
Background
Sickle cell anaemia has emerged as a public health 
problem with a continued increase in low and middle-
income countries especially in sub-Saharan Africa, with 
Nigeria having the highest number of sickle cell anaemia 
sufferers in the world (1, 2). The disease is characterized 
by chronic intravascular haemolysis due to abnormal 
red blood cells (RBCs) shape that leads to vaso-occlusive 
crises which is the hallmark of sickle cell disease (SCD) 
that creates economic burden and makes management 
difficult in developing countries (3, 4). However, the 
multifaceted pathophysiology of SCD makes it possible to 
interrupt the disease at different stages through disruption 
of the pathology-initiating step of hemoglobin S (HbS) 
polymerization by inducing higher concentrations of fetal 

hemoglobin, counteracting endothelial inflammatory 
and oxidative abnormalities, and improving erythrocyte 
rehydration (5). Therefore, a multi-target therapeutic 
approach appears to be most promising.

The biochemical interplay between SS (HbS/HbS) 
cell dehydration in vivo and Gardos channel (a Ca2+-
sensitive, intermediate-conductance, K+-selective channel 
encoded KCNN4, IK1 or hSK4) has continued to 
receive considerable research attention. At physiological 
intracellular Ca2+ concentration, Gardos channels 
are inactive, but it is activated in low-K+ media and 
transient increase in Ca2+ levels in pathological as well as 
experimental states was observed. The resulting net loss 
of KCl and KHCO3 is linked to osmotic-driven water loss 
that causes cell dehydration referred to as Gardos effect (6-
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Abstract

Background: The anti-sickling activity of Anogeissus leiocarpus, a plant used for managing sickle cell 
disease (SCD), has been previously proven. 
Objectives: This study investigated the anti-sickling mechanism of A. leiocarpus by probing its effects on 
Gardos channel (KCNN4), erythropoietin (EPO), erythropoietin receptor (EPOR), catalase (CAT), G6pD, 
D-type cyclins and cyclin-dependent kinase inhibitors (p21) gene expression as well as assessing in silico 
drug-likeness of reported compounds as EPOR agonist. 
Methods: A total of 18 rats (45-76 g) were selected and divided into 6 groups (n = 3). The control group 
was given water ad libitum, standard group was given 0.1 mL/kg of Ciklavit® and experimental group was 
given daily oral doses of 50-100 mg/kg body weight of crude methanol extract or ethyl acetate fraction 
(EA-PF). Haematological parameters were analyzed while histopathological and molecular studies of 
kidney and bone marrow were carried out, followed by RT-PCR analysis of KCNN4, EPO, EPOR, CAT, 
G6pD, p21, and cyclin-dependent kinase inhibitors. Docking studies of the reported compounds were 
also done. 
Results: EA-PF had an insignificant (P > 0.05) effect on haematological parameters compared to the 
basal group. While CAT and p21 acted in a positive feedback loop, G6pD was downregulated in the 
experimental groups. KCNN4 acted in a negative-feedback mechanism and the upregulation of EPO 
and EPOR was followed by increased reticulocytes. Kaempferol, quercetin, and catechin showed non-
violation of Lipinski’s rule and high binding affinities of 6.5 kcal/mol, 6.7 kcal/mol, and 6.7 kcal/mol, 
respectively, for EPOR pocket compared to the co-crystallized ligand. 
Conclusion: Results suggest that ethyl acetate fraction of Anogeissus leiocarpus achieved a steady state 
level of the Gardos channel and stimulation of EPO expression via EPOR agonist.
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10). Blockade of the Gardos channel could then have a 
beneficial effect on the pathophysiology of SCD as a drug 
target (11-13). Drugs such as charybdotoxin, Clotrimazole® 

(14), and Senicapoc® (15) have been used as Gardos 
channel blockers. However, because of the drawbacks 
of these drugs, which include imperfect selectivity, poor 
efficacy and attendant toxicity (16), coupled with the fact 
that more effective therapeutics are required for managing 
SCD (17,18), the search for new drugs is desirable. 

A large number of the world’s population resort to 
plants and traditional medicine for primary health care 
and the use of plant parts as drug and repositories of 
pharmacological compounds for drug candidate dates 
back to prehistoric times (19, 20). Several plants are being 
used in traditional medicine for the management of sickle 
cell anaemia and the anti-sickling activity of some of these 
plants has been scientifically verified. Cajanus cajan seeds 
(21), Zanthoxylum macrophylla roots (22, 23), Parquetina 
nigrescens root (24), and Carica papaya leaf (25) have 
been proven to have anti-sickling activity. Some herbal 
formulations such as Niprisan® (17) and Ajaworon (18) are 
also commercially available for managing the disease.

