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ds as natural fetal hemoglobin
inducing agents in human erythroleukemia cells

Fizza Iftikhar, a Hamad Ali a and Syed Ghulam Musharraf *ab

Pharmacologically mediated reactivation of g-globin gene with an increase in fetal hemoglobin production, is

a cost effective experimental therapeutic intervention for the management of b-hemoglobinopathies.

Investigation of new pharmacological agents as HbF inducers from natural resources is desirable to

develop safe and effective HbF inducers. We evaluated selected cinchona alkaloids (cinchonidine and

quinidine) for their potential of erythroid differentiation and augmentation of fetal hemoglobin production.

K562 cells were used as in vitro experimental model. Erythroid differentiation of K562 cells was studied

using a benzidine assay, and total hemoglobin was estimated through a calorimetric method. Whereas,

quantitative real-time PCR (qRT-PCR) was used to analyse g-globin gene expression, and flow cytometry

and immunofluorescence microscopy for evaluating HbF production. Cinchona alkaloids showed dose

dependent erythroid differentiation, time driven cellular proliferation, with kinetics of hemoglobin

accumulation in K562 cells. The findings of qRT-PCR showed an increase in expression of g-globin mRNA

content (3.17-fold in cinchonidine and 2.03-fold increase in quinidine treated K562 cells), accompanied by

an increase in fetal hemoglobin production. Altogether, this study demonstrates that cinchona alkaloids can

be used as therapeutic agents in treating b-thalassemia after further biological investigation.
1. Introduction

b-Thalassaemia is a blood-borne chronic hereditary disease, with
a high prevalent rate in the Mediterranean region, Africa, Middle
and South East Asia. Worldwide, more than 200 different b-
globin gene mutations have been reported in the scientic liter-
ature.1 The disruption of closely regulated globin chains (a and b-
globin) of hemoglobin (Hb) results in anomalous Hb molecules
and ineffective red blood cell (RBC) production, which causes
a high turnover rate of RBCs and anemia.2 The conventional
therapy for b-thalassaemia is blood transfusion which decreases
the disease morbidity and mortality, but recurrent blood trans-
fusion is a comprehensive source of iron accumulation and
several other secondary complications.3,4 Current promising
methods of treatment include bone marrow transplant (BMT)
and gene therapy. Both BMT and gene therapy seem to be
unaffordable to economically backwards patients due to high
clinical costs and are associated with many problems including
nding HLA matching compatibility, transplant rejection, carci-
nogenesis, and procedure-related toxicity.5,6

The hallmark of current molecular strategies is centred on
the pharmacological mediated reactivation of g-globin gene to
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produce fetal hemoglobin (HbF) in treating sickle cell anemia
(SCA) and b-thalassemia.7,8 HbF expression in b-thalassaemia
decreases the accumulation, and precipitation of a-globin
chains and subsequently compensates globin chains imbal-
ance. Several studies have reported the clinical signicance of
production of HbF in hemoglobinopathies. However, hydroxy-
urea (HU) is the only FDA approved HbF inducer for sickle cell
anemia (SCA).9–11 Most of the investigated HbF inducers are
chemotherapeutic agents such as HU, 5-azacytidine, cisplatin,
and decitabine have been documented for their potential to
enhance HbF levels. However, their modest response rate in
some patients, variable efficacy, carcinogenic property and their
toxic prole limits their usefulness in clinical practices.12–15 In
recent years, much effort has been contributed to apply the
potential of compounds from natural resources in treating
hemoglobinopathies by HbF production. Some potent natural
inducers of erythroid differentiation on K562 cells includes
resveratrol (100 mM),16 rapamycin (10 nM),17 angelicin (400
mM),18 mithramycin (20 nM),19 cucurbitacin D (12.5 ng mL�1),20

