells (~ 19%), thus 
confirming induction of differentiation. A significant 
increase in the CD15 positive cells upon treatment 
with Mc2-Ac-hex (33.01 ± 4.02%, p ≤ 0.01) and 
P3 (64.36 ± 4.79%, p ≤ 0.001) was observed when 
compared to vehicle-treated cells. The percentage 
of CD14 expressing cells was minimal in the Mc2-
Ac-hex- or P3-treated HL-60 cells (13.75 ± 1.77% 
and 13.86 ± 2.50%, respectively). An enhanced 

Fig. 3  Analysis of differentiation-inducing potential of 
HPLC purified peak fractions. A Different peak fractions 
(P1–P5) and parent fraction Mc2-Ac-hex (HF) (20  µg/ml 
each) were assessed for their differentiation-inducing potential 
by NBT reduction assay at 96  h. B HL-60 cells were treated 
with different concentrations of P3 and were scored for NBT 
positive cells at 96 h. DMSO at 0.18% and 1.2% was included 
as vehicle control (VC) and Positive control, respectively. 
C Cytotoxicity analysis of P3. HL-60 cells were treated with 

different concentrations of P3 and cell viability was measured 
using MTT reduction assay. Doxorubicin (Dx) at 10  µM 
was included as a positive control. Percent cytotoxicity is 
calculated with respect to untreated cells. Data represent the 
mean ± SD of three independent experiments, performed in 
triplicates. Ordinary One-way ANOVA (Dunnett’s multiple 
comparisons) was performed to calculate the significant 
difference with respect to VC. *p ≤ 0.05; ***p ≤ 0.001
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population of CD15-positive cells with a negligible 
population of CD14-positive cells upon Mc2-Ac-
hex and P3- treatment confirmed the commitment 
of HL-60 cells to differentiate towards granulocytic 

lineage. A significantly higher population of CD11b 
(78.28 ± 2.17%) and CD15(63.4 ± 37.33%) positive 
cells in the DMSO-treated cells in comparison to 
vehicle-treated cells, also confirmed granulocytic 

Fig. 4  Analysis of CD11b+, CD15+, and CD14+ expression. 
To confirm the differentiation and determination of lineage of 
differentiated cells, expression analysis of surface expression 
markers was performed using flow cytometry in the HL-60 
cells treated with Mc2-Ac-hex and P3 (20 µg/ml each) at 96 h. 
Cells treated with 0.18% DMSO and 1.2% DMSO were taken 
as VC and positive control, respectively. Three different sets 
were separately labelled with fluorescently tagged antibodies 
against CD11b (PE-cy5 conjugated anti-CD11b), CD14 and 
CD15 (FITC-conjugated anti CD14 and FITC conjugated 

anti-CD15). Representative figure showing the overlay of 
the fluorescent HL-60 cells population in different treatment 
groups is shown in the left panel. The bar diagrams on the 
right show the quantitative analysis of HL-60 cells expressing 
CD11b+ (top right), CD15+ (middle), and CD14+ (bottom 
right). Data represent the mean ± SD of three independent 
experiments. Ordinary One-way ANOVA (Dunnett’s multiple 
comparisons) was performed to calculate the significant 
difference with respect to vehicle control. **p ≤ 0.01; 
***p ≤ 0.001
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differentiation by DMSO, included as a positive 
control.

P3-induces differentiation of HL-60 cells through 
ERK/MAPKpathway

To delineate the molecular mechanism of the 
differentiation of HL-60 cells with P3, HL-60 cells 
were treated with different inhibitors to block the 
specific signalling pathway, before the addition of 
P3, and the extent of differentiation was compared 
with the P3-treated cells alone using NBT reduction 
assay (Fig.  5) and CD11b expression analysis 
(Fig.  6). As shown in Fig.  5, the cells treated 
with P3 in the presence of PD98059, a selective 
inhibitor for MEK1/2 kinase showed a significantly 
declined (p ≤ 0.001) population of NBT positive 
cells (23.00 ± 0.81%) when compared to the cells 
treated with P3 alone (72.00 ± 4.00%). No significant 
decrease in the NBT positive cell population was 

noted in the presence of any other kinase inhibitor 
when compared to P3-treated cells.