Anogeissus leiocarpus is a medicinal plant found in 
Nigeria’s flora with several reported biological activities. 
Its medicinal values include wound healing (26) as well 
as treatment for skin diseases, psoriasis, leprosy, diarrhea, 
fever, rheumatism, and cough (27, 28). The plant has been 
reported to possess antiproliferative properties against 
HepG2 hepatocarcinoma cells (29), antitumor activity 
via angiogenesis pathway (30), as well as antioxidant 
and antimicrobial activities (30-32). Phytochemical 
screening identified the presence of flavonoids, terpenoids, 
tannins, alkaloids, cardiac glycosides, saponins, steroids, 
anthraquinones, and phenolic compounds in the plant 
(26, 33). 

The in vitro anti-sickling activity of recipe containing 
A. leiocarpa has been previously reported (34). In an 
earlier study, we also reported the inhibitory and reversal 
effects of extracts and fractions of the plant on sodium 
metabisulphite–induced polymerization of sickle cell 
haemoglobin (35). This study was, therefore, undertaken 
to elucidate the mechanism of anti-sickling activity of 
A. leiocarpus leaves by investigating its modulation on 
the basal expression levels of Gardos channel (KCNN4), 
erythropoietin (EPO), erythropoietin receptor (EPOR), 
catalase (CAT), glucose-6-phosphate dehydrogenase 
(G6pD), cyclin-dependent kinase inhibitor 1 (p21) and 
D-type cyclin (cyclin-D2) in rat model. Molecular docking 
study was also carried out to estimate the binding affinity 
of phytochemicals in the plant for EPOR, as a first step in 
exploring their pro-erythropoietic and hence anti-sickling 
potencies.

Materials and Methods
Plant Materials
Fresh plant leaves of Anogeissus leiocarpus were collected 
from the Botanical Garden, University of Ibadan, Nigeria. 
The plant was identified and authenticated by Mr. Oba 
at the Forest Herbarium Ibadan with the voucher number 
FHI 109890. The leaves were air-dried, pulverized and 
extracted with 100% methanol. The extract was filtered 
and the filtrate was concentrated in vacuo using the rotary 
evaporator. The methanol extract was fractionated into 
n-hexane, ethyl acetate, and water. 

Drug Ciklavit® was purchased from Mosh Pharmacy, 
Bodija. Ibadan, Nigeria.

Animals
A total of 18 female albino rats (Swiss strain) weighing 
between 45-76 g were obtained from the Animal Unit 
(Centre for Biocomputing and Drug Development, 
Adekunle Ajasin University, Akungba-Akoko, Ondo State) 
and divided into six groups (n = 3). The rats were kept 
under standard laboratory conditions (room temperature 
range: 22°C-30°C; photoperiod: 12 h light and 12 h 
dark) all through the period of study and were fed with 
commercial pelletized broiler finisher feed (produced by 
Vital Feeds, Ondo, Nigeria) and tap water ad libitum. The 
experimental procedure was conducted according to the 
International, National and Institutional Guidelines for 
the Use and Care of Experimental Animals. 

Experimental Design
The design of the experiment consisted of negative 
control group (group 0), which received feed and water 
ad libitum, positive control (group I,) which received 0.1 
mL Ciklavit®, the test groups which included group II (50 
mg/kg EA-PF), group III (100 mg/kg EA-PF), group IV 
(50 mg/kg crude extract), and group V (100 mg/kg crude 
extract). Different doses were administered orally using 
oropharyngeal cannula once daily for 28 days. 

Haematology
At the end of the study, the rats were fasted overnight and 
anaesthetized with chloroform. Then, blood samples were 
collected into an EDTA-treated bottle by cardiac puncture 
for haematological analysis. Haematological analysis was 
done using Automated Hematologic Analyser (Coulter 
STKS, Beckman). Packed cell volume (PCV), white blood 
cell (WBC) count, haemoglobin concentration (HbC), 
RBC count, mean corpuscular volume (MCV), mean 
corpuscular haemoglobin (MCH), mean corpuscular 
haemoglobin concentration (MCHC), neutrophil, 
lymphocytes, basophil, eosinophil, monocyte, and platelet 
count were determined.