tallimustine (500 nM),21 and distamycin (50 mM).22 These
compounds are well documented for their erythroid differenti-
ation and induction ability on human erythroleukaemic K562
cell line and HbF production in primary human erythroid
precursor cells from normal and b-thalassaemia patients.23 The
benecial effect of this therapeutic approach prompted us to
extent the mining of more naturally occurring compounds that
are capable of erythroid differentiation and production of fetal
hemoglobin.
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Cinchona species are rich in many biologically active quino-
lone type alkaloids, which mainly includes diastereomeric pairs
quinine/quinidine and cinchonine/cinchonidine and are
collectively termed as “cinchona alkaloids”.24,25 These alkaloids
are well known for their antimalarial activity.26 Apart from
antiplasmodial effect, their in vitro anti-trypanosomal, anti-
amoebic and anti-arrhythmic activities have already been re-
ported.27–29 These previous ndings for native cinchona alka-
loids prompted us to investigate the possible erythroid cell
proliferation and HbF inducing effects of cinchonidine and
quinidine on K562 cells. In this study, we used K562 cells as an
in vitro model to determine the erythroid differentiation, g-
globin gene expression and HbF-inducing effect of cinchoni-
dine and quinidine with the aim to nd potent HbF producing
agents for the efficient management of b-thalassemia.

2. Materials and methodology
2.1. Preparation of solutions

Cinchonidine (MP Biomedicals, CA) and HU (Sigma, USA) were
solubilized in sterile deionized H2O, whereas, quinidine (MP
Biomedicals, CA) was solubilized in dimethyl sulfoxide (DMSO)
(Sigma, France) and stored at �20 �C. Stock solutions were
prepared at 20 mM for each treating agent. These stocks were
further diluted to the indicated concentrations in culture
medium prior to experimentation. The DMSO concentration
was adjusted to <0.1% for the experimental culture medium.30

HU was used at optimal concentration of 200 mM as a positive
control and untreated cells were used as negative control. The
chemical structure of cinchonidine and quinidine is shown in
Fig. 1.

2.2. K562 cell culture and treatment protocol

Human erythroleukemia K562 cells (CCL-243) were obtained
from the American Type Culture Collection (ATCC). K562 cells
were cultured in RPMI-1640 medium (Gibco BRL, USA), sup-
plemented with 10% FBS-fetal bovine serum (Sigma, USA) and
1% penicillin–streptomycin (Sigma, USA) under a humidied
atmosphere with 5% CO2 at 37 �C.31 The cells were seeded in 96-
well plate at 4 � 103 cells per mL and treated with different
concentrations of treated compounds. The medium of the
Fig. 1 Chemical structure of cinchonidine and quinidine.

17552 | RSC Adv., 2019, 9, 17551–17559
culture was not changed during treatment. All experiments were
repeated at least thrice. The concentration of cinchonidine and
quinidine was optimized at 10 and 20 mM, respectively, in
mechanistic studies of our pilot experiments.
2.3. Benzidine hemoglobin staining

In order to determine erythroid differentiation in K562 cells,
benzidine assay has been performed and the proportion of
benzidine positive cells were counted at day ve of the treat-
ment.32 Briey, the cells were washed with phosphate buffer
solution (PBS) and suspended in a solution containing 0.2%
benzidine hydrochloride (Peking, China) in 0.5 M glacial acetic,
acid (Labscan, Thailand) with 10% H2O2 (Sigma, USA), and
incubated 5–10 min in dark.33 Cells were observed and micro-
photograph were taken by using inverted microscope (Micros,
Austria). At least 3 optical elds containing 100–200 cells were
analysed. Cells appeared in intense green colour indicates
positive (Hb containing) cells, and were expressed as percentage
positive cells with respect to the total cells.34
2.4. Trypan blue dye exclusion assay

The effects of compounds on cell growth and proliferation of
cells was determined by the trypan blue dye exclusion assay.
Cell growth was determined on daily basis till the day 5 of
culture, by taking equal volumes of cell suspensions and trypan
blue (Biosera, France) using haemocytometer (Merrield, Ger-
many). Blue cells that accumulated dye indicates dead cells.
Cellular proliferation inhibition was calculated by using
formula:

Cellular proliferation inhibition (%): [(dead cells count/total cell

count) � 100]
2.5. In vitro cytotoxic activity assay

The conventional in vitro calorimetric assay using Alamar Blue
(AB) has been conducted for rapid screening of cellular growth,
viability, mitochondrial and metabolic activity.35,36 Cells were
seeded in 96-well plate with inducing agents (cinchonidine and
This journal is © The Royal Society of Chemistry 2019
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quinidine) at the various concentrations (200, 100, 50, 20, 10
and 1 mM) for periods of up to 48 h. Briey, 10 mL of AB solution
(25 mg/100 mL in PBS) were added to the treated K562 cells,
followed by 4 h incubation. Cell growth was determined by
measuring uorescence of the cell number per mL at the
respective excitation and emission wavelength of 560 and
590 nm using Spectramax M5e multi-mode microplate reader
(Molecular Devices, USA) with Somax pro soware (Molecular
Devices, USA). Percent cell viability was determined as
a percentage of untreated controls by using following formula.37

% Cell viability ¼ [(Ft � Fb)/(Fc � Fb) � 100],

where Ft, Fb, and Fc stands for uorescence value of test
compound (cells + media + drug), uorescence value of blank
(media + drug), and uorescence value of control (cells +
media), respectively.

2.6. Determination of total hemoglobin (THb)

The quantication of total hemoglobin was determined by
using hemoglobin assay kit (Sigma, USA) according to the
manufacturer's instructions. Briey, equal numbers of cells
were washed with ice-cold PBS thrice, and lysed in 0.2% Triton
X-100 in 100 mM potassium phosphate tribase (lysis buffer) for
20 min. The lysates were centrifuged for at 1500 rpm for 15 min.
The 25 mL of supernatant was then mixed with reagent for 5 min
at room temperature. The absorption was measured at 400 nm.
The data from experimentally determined absorbance values of
calibrator in relation to the known concentration of hemo-
globin were mapped on a graph to obtain regression equation.
Hb concentration was determined and was represented asmean
� SEM of three independent experiments.

2.7. RNA isolation

Total RNA of treated K562 cells (106 cells) were isolated using
TRIzol; (Invitrogen Corporation, Baltics-UAB, Lithuania) incu-
bated for 5 min at room temperature for complete homogeni-
zation of the samples, followed by addition of chloroform
(0.2 mL mL�1), mixed vigorously for 15 s, incubated for 10 min
at room temperature and centrifuged at 12 000g for 15 min at
4 �C. The aqueous phase was transferred to a RNase-free tubes
followed by addition of isopropanol. The samples were centri-
fuged at 12 000g for 15 min at 4 �C. The RNA pellet was then
washed by 75% absolute ethanol, air-dried, resuspended in
RNase-free water, and stored at �80 �C. RNA concentration and
purity was determined by nano drop (ThermoFisher Scientic,
USA) and integrity was checked by agarose gel electrophoresis.38

2.8. Quantitative real-time reverse-transcription polymerase
chain reaction (qRT-PCR)

This robust and precise technique allows the specic quanti-
cation of cDNA synthesized from mRNA templates.39 First-
strand cDNA was synthesized from 1 mg of total RNA using
RevertAid First Strand cDNA synthesis kit (Invitrogen corpora-
tion, Baltics-UAB, Lithuania) according to the manufacturer's
instructions. For qRT-PCR, the reaction mixture contained: 10
This journal is © The Royal Society of Chemistry 2019
mL; VeriQuest SYBR Green qPCR Master Mix (2X) (affymetrix
Inc., USA), 2 mL; cDNA, 1 mL; forward primer (20 mmoL L�1), 1
mL; reverse primer (20 mmoL L�1), and nuclease-free water was
added to a nal volume of 20 mL. The reaction parameters used
were 95 �C for 10 min (Taq activation); for amplication 95 �C
for 15 s (denaturation), 60 �C for 60 s (annealing and extension);
and repeated for 40 cycles on an 8-tube Stratagene Mx3000P
PCR System (Agilent Technologies, Santa Clara, CA, US). The
housekeeping gene, human glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used for qRT-PCR normalization. The
primers used were designed according to NCBI sequences using
Prime 3.0 soware v.4.1.0 (Whitehead Institute, USA).40 The
Primer sequence for GAPDH was forward primer 50-CCA GAA
CAT CAT CCC TGC CT-30 and reverse primer 50-CCT GCT TCA
CCA CCT TCT TG-30 and for human g-globin forward primer
was, 50-TTC CTG GCA GAA GAT GGT-30 and reverse primer 50-
AGC TCT GAA TCA TGG GCA GT-3'. Specicity of formed PCR
products was conrmed by melting curve analysis. The relative
gene expression levels of each transcript were expressed as the
average fold change compared with the corresponding control
using the 2�DDCt method.41,42