Flow cytometric analysis of CD11b of another 
set of cells treated with different inhibitors prior 
to P3 addition also confirmed the results of NBT 
reduction assay. A significantly lower population of 
CD11b expressing cells (15.32 ± 3.70%) was noted 
in the HL-60 cells treated with P3 in the presence of 
PD98059 (p ≤ 0.0001) when compared with the only 
P3-treated cells (53.24 ± 3.16%). Other inhibitors like 
SP600125 (a selective inhibitor for JNK), SB202190 
(selective inhibitor for P38) H89 (protein kinase A 
inhibitor), wortmannin (PI3 kinase inhibitor) did 
not affect the population of CD11b positive cells in 
P3-treated HL-60 cells (Fig. 6). Thus, both the NBT 
reduction assay and CD11b expression analysis 
collectively indicated the involvement of ERK/
MAPK signalling pathway in P3-induced HL-60 
cells’ differentiation.

Effect of different concentrations of PD98059 on 
P3-induced differentiation was carried out to study 
its concentration dependence. As shown in Fig.  7A, 
exposure of HL-60 cells to 2.5  µM PD98059 prior 
to P3-treatment resulted in decrease in NBT-positive 
cells when compared to HL-60 cells treated with 
P3 only. PD98059 at 5  µM resulted in significant 
decline in NBT-positive cells in P3-treated cells and 
the number of NBT-positive cells was comparable to 
that observed in vehicle treated cells. Further increase 
in PD98059 concentration to 7.5 µM and 10 µM did 
not result in any further decrease in percentage NBT-
positive cells when compared to the cells exposed to 
5 µM. Morphological examination of the cells under 
light microscope also showed significant cell death 
at 10  µM PD98059, therefore NBT-positive cells 
were not scored (data not shown). Since PD98059 
is a highly specific inhibitor of ERK1/2 activation 
through phosphorylation, changes in expression levels 
of phosphorylated ERK1/2 were examined in HL-60 
cells treated with only 2.5  µM, 5  µM and 7.5  µM 
PD98059 using Western blot analysis (Fig.  7B). 
P3-treatment resulted in activation of ERK1/2 evident 
from increased levels of phosphorylated ERK1/2 
(p-ERK1/2) compared to that of vehicle treated cells. 
A concentration dependent decrease in p-ERK1/2 
levels was noted in P3-treated HL-60 cells, till 5 µM 
PD98059, beyond which no further decrease was 
noted in p-ERK1/2 levels, when compared to the cells 
treated with P3 only.

Fig. 5  Effect of different kinase inhibitors on P3-induced 
differentiation. Cells treated with different kinase inhibitors 
45  min before the addition of P3 fraction (20  µg/ml) were 
scored for NBT positive cells at 96  h post-treatment. Data 
represent the mean ± SD of three independent experiments. 
Statistical significance (p value) was calculated with respect 
to P3-treated HL-60 cells using Ordinary One-way ANOVA 
(Dunnett’s multiple comparisons test). #p ≤ 0.001
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Analysis of phosphorylation status of phosphokinases

Human phosphokinases array was used to 
assess the signalling pathway(s) involved in the 
P3-induced differentiation of HL-60 cells (Fig.  8). 
At 96 h post-treatment, a total of 24 protein kinases’ 
phosphorylation was upregulated in P3-treated 
HL-60 cells in comparison to vehicle-treated cells. 
Phosphorylation of the receptor tyrosine kinases 
Fyn and Src, was upregulated at the significance 
level of p ≤ 0.001, whereas that of Hck and Yes was 
increased at significance level of p ≤ 0.05. Besides 
these, a significant increase in phosphorylation of 
kinases involved in MAPK pathways such as p38 α 
(p ≤ 0.01), MSK1/2 (p ≤ 0.05), and c-Jun (p ≤ 0.001) 
was also noted. Phosphorylation of some other 
kinases like p53, p27, RSK1/2/3, STATs was also 
significantly upregulated (p ≤ 0.001). In comparison 
to vehicle-treated cells, the kinases with decreased 
phosphorylation in P3-treated cells included 
JNK1/2/3 and HSP27 (p ≤ 0.001) and PRAS40 
(p ≤ 0.05),. The protein array and inhibitor assay 
suggested the involvement of ERK/MSK signaling 
modules in the differentiation of P3-treated HL-60 
cells.

Identification of components in active peak fraction, 
P3 by GC–MS

The phytochemical screening using GC–MS revealed 
presence of 65 compounds in the Mc2-Ac-hex 
fraction. The total ion chromatogram (TIC) report 
of Mc2-Ac-hex seed extract is shown in Fig. S5A. 