Histopathology
The kidneys and bone marrows were fixed in 10% formal-
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saline, trimmed and embedded in paraffin wax. A manual 
microtome (Hedee, model no. KD-202C) was used to cut 
them into thin sections. The sections were subjected to de-
paraffinization, rehydration and staining with hematoxylin 
and eosin (H&E) dyes and mounted for regular histological 
investigation. The preparations obtained were visualized 
using a light microscope (Olympus microscope, binocular 
with camera attached model) at a magnification of ×200.

RNA Isolation
RNA was extracted by the method used by Stead et al 
(36). The kidney and bone marrow samples were put into 
separate Eppendorf tubes containing 100 μL RNA snap™ 
kit reagent (18 mM EDTA, 0.025% sodium dodecyl 
sulphate, 95% formamide, and 1% 2-mercapto-ethanol) 
and stored at -70°C until RNA was extracted from them. 
The tissues were heated on a water-bath for 7 minutes 
at 95oC and mechanically homogenized. The lysate was 
centrifuged (LR 56495 Centrifuge Machine ABBOTT) at 
16 000 rpm for 30 minutes. The supernatant (containing 
RNA) was aspirated, treated with 5 μL of 3M sodium 
acetate (pH 5.2) and 800 μL cold EtOH, and stored for 1 
hour at -7°C. Then, it was centrifuged at 16 000 rpm for 
30 minutes to form RNA pellets at the bottom and then 
the supernatant was decanted. RNA pellets were washed 
twice with 800 μL EtOH (70%) and cooled before re-
dissolving in 50 μL nuclease-free water. The concentration 
was determined by measuring the absorbance at 260 nm 
(JENWAY 6305 Spectrophotometer) and all samples were 
diluted to the same concentration. 

cDNA Synthesis
Two microliters RTase was added to 20 μL of total RNA 
and incubated in a thermocycler at 42°C for 1 hour and 
then at 65°C for 3 minutes for enzyme deactivation. The 
cDNA was then used as template for PCR amplification.

Reverse Transcription-Polymerase Chain Reaction 
Reverse transcription-polymerase chain reaction (RT-
PCR) was used to measure relative differences in mRNA 
levels and normalized against β-actin. Thirty-cycle 
PCR (MultiGene OptiMax, Labnet International, Inc. 
Thermocycler) was performed on cDNA template (5 
μ) using Taq polymerase Master Mix (10X) (primers 
specific to different domains with their coding sequence), 
dNTPs, MgCl2 buffer, reverse and forward primers, 
and nuclease-free water (5 μL). The specific primers 
used for rat/mouse β-actin cDNA were as follows: 
β-actin F5’-ACACTTTCTACAATGAGCTGCG-3’, 
β-actin R5’-ACCAGAGGCATACAGGACAAC-3’; 
F5’-CCGACCAGGGCATCAAAA-3’; R5’- 
GAGGCCATAATCCGGATCTTC-3’ spanning the CAT 
domain; G6pD F5’- GCTATGCCCGTTCCATGCT-3’ 
and R5’- GCGTCCGTCATATCTGCCG-3; GPX-1 F5’- 
AGTTCGGACATCAGGAGAATGGCA-3’ and R5’- 

TCACCATTCACCTCGCACTTCTCA-3’; EPOR; Cal-
channel; Cyclin-D2; p21, and EPO. Each cycle consisted 
of denaturation at 94°C for 30 seconds, annealing at 55°C 
for 30 seconds, and extension at 72°C for 30 seconds. A 
5-minute pre-denaturation step at 94°C and 5-minute pre-
extension step at 72°C were carried out before and after the 
30 cycles. The product was loaded into each well of a 0.5% 
agarose gel for electrophoresis.

Gel Electrophoresis
Amplicons were electrophoresed in 0.5% agarose gel using 
0.5x TBE buffer (2.6 g Tris base, 5 g Tris boric acid, and 
2 mL 0.5M EDTA), adjusted to pH 8.3 with Sodium 
hydroxide pellet, stained with 0.5 μL ethidium bromide 
and visualized as bands by transilluminator. ImageJ was 
used to crop and analyze the gel images.