2.9. Determination of fetal hemoglobin by ow cytometry

For cytoplasmic HbF analysis 2 � 105 cells from cinchonidine
and quinidine treated cultures were collected at day 5 of
treatment. Cells were washed with PBS, and xed with 0.05%
glutaraldehyde for 10 min, and then washed three times in
PBS. Cells permeabilization was done with 0.1% non-ionic
detergent (Triton X-100) for 5 min, followed by repeated
washing step. Cells were pre-blocked by incubation with 5%
bovine serum albumin (BSA) in PBS for 15 minutes at room
temperature, and washed thrice with PBS. The cells were then
incubated with 5 mL of phycoerythrin (PE)-conjugated mono-
clonal HbF antibodies (Life technologies, Frederick, USA) in 80
mL of PBS with 0.1% BSA and incubated in the dark for 15 min
at room temperature. Cells were then washed twice with PBS
and resuspended in ow cytometry buffer (0.1% BSA in PBS)
for ow cytometry analysis. Stained cells were analysed, 10 000
events were recorded using ow cytometer (BD FACSCanto II,
USA) using BD CellQuest Pro (BD Biosciences, USA). The
fractional percentages of gated cell populations among the
total cells represent the averages of two to four biological
replicates. The data was processed by owing soware ver.2
(Turku, Finland) and represented as uorescence intensities
on overlay histogram.

2.10. Immunocytochemistry staining

For immunocytochemistry (ICC) experiments cells with 4� 103/
mL seeding density were treated with optimal differentiating
dose of quinidine, cinchonidine and HU for 5 days' incubation
in 6-well plate. Post-incubation, cells were washed with PBS,
and xed using 4% paraformaldehyde for 20 min and washed
with ice-cold PBS. Aer xation, permeabilization of cells done
by 0.1% Triton X-100, followed by PBS washing. Cells were then
blocked in a 5% BSA solution at room temperature. Immuno-
staining was performed with Anti-HbF-PE antibody at a 1 : 200
RSC Adv., 2019, 9, 17551–17559 | 17553

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01744e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/2
2/

20
25

 3
:4

5:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
dilutions for 1 h incubation at room temperature in dark and
washed to remove the unattached cells. Cell nuclei were stained
with 40,6-diamidino-2-phenylindole, dihydrochloride-DAPI
(Invitrogen-Dregon, USA). Cells were mounted on glass micro-
scopic slides and analysed by uorescence microscope (Nikon,
Japan) using NIS Elements soware (Nikon, Japan). Images
from three different elds were captured and uorescence
intensity was quantied using the ImageJ soware ver. 1.5 (NIH,
USA).
2.11. Statistical analysis

All statistical analysis was carried out by using SPSS 20 soware
(IBM Corporation, USA) and mapped by using GraphPad Prism
6.0 soware (GraphPad, USA). The data was reported as mean�
standard error of mean (SEM) of independently repeated
experiments (n$ 3). Data was analysed by two-tailed Student's t-
test and one-way ANOVA. To see the multiple comparisons,
Bonferroni post hoc test was also performed. P < 0.05 was
considered statistically signicant.
Fig. 2 Erythroid differentiation effect of cinchonidine and quinidine on K
(a) cinchonidine (10 mM) (b) quinidine (20 mM) (c) HU (200 mM), and (d) un
cinchonidine and (b) quinidine in dose dependent manner. Data is repres

17554 | RSC Adv., 2019, 9, 17551–17559
3. Results
3.1. Cinchona alkaloids promotes cell growth and erythroid
differentiation of K562 cells

The dose-dependent cell differentiation and proliferation of
K562 cells is observed in cinchonidine and quinidine treated
culture as compared to untreated cells (Fig. 2).