The 13 predominant components present in Mc2-
Ac-hex are given in Fig. S5B. GC–MS analysis of 
active peak fraction P3 showed the presence of 27 
compounds in all, (TIC report shown in Fig. 9A) with 
5 predominant peaks. The peak report of the TIC 
of these 5 major components is shown in Fig.  9B. 
P3 showed enrichment of compounds such as 
2,5-furanone and dibutyl phthalate with an increased 
percentage from Mc2-AC-hex fraction (compare with 
Fig. S5), as these showed less than 1% area in Mc2-
Ac-hex fraction.

Discussion

Leukemia, a hematopoietic disorder, occurs when 
precursor cells fail to maintain a balance between 
proliferation and differentiation. The conventional 
treatment strategies for the treatment of leukemia 
possess undesirable and life-threatening side effects, 
especially for aged leukemic patients (Marchal et al. 
2006). Therefore, instead of targeting cancer cells’ 
death, another approach, differentiation therapy, 
is being seriously considered as an alternative 
therapeutic strategy, Differentiation therapy involves 
use of external agents (chemical or physical) to 
direct the immature cells to differentiate naturally by 
modulating a certain signalling pathway. All trans-
retinoic acid (ATRA), dimethyl sulfoxide, d,l-α-
difluoro methyl ornithine (DFMO), vitamin D3, and 
methyl ornithine, are a few of the known inducers 
of differentiation of leukemic cells of both erythroid 
and myeloid origin. Of these, ATRA has attained the 
most success, of which ATRA has been approved 
for clinical use to treat leukemic patients. However, 
many patients develop resistance against ATRA 
and also suffer from severe side effects (Gallagher 
2002). Therefore, the search for novel differentiation 
inducers with minimal side effects continues.

Many plant derived molecules such as vinca 
alkaloids from Catharanthus roseus and paclitaxel 
from Taxus batata are known to exhibit anticancer 
properties. Recently, pinostrobin, a naturally 
occurring alkaloid, has exhibited cytotoxic and 
apoptotic activity, mediated through ROS and DNA 
damage, against cervical and cancer stem cells 
(Jadaun et  al. 2018, 2019). Another plant-derived 
alkaloid, securinine has been shown to induce 
differentiation of myeloid leukemic cells through 

Fig. 6  Confirmation of inhibition of differentiation by 
different kinase inhibitors by surface expression marker 
(CD11b) analysis. The cells treated with different kinase 
inhibitors prior to addition of P3 as mentioned in Fig.  5, 
were labelled with (PE-cy5 conjugated anti-CD11b) at 96  h 
post-treatment and fluorescent cell population was analyzed 
by FACS. A Dot plot showing fluorescent cell population 
treated with P3 in the presence of different inhibitors. B The 
bar diagram shows the percentage of CD11b positive cells 
in P3-treated HL-60 cells in the presence of different kinase 
inhibitors. Data represent the mean ± SD of three independent 
experiments. Ordinary One-way ANOVA (Dunnett’s multiple 
comparisons) was performed to calculate the statistical 
significant difference with respect to VC in the case of 
P3-treated cells, whereas the P3-treated cells in the presence of 
inhibitor were compared with the cells treated with P3 alone. 
***p ≤ 0.001; #p ≤ 0.0001

◂
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JNK/MAPK pathway (Gupta et  al. 2011; Sharma 
et  al. 2021). Studies from our laboratory have 
established the differentiation inducing potential of 
acetone extract of M. charantia seeds in HL-60 cells 

(Soundararajan et  al. 2012). However, identification 
of the active principle(s) and the mechanism of action 
of these principles is yet known.