Computational Prediction of Ligand Interaction
The X-ray crystal structure of the human EPOR complexed 
with an antibody (ABT007) was retrieved from the RCSB 
database and prepared for the docking prediction (37). 
ABT007 is a highly potent and specific agonistic antibody 
that interacts with EPOR at an accessible active site made 
up of Leu26, Trp64, Pro, Glu, 97, 107, His110, Arg111 
Val112, and His114. Using ChemBioOffice suite of 
programs, three-dimensional models were generated for the 
seven flavonoids, folic acid and the amino acid phenylalanine 
(L-configuration) (Figure 1). Each compound was energy 
minimized using the steepest descent algorithm and once 
minimized, each ligand was saved in the protein databank 
format. The bound antibody, crystallographic water as well 
as other crystallographic excipients were removed from 
the EPOR molecule, after which all missing hydrogen 
atoms were added using AutoDock tool (38). Using the 
same docking suite of programs, Gasteiger charges were 
added to the EPOR molecular structure as well as all nine 
ligands important in particular for the computation of 
the electrostatic component of the binding free energies 
(ΔG). We then constructed a virtual rectangular cuboid, 
the docking grid, with xyz dimensions sufficiently wide 
(17Å by 30 Å by 30 Å) to cover all EPOR surface residues 
defining the epitope employed in interacting with ABT007 
as well as the available cavities. Then, AutoDock Vina 
(39) docking runs were performed for each ligand using 
a flexible treatment of all torsional degrees of freedom in 
the ligand molecules while the EPOR structure was kept 
rigid. For each ligand molecule, the top performing bound 
ligand conformation was saved and analyzed.

Lipinski’s Rule of Five for Drug Likeliness and In Silico 

ADME Prediction
Six compounds identified in the plant were further 
evaluated for their drug-like behavior through the analysis 
of pharmacokinetic parameters required for absorption, 

https://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
https://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
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distribution, metabolism and excretion (ADME) using 
QikProp (40).

Statistical Analysis
Data were expressed as mean ± standard error of mean 
(SEM). Comparisons were made by one-way (ANOVA) 
followed by Dunnett’s multiple comparisons test using 
GraphPad Prism version 5.0. P < 0.05 was considered 
statistically significant.

Results
The effect of EA-PF and crude extract (CE) was 
investigated on haematological parameters, and histology 
of bone marrow and kidney of female Swiss albino rats. 
These effects were compared with groups that received 
Ciklavit® (standard drug) and water as placebo (basal 
control). Moreover, the modulatory effect of the extract 
and fractions on the expression of genes implicated in SCD 
was assessed and in silico study of the selected compounds 
was carried out.

Haematology
The ethyl acetate fraction slightly increased Hb 
concentration, MCHC, PCV, RBC, and platelet number 
while the methanol extract at 100 mg/kg increased WBC 
and all the tested drugs increased MCV. However, these 
changes in haematological parameters were not significant 
(P > 0.05) when compared with groups that reveived 
Ciklavit® (standard) and water (Figure 2). 

Histology of the Bone Marrow
The results of the histological analysis revealed that rats 
in the basal control group showed high cellularity, normal 
shapes and sizes (Figure 3A) when compared with cells 
which assumed different shapes (poikilocytosis) and sizes 
(anisocytosis) observed in 50 mg/kg b.wt. EA-PF group 
(Figure 3C). In 100 mg/kg EA-PF group, an abundant 
number of cells with normal shapes and sizes were observed 
(Figure 3D). A scanty cellular population with serrated 
edges was observed in 50 mg/kg CE extract group (Figure 
3E) compared to 100 mg/kg CE group, in which cell 
clumping, small-sized cells and a few abnormally shaped 
cells were observed (Figure 3F) whereas normally shaped 
nucleated cells and erythrocytes at the background were 
seen in Ciklavit® group (Figure 3B).