The pictorial view indicates darker intensities (green colour)
of Hb containing benzidine positive cells and presented as
qualitative comparison of benzidine-positive induced cells
(green colour) and un-induced (colourless) cells. Cinchonidine
and quinidine treated cells showed highest erythroid induction
of K562 cells (Fig. 2A). The proportion of benzidine positive cells
at various concentrations of cinchonidine and quinidine,
revealed dose dependent erythroid differentiation of K562 cells.
Cinchonidine showed greater percent of Hb containing
benzidine-positive cells at 10 mM. Similarly, most effective
differentiation was observed at 20 mM of quinidine aer 5 days
of incubation (Fig. 2B). The rate of erythroid differentiation
562 cells. (A) Microphotographs of treated culture taken in presence of
treated after 120 h. (B) Percent benzidine positive cells induced by (a)
ented as mean � SEM; where n > 3. ***P < 0.001 vs. untreated culture.

This journal is © The Royal Society of Chemistry 2019
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induced by cinchonidine (10 mM) and quinidine (20 mM) was
61.25 � 1.43% and 60.0 � 1.59%, respectively, similar to the
maximal effect of 200 mM of HU as 61.49 � 0.50%. Data was
represented as mean � SEM for three independent experi-
ments. P < 0.05 was found statistically signicant.

The appreciable time-dependent cell proliferation, and
growth pattern were observed by trypan blue dye exclusion
assay. In second set of experiments, treated K562 cells with
previously indicated concentration of cinchonidine and quini-
dine showed non-antiproliferative effects of these agents
(Fig. 3A). At day 0, cinchonidine showed the inhibition of 1.88�
1.25%, closer to the inhibition rate of untreated cell (1.66 �
0.99%). Whereas, quinidine also showed lesser inhibition as
3.38 � 1.02% in K562 cells. However, with the passage of time
the cellular growth is decreased with inhibition rate as 45.06 �
2.02, and 54.15 � 1.58 for cinchonidine and quinidine,
respectively, at day 5. Overall, the signicantly lesser inhibitory
effect of cinchonidine and quinidine were observed; when
compared to HU (200 mM), which caused up to 85% inhibition
of cellular proliferation. The comparative analysis to evaluate
the effects of cinchonidine and quinidine on cellular growth
(no. of cells grown) were also assessed in time dependent
Fig. 3 Effect of cinchonidine and quinidine on cell viability of K562 c
dependent effect on cellular growth, treated with cinchonidine and qu
cinchonidine and quinidine by Alamar Blue assay. Data is represented asm
triplicates. **P < 0.01 vs. the positive control in cytotoxicity test.

This journal is © The Royal Society of Chemistry 2019
manner (Fig. 3B). HU was found to have cell growth inhibition
at day 3 of the treatment. Whereas, inhibitory effects of cin-
chonidine and quinidine was only noticed when treated for
longer period of time.

3.2. Evaluation of cell viability and cytotoxicity by AB assay

Cinchonidine and quinidine showed decrease in cellular
proliferation with increased in compound concentration
(Fig. 3C). Cell viabilities were represented as percent of control
and data was expressed as mean� SEM for experiments (n$ 3).
The growth pattern of cells revealed a precise concentration-
dependent response of cinchonidine and quinidine, and
showed strengthen proliferative effects of these agents at lower
concentrations. Interestingly, inhibition of cellular growth is
only observed at doses >100 mM.

3.3. Total hemoglobin accumulation mediated by cinchona
alkaloids

The accumulation of total hemoglobin in pg per cell for cin-
chonidine and quinidine in comparison of non-treated control
group and hydroxyurea (positive control) is presented in Fig. 4.
ells, (A) represents the rate of cell proliferation inhibition. (B) Time-
inidine at their optimal active concentrations. (C) Cytotoxic effect of
ean� SEM of three repeatedly independent experiments carried out in

RSC Adv., 2019, 9, 17551–17559 | 17555
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Fig. 4 Determination of total hemoglobin in K562 cells induced with
cinchonidine (10 mM) and quinidine (20 mM) and hydroxyurea (200 mM)
on day 5 of the culture. ***P < 0.001 showed significant accumulation
of cellular hemoglobin, when compared to uninduced (control) group.
Data is represented as mean � SEM for n ¼ 3 experiments.