Fig. 7  Effect of different concentratins of PD98059 on 
HL-60 cells’ differentiation and activation of ERK1/2. A 
Cells treated with 2.5  µM, 5  µM and 7.5  µM of PD98059, 
45  min before the addition of P3 fraction (20  µg/ml) were 
scored for NBT positive cells at 96  h post-treatment. Data 
represent the mean ± SD of three independent experiments. 
Statistical significance (p value) was calculated with respect to 

vehicle-reated HL-60 cells using Ordinary One-way ANOVA 
(Dunnett’s multiple comparisons test). #p ≤ 0.001. B Western 
blot analysis of ERK1/2, p-ERK1/2 and GAPDH levels in 
HL-60 cells treated with 0.18% DMSO (VC), peak 3 fraction 
(P3) alone and P3-treated cells, pre-exposed to different 
concentrations of PD98059

Fig. 8  Human phosphokinase array analysis. The HL-60 
cells were treated with the test samples i.e. P3 (20 μg/ml) and 
0.18% DMSO (Vehicle control, VC) for 96 h at 37 °C in a 5% 
 CO2 humidified atmosphere. The cell lysates prepared at 96 h 
post-treatment were analyzed for phosphorylation status of 
different kinases using a human phospho-kinase antibody array 
kit (ARY003B, R&D systems). Only the kinases that showed 

significant change in their phosphorylation status are shown. 
Data represent the mean ± SD of two independent experiments, 
with each antibody spotted in duplicate. Student’s t-test was 
employed to determine statistical significance (p value) with 
respect to vehicle-treated control cells. *p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001
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Present study was therefore envisaged to 
further purify the bioactive principle(s) involved 
in induction of differentiation, and elucidate 
possible mechanism of its action. Fractionation 
of the acetone extract of M. charantia’s seeds 
with different organic solvent based on their 
decreasing hydrophobicity and assessment of their 
differentiation inducing ability using NBT staining 
showed that only hexane fraction was able to induce 
differentiation of HL-60 cells, indicating that the 
compounds of non-polar nature are involved in 
inducing differentiation.

The P3 induced significant differentiation at 
the concentration of 20  µg/ml, with no apparent 
cytotoxicity. Therefore, for further analysis, this 
concentration was used. Earlier studies have 
demonstrated that different compounds trigger 
differentiation in cells at different time points. For 
example, DMSO and vitamin D3 require a minimum 
of ~ 48  h to induce differentiation (Radhika et  al. 
1995), whereas ATRA takes only 4  h to induce 
differentiation (Choudhary et  al. 1999). Presence of 
l-α Difluoromethylornithine is required only for 24 h 
to induce differentiation of murine erythroleukemic 
cells (Choudhary et  al. 1999). On the other hand, 

Fig. 9  GC–MS analysis of P3. A The gas chromatogram 
represents the presence of various compounds present in P3 
in the total ion chromatogram (TIC) report. NSIT compound 

library was used for peak matching. B The panel lists the most 
predominant compounds (in terms of area percent) present in 
P3 fraction, with their retention time (min)
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fractionated M. charantia seed extract takes 72  h 
to induce differentiation of HL60 cells. Therefore, 
we carried out a similar analysis with Mc2-Ac-
hex to determine the minimum time required for 
active principle(s) present in fraction Mc2-Ac-hex 
to reprogram the cells toward differentiation and we 
have found that the presence of Mc2-Ac-hex in the 
medium for 72  h significantly (p ≤ 0.001) increased 
the number of NBT positive cells, which continued to 
increase at 96 h post-treatment (76.2 + 6%). So though 
the phenotypic confirmation of differentiation occurs 
at 72  h, the cells could have become committed to 
differentiation much earlier, somewhere between 48 
and 72 h. Although Mc2-Ac-hex required more time 
to trigger differentiation, its presence is not required 
once the differentiation started.

Since the hexane (being more hydrophobic 
than other solvents) fraction is expected to contain 
hydrophobic compounds, we performed Normal 
Phase-HPLC (NP-HPLC) using different gradients 
of hexane and chloroform for further purification 
and separation of biologically active component(s) 
of the Mc2-Ac-hex fraction. These solvents have 
been extensively used for the purification of the non-
polar component of extracts prepared from several 
medicinal plants (Lee et al. 2009; Jiang et al. 2016). 
Hexane has been used for the extraction of highly 
nonpolar terpenes and terpenoids (Jiang et al. 2016). 
Likewise, chloroform has been used for the extraction 
of the phenolic compound from olives (Lee et  al. 
2009). Purification of Mc2-Ac-hex fraction using 
normal phase-HPLC resulted in six peaks, out of 
which peak 3 (P3) induced significant differentiation 
(~ 60%) of HL-60 cells. Like the parent Mc2-Ac-hex 
fraction, differentiation was confirmed by CD11b 
expression. Though the yield for Peak 2 (P2) fraction 
was higher than the P3 fraction, its differentiation 
potential was only 50% of the P3. Therefore, further 
analysis was performed using P3. As evident from 
the extent of differentiation, P3 showed enrichment 
of differentiation-inducing principle when compared 
to Mc2-Ac-hex which contained other compounds. 
This enrichment is achieved due to the removal 
of other molecules which could have exerted an 
inhibitory effect on the active molecule(s). This 
assumption was supported by a study in which the 
antioxidant activity of R. caffra was reduced due to 
the antagonist effect of two phytochemicals present 
in the crude extract (Milugo et al. 2013). Our results 