Histology of the Kidney 
Normal histology of rat kidney (glomeruli, tubules, 
interstitium, and blood vessels) was found in the control 
group (Figure 4A) hence, no observable lesion. The 
glomeruli were evenly distributed with and well-packed 
tufts and tubules were normal with interstitial congestion. 
At 50 mg/kg, EA-PF-treated group exhibited mild 
proliferation of mesangial cells in the glomeruli. Moreover, 
tubules were ectatic and interstitium containing a few cells 
was observed (Figure 4C). However, no observable lesion 
was found in kidney of 100 mg/kg EA-PF-treated group 
(Figure 4D). A dose of 100 mg/kg b.wt. of CE induced 
atrophy in few of the glomerular tufts and less cellular  
(Figure 4E). This was supported by tubular epithelial cells 
which were degenerate and necrotic with prominent casts 

Figure 1. Two Dimensional Structures of the Ligand Molecules Employed for Docking Analysis.
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Figure 2. Effect of Ethyl-acetate Partitioned-fraction (EA-PF), Crude Extract (CRUDE) and Ciklavit® (CK) on Haematological Parameters of 
Nomoxic Female Swiss Albino rats for 28 Consecutive Days.
Data show means  ±  SEM, n=3. * = P < 0.05; ** = P < 0.001 relative to basal control (BC).
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Figure 3. Photomicrographs of Rat Bone Marrows Post-administration of EA-PF, Crude Extract and Ciklavit®, Respectively 
(A) Bone Marrow of Rat in the Control Group Received Feed + Water Ad Libitum; (B) Bone Marrow of Rat in Ciklavit® Group 
Received 0.1 ml/g Ciklavit®; (C and D) Bone Marrows of Rat Received 50 and 100 mg/kg BW EA-PF; (E and F) Bone Marrows 
of Rat Received 50 and 100 mg/kg BW Crude Extract.
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in lumen. There were also a few interstitial cell reactions 
(Figure 4F). Ciklavit® at the concentration of 0.1 mL/kg 
b.wt. resulted in a few atrophic glomeruli with accentuated 
Bowman’s space compared to the control group. The 
tubules were ectatic and the epithelium was attenuated 
(Figure 4B).

Quantification of mRNA of Specific Genes by RT-
PCR and Ethidium Bromide-Stained Agarose Gel 
Electrophoresis
Agarose gel electrophoresis of reverse transcription-PCR 
products was used for the detection of specific gene 
expression profile in the bone marrow and kidney tissues 
with relative intensities. Lanes 3-6 were obtained from co-
exposure to 50 and 100 mg/kg b.wt. of EA-PF and CE 
while lanes 1 and 2 were basal control and Ciklavit® group, 
respectively.

KCNN4 expression was modulated in a negative feedback 
loop in bone marrow (BM) tissues from rat.
KCa3.1 channels are well characterized to promote 
Ca2+ entry by maintaining a driving force and negative 
membrane potential. To investigate the potential role of 
KCNN4 (calcium channel) in regulating erythrocyte 
dehydration, the mRNA expression of KCNN4 in BM 
tissues was examined in rats by RT-PCR. It was observed 
that the 100 mg/kg dose of EA-PF significantly suppressed 
the expression of KCNN4 (P < 0.05) when compared with 
the other doses. However, the basal control group also 
showed a significant suppression (Figure 5A). 

EPO and EPOR expressions were upregulated in kidney and 
bone marrow tissues from rat.
To investigate the possible effect of A. leiocarpus on EPO 
and EPOR, mRNA expression of specific genes was 
quantified by RT-PCR using gel electrophoresis. The 
relative expression levels of EPO and EPOR transcripts were 
qualitatively measured and modulation was investigated. 
It was observed that the EA-PF and the CE produced an 
increase in cell proliferation of EPOR in a dose-dependent 
manner with the CE having better effect (Figure 5C). 
However, the EA-PF at 100 mg/kg significantly increased 
the expression of EPO (Figure 5B). 

CAT, p21, and Cyclin-D2 were transcriptionally upregulated 
in bone marrow tissues from rat.
Enzyme activity and transcriptional level of CAT gene, the 
main enzyme of antioxidative defence, was upregulated 
and induced in a dose-dependent manner by all the test 
drugs. The extract and fractions had better effect than 
the standard drug (Figure 5D). Downregulation of the 
expression of cyclin-dependent kinase 1 inhibitor (p21) in 
bone marrow tissues was observed in response to the 100 
mg/kg EA-PF (Figure 5G) while Figure 5H showed that 
cyclin D2 was also upregulated dose-dependently.