Fig. 5 Relative expression of g-globin gene was determined by
comparative analysis of g-globin gene in cinchonidine (10 mM), quin-
idine (20 mM), and HU (200 mM) treated K562 cells vs. control
(untreated). Fold change is represented as 2�DDCt. Data shown is
presented as mean � SEM of fairly reproducible three independent
experiments in triplicates. ***P < 0.001 showed significant fold change
in g-globin mRNA content of treated cells vs. untreated.
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Cinchonidine at 10 mM exerted a maximal effect of THb
formation as 6.34 � 0.59 pg per cell; comparatively similar to
THb production by HU at 200 mM (6.43 � 0.62 pg per cell).
Whereas, quinidine (20 mM) also show signicant accumulation
of total hemoglobin as 4.376 � 0.27 pg per cell than untreated
K562 cells. These results supports that erythroid differentiation
of K562 cells is associated with increased in total hemoglobin
production.
3.4. Cinchona alkaloids induced g-globin gene expression in
K562 cells

In correspondence of erythroid differentiation and hemoglobi-
nization effects of cinchonidine and quinidine on K562 cells.
The qRT-PCR analysis was performed to determine the expres-
sion of g-globin mRNA in K562 cells by using 2�DDCt method.
The results illustrate that cinchonidine treated K562 cells
augmented signicant increase (P < 0.05) in g-globin expression
to 3.17 � 0.11-fold, quinidine to 2.03 � 0.07-fold, and HU to
2.88 � 0.24-fold, when compared to untreated cells using
GAPDH as a reference gene. Taken together, cinchona alkaloids
mediated signicant expression of g-globin gene is observed
from data (Fig. 5). Data is represented as mean fold change �
SEM for at least three independent experiments. RT-Graphs also
indicate greater fold increase of g-globin in cinchona alkaloids
and HU treated cells compared to un-induced (control) group.
Fig. 6 FACs analysis of F-cells (cells containing HbF). Overlay histo-
gram showed increase in F-cells treated with 10 mM of cinchonidine
(blue), 20 mM of quinidine (purple), and 200 mM of HU (red) vs.
untreated control (grey).
3.5. Cinchonidine and quinidine augment HbF production
in K562 cells

To correlate the qRT-PCR data, ow cytometry and immuno-
uorescence staining was also performed. FACS analysis
showed that treatment of cells with cinchona alkaloids shows
17556 | RSC Adv., 2019, 9, 17551–17559
increase in F-cells (5–10 fold). In general, a greater increase in
HbF production was observed than mRNA levels, demon-
strating the effectiveness of cinchonidine and quinidine to
augment HbF production in K562 cells (Fig. 6). The immuno-
uorescence microscopy also showed higher production of HbF
induced K562 cells (red) in comparison to total no. of cells
(blue) in cinchonidine and quinidine treated cells (Fig. 7A). For
each set of treatment integrated density/cell were also quanti-
ed using ImageJ and statistical analysis were applied using
one-way ANOVA and Bonferroni post hoc test analysis (P < 0.05)
(Fig. 7B). These data demonstrated the activation of g-globin
associated with increase in HbF-positive K562 cells aer cin-
chonidine and quinidine treatment.
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Expression of fetal hemoglobin in K562 cells. (A) PE-fluorescencemicrographs of treated cinchonidine (10 mM), quinidine (20 mM), and HU
(200 mM) vs. control (untreated) group. Cultured cells were co-stained with DAPI to visualize cell nuclei. All images were taken at 20�
magnification. (B) Integrated density/cell were outlined by using ImageJ ver 4.1.0. Statistical significance ***P < 0.001 was obtained by one-way
ANOVA and Bonferroni post hoc tests.
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4. Discussion