are in line with earlier report put forth by Suberu and 
co-workers (2013) who demonstrated the tea extract 
of Artemisia annua L. to contain several compounds, 
out of which 2 compounds (9-epi-artemisinin and 
artemisitene) antagonized artemisinin’s (antimalarial 
lactone present in the tea of Artemesia annua  L.) 
activity against both chloroquine-sensitive and 
chloroquine-resistant strains of P. falciparum. This 
effect was attributed to minor structural differences 
of antagonizing agents competing for a common 
target and reducing the overall efficacy (Naeim et al 
2018). This indicates enrichment of differentiation-
inducing principle(s) in P3. P2 could possibly contain 
other compounds of the same nature eluting together 
with the active component which could inhibit the 
activity of differentiation-inducing principle. On the 
other hand, the presence of some other components 
in P3 and Mc2-Ac-hex fraction could promote 
the differentiation-inducing activity of the active 
principle(s).

After establishing the differentiation-inducing 
ability of P3, it was necessary if it retained the same 
active principle present in Mc2-Ac-hex and directed 
the HL-60 cells’ differentiation to the same lineage. 
Use of fluorophore-conjugated antibodies against 
the monocytic (CD14) or granulocytic (CD15) 
cell surface markers ((Naeim et  al. 2018; Baxter 
et  al. 2009) in the differentiation studies confirmed 
differentiation of HL-60 cells (established by 
augmented CD11b expression) and commitment 
to granulocytic lineage (established by augmented 
CD15 expression) upon P3 treatment.

After confirming the differentiation-inducing 
ability of P3 of M. charantia seed extract in HL-60 
cells, it was necessary to understand the molecular 
mechanism involved in differentiation induction. 
A number of signalling pathways are known to 
participate in HL-60 cells’ differentiation. These 
include the PI3-K (Komada et  al. 1991), PKC 
(Marcinkowska et  al. 1997), and MAPK pathways 
(Miranda et  al. 2002). ATRA induces differentiation 
by activating closely related retinoic acid receptors 
(RARα, RARβ, and RARγ) heterodimerizes with 
retinoid X receptors (RXRs) which then binds to 
retinoid responsive response element at the promoter 
region of the retinoid target gene (Brown and Hughes 
2012). The MEK/ERK MAPK pathway is involved 
in PMA-, ATRA- and G-CSF-induced myeloid 
differentiation, whereas PKC and ERK have been 
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reported to be involved in monocytic differentiation 
of HL-60 cells induced by combined treatment of 
either combination of 1,25-(OH)2D3 with costunolide 
or with parthenolide (Kim et  al. 2009). DMSO in 
the presence of TNF-α induces differentiation by 
activating the ERK/MAPK pathway (Yu et al. 2008). 
Thus, different inducers activate different signalling 
pathways/cascades to induce differentiation. To 
screen and analyze the protein kinases involved in the 
P3-dependent differentiation of HL-60 cells we have 
uses a phosphokinase antibody array, and predict the 
major signalling pathway.