Downregulation of G6pD expression stimulated antioxidant-
switch and cytoprotective effect of G6PD/NADPH/glutathione 
(GPX-1).
The expression level of Glucose-6-phosphate dehydrogenase 
(G6pD) was higher in response to 100 mg/kg b.wt. EA-
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Figure 4. Photomicrographs of Rat Kidneys Post-administration of EA-PF, Crude Extract and Ciklavit®, Respectively 
(A) Kidney of Rat in the Control Group Received Feed + Water Ad Libitum. (B) Kidney of Rat in Ciklavit® Group 
Received 0.1 ml/g Ciklavit®; (C and D) Kidney of Rat Received 50 and 100 mg/kg BW EA-PF; (E and F) Kidney of 
Rat Received 50 and 100 mg/kg BW Crude Extract. T: tubules, G: glomerulus, and IN: interstitium; Hematoxylin and 
eosin stain, x200.



                                                                                                         Avicenna J Med Biochem, Volume 8, Issue 1, 2020 7

  Anti-sickling Activity of Anogeissus leiocarpus

PF compared to other test doses which tend to suppress 
the expression. The standard drug (Ciklavit), however, 
significantly increased the expression level (Figure 5F).

Ligand-EPOR Interaction
The obtained interaction energy values are presented in 
Table 1. All seven flavonoids demonstrated moderately 
strong binding interaction with EPOR even though 
marginal binding superiority was recorded for quercetin 
and catechin. Moreover, all flavonoids were slightly better 
than folic acid (ΔG = -6.3 kcal/mol), this is more so for 
quercetin (-6.7 kcal/mol), catechin (-6.7 kcal/mol), rutin 
(-6.6 kcal/mol), and vitexin (-6.6 kcal/mol), whose 
computed binding free energy values were less than folic 
acid (0.2 kcal). With L-phenylalanine demonstrating the 
worst interaction strength with the active site of EPOR, it 
is very likely that a combination of multiple ring structures 
and hydrogen-bonding interactions are important for 
binding at this site. Indeed, a single modification involving 
the removal of the 3-hydroxyl group in quercetin and 
kaempferol increased binding by 0.2 kcal. This may 
suggest the possibility of optimizing the structure of the 
studied compounds to identify more specific binders.

It is important to note that while multiple cavities were 
present within the EPOR antibody target surface covered by 
the employed docking grid, the same cavity was recognized 
as the best site for ligand interaction by all nine ligands 
(Figure 6). Binding to this cavity allowed interaction with 
three important active site residues, Leu26, Arg111, and 
His114, directly overlooking the binding cavity and in 
the crystal structure involved in interaction with chain A 
of the agonistic antibody ABT007 (37). The other active 
site residues were majorly located in flat areas of EPOR 

epitope. The binding of the ligands to these shallow 
regions would come with a high entropic cost related to 
both desolvation of the ligand molecules and maintenance 
of an energetically unfavorable bound pose. Within 
the cavity, however, the bound pose of the ligands was 
supported by a number of energetically favorable factors 
including specific electrostatic and hydrogen bonding 
interactions between Arg111 and His114 of EPOR on one 
hand and the hydrogen bond donor and acceptor groups 
of the flavonoids on the other hand (Figure 7). Orienting 
the hydroxyl groups at 3 position parallel to the plane of 
the flavonoids ring C (as seen in quercetin and kaempferol) 
or orthogonal to it (catechin) appears to be trivial for 
influencing the interaction strength. This perhaps explains 
why both quercetin and catechin were found to bind to 
EPOR with equivalent strength. The examination of the 

Figure 5. The reverse transcription-PCR gel images are cropped for clarity from the full-length images under the same experimental  
conditions. Effects of ethyl-acetate partitioned-fraction (EA), crude (CE) and ciklavit on the differential basal level of selected gene  
expression was compared. Error bars represent standard deviation on the normalized ratio. A Dunnett’s multiple comparisons 
test was performed on the normalized gene expression to check whether the expressions were statistically different between the 
control  and the experimental groups (* = P < 0.05 versus control; ** = P < 0.001; n.s = not significant). Amplicons were analysed 
with agar  gel electrophoresis stained with 0.5 µl ethidium bromide of 0.5% agarose gel, o.5x TBE buffer. β-actin (β-ACT) serves 
as loading control. 
Data show means ± S.D, n=3.