Hematological disorders like thalassemia and SCA causing
a greater health burden particularly, to the countries who are
facing a high ratio of carriers and affected individuals. In addi-
tion, high costs ofmodern therapeuticmodalities (BMT and gene
therapy) and complications related to recurrent blood trans-
fusion limited their effectiveness in economically low income
countries.43 For this purpose, several studies have shaped the
research efforts to consider pharmacologically mediated stimu-
lation of HbF by potential therapeutic agents.44 Considerable
progress has beenmade to expand the world of these therapeutic
HbF inducing agents using cell lines, erythroid progenitor cells
from normal donor and b-thalassemia patients, animal models
and clinical trials in b-hemoglobinopathies.45

In this study, we investigated the potential of cinchona alkaloids
(cinchonidine and quinidine) for their ability of erythroid
This journal is © The Royal Society of Chemistry 2019
differentiation and fetal hemoglobin production in K562 cells. K562
cells are widely employed as in vitro model for screening of new
potent HbF inducing agents, and to evaluate the molecular mech-
anism.46 Under standard culture condition the cells exhibit low
proportion of Hb containing cells, but they showed their commit-
ment towards erythroid lineage; when stimulated with various
inducing compounds. Up to date, several HbF inducers have been
investigated, but their clinical usefulness is limited because of
partial response and unwanted side effects.14,43,47,48 The limitation to
the use of HU and other cytotoxic inducers owes the requirement of
other HbF-inducing compounds having potential of erythroid
differentiation and augmentation of HbF, apparently with lower
cytotoxic effects.

The preliminary screening of cinchona alkaloids on K562 cells
showed dose-dependent response, cinchonidine and quinidine
effectively differentiate K562 cells at 10 mM and 20 mM, respec-
tively. Cinchona alkaloids treated cells showed marked up
RSC Adv., 2019, 9, 17551–17559 | 17557
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elevation of the percent benzidine positive (hemoglobin
producing) cells as 61.25 � 1.43% and 60.0 � 1.59% in cincho-
nidine and quinidine treated cells respectively, which was signi-
cantly higher (P < 0.05) than untreated cells and consistent with
HU. Of note, the optimal doses of cinchonidine and quinidine
apparently did not show any inhibitory effect on the growth of
K562 cells. In contrast, HU at 200 mM which caused similar effect
on cell differentiation and HbF induction signicantly inhibit
cellular proliferation. Further validation for cytotoxic effects has
been done by Alamar Blue assay, which outlined the persistent
viable effects of cinchonidine and quinidine treated cells than HU.
Following erythroid induction, total hemoglobin accumulation
was also assessed by treating cells with indicated inducing
concentration. Hb accumulation is cinchonidine directed pecu-
liarity. Erythroid differentiation was found to be associated with
higher expression of g-globin mRNA and HbF production in both
cinchonidine and quinidine treated K562 cells. The quantitative
RT-PCR analysis shows constitutive higher fold change of g-globin
to 3.17� 0.11 of cinchonidine treated cells and quinidine to 2.03�
0.07 fold in 3 independent experiment in triplicates (P < 0.05).
Further experiments employing immunocytochemistry and ow
cytometry was also examined. The data obtained from these
experiments were fully in agreement with qRT-PCR analysis,
revealing preferential increase in production of fetal hemoglobin.
The ndings of this study showed promisingHbF inducing activity
of cinchonidine and quinidine, it may have practical impact to
inline it as compensatory and potent therapeutic agent for the
efficient management of b-thalassemia.

5. Conclusion

In this study, the rationale of using safe and effective therapeutic
agents for HbF induction has been presented. Our data demon-
strated that cinchona alkaloids with all their biological importance
documented till now, showed powerful erythroid differentiation in
K562 cells, which is paralleled well with increased g-globin gene
expression and HbF production without any prominent inhibitory
effects on the cells than the reference drug (HU). However, our
observations would only serve as groundwork for anticipating
potential of cinchona alkaloids to augment HbF production.
Further investigation on erythroid progenitors from normal donor
and b-thalassemia patients, and on animal model is crucial to
predict the accurate therapeutic effects in living system.
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