Proteome phosphokinase array results revealed 
that P3 treatment led to increased phosphorylation 
of proteins involved in MAPK pathways such as 
stress-activated kinases (MSK1/2), ribosomal s6 
kinases (RSK1/2/3), and p38α, and decreased the 
phosphorylation of JNK1/2/3. MSK1/2 and RSK 
1/2/3, located downstream of ERK1/2 (Duda and 
Frödin 2013). MSK is one of the most crucial kinases 
present in the eukaryotic cells that facilitate signal 
transduction through the MAPK cascade which 
is activated by ERK1/2 and p38 families of MAP 
kinases. KMT2A, also known as MLL (Mixed lineage 
leukemia gene), is expressed abundantly in blood 
and bone marrow and plays an important  role  in 
the development of hematopoietic  stem cells 
differentiation by interacting with multiple target 
genes for transcriptional regulation. MSK1 is also 
known to physically associate with the KMT2A/MLL 
(Chen and Ernst 2019) complex which is necessary to 
regulate KMT2A-regulated genes for differentiation 
of hematopoietic stem cells (Wiersma et  al. 2016). 
Increased levels of p53 in the proteome array of 
P3-treated cells are in agreement with the elevated 
MSK levels as MSK1/2 is also known to enhance 
p53 expression (Ahn et al. 2018). The P3-treated cells 
also showed increased phosphorylation of Src family 
kinases (Src, Hck, Fyn, and Yes). Although Src, Fyn, 
and Yes are present ubiquitously, Hck is restricted 
to hematopoietic cells and is involved in myeloid 
differentiation (Johnson 2008). Hck phosphorylation 
at  Y411 is associated with activation of the Ras/
MAPK pathway. Cells with inactive Hck mutant 
showed inhibition of growth and phosphorylation 
of AKT and ERK1/2 (Pecquet et al. 2007). We have 
also observed increased phosphorylation of other 
proteins like c-Jun, eNOS, PLC γ1, and AKT1/2/3 
and downregulation of HSP27 phosphorylation level. 

Although c-Jun is known to be activated by JNK, an 
earlier report on microglial cells showed the activation 
of c-Jun by phosphorylating at  S63 and  S73 does not 
require JNK; instead ERK1/2 signalling cascade 
is involved in the same (Deng et  al. 2012). This 
could thus explain the reason for no change in c-Jun 
phosphorylation with decreased phosphorylation of 
JNK in P3-treated HL-60 cells. Heat shock proteins 
(HSPs), are synthesized in the cell in response to 
different stress conditions. HSPs are known to interact 
with p53 (Hsu and Hsu 1998). HSP60 belongs to high 
molecular weight HSPs which are ATP-dependent 
chaperons whereas HSP27 belongs to low molecular 
weight HSPs which are ATP independent. HSP60 has 
been reported to suppress tumors in hepatocellular 
carcinoma by inducing differentiation (Zhang et  al. 
2016). Thus, increased phosphorylation of HSP60 in 
the P3-treated cells is in agreement with the earlier 
reports.

The presence of various kinase inhibitors in the 
P3-treated HL-60 cells was employed to further 
confirm the involvement of the pathway involved in 
P3-induced differentiation. Significantly reduced 
differentiation of P3-treated HL-60 cells, established 
by reduced number of NBT- and CD11b-positive 
cells, only in the presence of PD98059, a specific 
inhibitor of ERK/MAPK pathway further confirmed 
the array results and established that P3-induced 
differentiation is mediated through ERK/MAPK 
pathway. Effect of different concentrations of 
PD98059 showed a dose-dependent increase in 
inhibition of P3-induced differentiation till 5  µM, 
beyond which no significant increase in inhibition 
was noted. P3-treated cells showed relatively higher 
levels of p-ERK1/2, indicating activation of MAPK/
ERK pathway, in comparison to vehicle treated cells. 
A concomitant decrease in the p-ERK1/2 levels and 
percentage of NBT-positive cells in the presence 
of PD98059 further confirm that the P3-induced 
differentiation is indeed mediated through ERK/
MAPK pathway. Our results are in agreement with 
earlier reports on specific inhibition of MAPK 
activation by PD98059 at (Ajenjo et  al. 2000; 
Ansari et  al. 2001; Chen et  al. 2015; Hou et  al. 
2017). Earlier studies on concentration dependence 
of PD98059 on inhibition of ERK phosphorylation 
have also established it to be effective at 5.5  µM 
in HL60 cells (Milella et  al. 2001). Many other 
compounds such as vitamin D3 (), bortezomib, 
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helanlin (pseudo guaianolide sesquiterpene lactone), 
and genistein (a flavonoid), methanolic extract of 
Antrodia cinnamomea have also been shown to 
induce differentiation through ERK/MAPK pathways 
(Ji et  al. 2002; Kim et  al. 2005; Marcinkowska 
et  al. 2006; Sánchez et  al. 2009; Zhou et  al. 2013), 
signifying its importance in the differentiation of 
leukemic cells.