Table 1. The Binding Free Energy Values for Folic Acid, Phenylalanine, and 
the 7 Studied Flavonoids 

Ligand ΔG (kcal/mol)

Quercetin -6.7

Catechin -6.7

Rutin -6.6

Vitexin -6.6

Kaempferol -6.5

Isoquercetin -6.5

Procyanidin B2 (P-B2) -6.3

Folic acid -6.3

Phenylalanine -4.7

Dehydroquercetin -6.9

Dehydrokaempferol -6.9

 

A 

  

 

B  

 

 

C D 

E F 

 

 

 

G H 
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Figure 6. ABT007 (blue ribbon) Interacting with Human EPOR (Surface Representation) 
EPOR is colored according to crystallographic thermal fluctuation while EPOR epitope residues involved in binding the antibody ABT007 are 
shown as blue surface. All nine docked ligands are shown in yellow stick representation superimposed on one another and interacting via a 
binding cavity that allows hydrogen bond interaction with Arg111. The image was generated using the Visual Molecular Dynamics (85) and 
the crystallographic structure 2JIX.pdb (37).

Figure 7. Quercetin (A) and Catechin (B) (surface representation; cyan, red and white depict carbon, oxygen and hydrogen atoms, respectively) 
Nested Within EPOR Binding Cavity 
The epitope-bearing chain C of EPOR is shown in solid white representation while the epitope amino acid residues are shown as blue, red, 
and white for basic, acidic and hydrophobic amino acids, respectively. Other EPOR chains interacting with its chain C are represented with 
whitish surface mesh. Figure 7C and D show active site interaction of EPOR Leu26, Arg 111, Val112 and His114 with quercetin and catechin 
in stick representation, respectively. The image was generated using the Visual Molecular Dynamics (85).
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binding interactions as shown in Figure 6 revealed the 
placement of 3-OH group in flavonoids and the phenyl 
ring B in the vicinity of the hydrophobic amino acid Leu26 
of EPOR. While phenyl ring B in flavonoids appeared 
optimal for maintaining binding, the 3-OH group seems 
to be a structural disadvantage. We modified the basic 
structure of quercetin and kaempferol by removing the 
3-OH group and recomputed the binding interaction. 
In both cases, we recorded a 0.2 kcal/mol improvement 
in the strength of binding to EPOR. It should, however, 
be noted that while the approach employed in this work 
can qualitatively predict the thermodynamic feasibility 
of an interaction with the epitope region of EPOR that 
has been recognized as a determinant in agonistic activity 
of ABT007, a more thorough accounting of the protein 
dynamical forces (currently beyond the immediate scope 
of this work) would be necessary for examining the ability 
of the flavonoids to perturb the structure of EPOR in a 
fashion conforming to agonistic perturbation of EPOR 
structure. For this, it would be necessary to perform three 
groups of multiple independent conformational sampling 
preferably using enhanced sampling techniques such as 
the Hamiltonian replica exchange molecular dynamics 
and Markov state modelling as follows: (a) EPOR protein 
alone, (b) EPOR complexed with ABT007, and (c) EPOR 
complexed with the flavonoids. The similarity in the force 
distribution pattern and the conformational microstates 
of EPOR obtained with bound ABT007 and flavonoids 
would be predictive of agonistic tendencies of the latter.

The values are arranged in order of decreasing strength 
of interaction with the active site of EPOR. The removal 
of the 3-hydroxy group increased binding affinity of 
quercetin and kaempferol.

Lipinski’s Rule, ADME Descriptor and Toxicity 
Screening

Three flavonoids, quercetin, catechin, and kaempferol as 
well as folic acid were analyzed based on Lipinski’s rule 
of five and further subjected to ADME analysis using the 
Qikprop tool. 

The predicted values according to Lipinski’s rule are as 
reported in Table 2 for both the hit compounds and folic 
acid. The hit compounds appeared to have performed 
better than folic acid on a number of specified parameters.

For intestinal absorption, quercetin and catechin 
showed relatively lower passive absorption (63% and 
66%) compared to kaempferol (79% absorption) (Table 
3). A PCaco-2 (nm/sec) (Caco-2 cell permeability) of 9.57744 
shows a moderate permeability (4~70) for kaempferol. 

The toxicity of the three most promising hit compounds 
was predicted using preADMET server. The Ames test was 
used to predict mutagenicity while mouse and rat models 
were used to predict carcinogenicity (Table 4).