GC–MS analysis of both the parent fraction 
(Mc2-Ac-hex) to identify the major components 
revealed predominant (more than 4% in terms of 
area percent in the TIC report) presence of only 4 
compounds (Linoleic acid ethyl ester, ledenAlkohol, 
simiarenol, ethyl hexadecanoate) in the Mc2-Ac-hex. 
GC–MS analysis of P3 showed the presence of only 5 
predominant compounds with area > 5%. Out of these 
5 compounds, two (derivatives of 2,5-dihydrofuran 
(succinic anhydride) and dibutyl phthalate) have 
been reported to possess anticancer activity (Wen 
et al. 2012; Zhang et al. 2012; Grytting et al. 2019). 
Cytotoxic activity of a derivative of 2, 5 dihydrofurans 
against a number of cancer cell lines such as SW480 
(human colon carcinoma cells), A-549 (human lung 
adenocarcinoma cells), QGY-7701 (human hepatoma 
cells), and HeLa (human cervical carcinoma cell line) 
cells has already been reported (Zhang et al. 2012).. 
Earlier studies on the methanolic extract of mycelia 
of Antrodia cinnamomea (MEMAC) that induced 
differentiation of HL-60 cells to contain terpenoids, 
sterols, triterpenes, and derivatives of malic and 
succinic acid (Wen et al. 2012). Thus, presence of a 
succinic anhydride in the P3 fraction is not surprising. 
Recently, the other major compound present in P3, 
dibutyl phthalate, has been reported to boost PMI-
induced differentiation of THP-1 cells by interacting 
with PPARγ (Grytting et  al. 2019), suggesting its 
potential in differentiation. Comparative analysis of 
TIC report of the Mc2-Ac-hex and P3 revelaed an 
enrichment in 2,5-dihydrofuran (21%) and dibutyl 
phthalate (13%) when compared to Mc2-Ac-hex.

Thus, our results, in agreement with their earlier 
reported activities, suggest that these compounds 
could therefore be, in part being responsible for the 
differentiation-inducing ability of P3. However, 
further studies need to be conducted with the purified 
compounds to validate these observations. Peak 
fraction P2 also induced differentiation in HL-60 cells 
to some extent. Therefore, it was necessary to look for 
similarity in the GC–MS profile of both the peaks i.e. 

P2 and P3. Linoleic acid ethyl ester, hexadecanoic 
acid ethyl ester, and octadecanoic acid ethyl ester 
were the compounds present in adequate quantity 
in both the peaks. However, there is no documented 
report demonstrating their role in differentiation. 
Thus, differentiation of HL-60 cells by peak 2 could 
be due to some other compound, not yet reported, and 
requires further investigations.

Conclusion

The present study thus demonstrates that the hexane 
extractable fraction of M. charantia seeds and the 
HPLC-purified active principle(s) extracted from 
the same (P3) induce differentiation in HL-60 cells 
towards granulocytic lineage (as evidenced by 
differentiation markers CD11b and CD15. Further, 
the study gives a deep insight into the molecular/
signalling pathway by which the P3-induced 
differentiation. Inhibition of differentiation of HL-60 
cells in the presence of PD98059 (a MEK1/2 kinase 
inhibitor) established involvement of the ERK/MAPK 
signalling pathway in P3-induced differentiation, 
along with the involvement of non-receptor tyrosine 

Fig. 10  Possible mechanism(s) of P3-induced granulocytic 
differentiation of HL-60 cells. P3 activates MEK1/2-ERK1/2 
mediated differentiation through activation of cytoplasmic 
non-receptor tyrosine kinase (Yes, Fyn, and Src). Increased 
levels of CD11b and CD15 confirmed the granulocytic 
lineage commitment of differentiated HL-60 cells. The 
presence of PD98059, an ERK1/2 specific inhibitor, inhibited 
differentiation of HL-60 cells by P3, suggesting involvement of 
ERK/MAPK pathway in P3-induced differentiation
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kinases. Schematic summary of the possible 
mechanism/pathway by which M. charantia P3 
fraction induces differentiation of HL-60 cells to 
granulocytes is shown in Fig.  10. GC–MS data 
suggested the presence of 5 major compounds in 
P3 which may or may not be acting together for 
induction of HL-60 cells’ differentiation. Further 
studies with the purified compounds present in the 
P3, alone or in combination, would throw light on the 
possible combinatorial additive or synergistic action 
of these compounds. With the immense potential of 
inducing differentiation of the leukemic cells, the M. 
charantia seed extracts could possibly be considered 
to be part of complementary therapeutic strategy, 
in combination with the existing anti-leukemic 
treatments. 
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