Discussion
SCD is a general term that refers to both homozygous 
sickle cell anemia and heterozygous SCD. It is the most 
common genetic disorder caused by inheriting point 
mutations that change glutamic acid (Glu6) to valine 
(Val6) in the β chain of hemoglobin. On the basis of the 
current understanding of the molecular pathogenesis of 
SCD, a few independent treatment approaches have been 
proposed (41). These approaches include the use of agents 
that modify rheological properties of the blood, prevent 
dehydration of the hemoglobin, exhibit covalent binding 
to hemoglobin, increase the expression of gamma globin 
and fetal hemoglobin, increase the bioavailability of nitric 

Table 2. Lipinski’s Rule of 5 Parameters for Quercetin, Catechin and Kaempferol, and Folic Acid 

Ligand HBDi HBAj MWk QPlogPo/wl Rot Bm TPSAn QLogBBo CNSp RO5q

Kaempferol 4 6 286.24 1.024 1 107 -1.81 -2 0

Quercetin 5 7 302.24 0.349 1 127 -2.332 -2 0

Catechin 5 6 290.272 0.422 1 110 -1.941 -2 0

Folic acid 6 10 441.404 -2.81 9 209.8 -4.753 -2 2

Molecular Descriptors of the Lead Hit Compounds: [i] Number of hydrogen-bonds donors ≤ 5; [j] number of hydrogen-bonds acceptors ≤ 10; [k] molecular weight 
< 500; [l] predicted octanol/water partition < 5; [m] number of rotatable bond (0-15), a topological parameter as a measure of molecular flexibility for oral drug 
bioavailability; [n] (A^2) topological polar surface area, a chemical descriptor for passive molecular transport through membranes 

Table 3. Absorption Properties of Quercetin, Catechin, and Kaempferol Using QikProp Module (40) 

Ligand
Absorption

HIAa (%)    QPPCaCO2
b PMDCK

c Pskin
d QPLogSe #metabf QPLoghERG g RO3h

Kaempferol 79.439289 55.946 0.286076 -4.32558 -3.021 4 -5.03 0

Quercetin 63.485215 19.683 0.172765 -4.43341 -2.782 5 -4.943 1

Catechin 66.707957 50.337 0.394913 -4.29301 -2.653 7 -4.862 1

Molecular Descriptors of the Lead Hit Compounds: [a] percentage of human intestinal absorption (<25% poor, > 80% high); [b] predicted apparent Caco-2 cell 
permeability (PCaco > 22 nm/s); [c] Maden Darby Canine Kidney cell permeability in nm/s (<25 poor, > 500 high); [d] skin permeability; [e] (> -5.7): predicted 
aqueous solubility (-6.5 – 0.5); [f] number of likely metabolic reactions (1-8); [g] predicted IC50 value for blockage of hERG K+ channels (acceptable range: above 
−5.0); [h] Jorgensen’s rule of three (maximum is 3).
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oxide and reduce iron overload (42). Others are stem cell 
transplantation, which is the only cure to date, and gene 
therapy (43).

In a previous study, we established the inhibitory and 
reversal effects of A. leiocarpa on sodium metabisulphite–
induced polymerization of sickle cell haemoglobin (35). In 
a further attempt to explore the possible use of this plant 
in the management of SCD, this research was carried 
out to unfold the mechanism of its anti-sickling effect 
by analyzing the effects of extract and the most active 
fractions from the plant on hematological parameters, 
KCNN4, EPO (kidney), EPOR (bone marrow), CAT, 
G6pD, D-type cyclins (cyclin D2), and cyclin-dependent 
kinase inhibitors (p21) expression. In silico drug-likeness 
of some compounds already reported in the plant was also 
assessed as EPOR agonist. 

The assessment of hematological parameters is one 
simple and convenient way of evaluating the effectiveness 
of a therapy in blood disorders such as SCD (44, 45). 
Hematological parameters such as MCH, red cell 
distribution width, and reticulocyte counts are important 
in the diagnosis, treatment and monitoring of SCD (44, 
46). Leukocytes are readily accessible cell population and 
they are involved in SCD vasculopathy (47). The levels 
of MCH, WBC, basophil, eosinophils, neutrophils, 
lymphocytes, and monocytes were determined in response 
to Ciklavit and different extracts of A. leiocarpa. As 
observed, the methanol CE and ethyl acetate partitioned 
fraction of A. leiocarpus did not cause significant (P > 0.05) 
change in hematological parameters when compared to the 
basal control group (Figure 2). This finding corroborates 
the results obtained by Agaie et al and Chidozie et al (48,   
49) whose studies revealed that significant hematological 
changes were not observed in extract treated groups when 
compared to the control. However, it was agreed that A. 
leiocarpus possess potent pro-hematological agents capable 
of normalizing biochemical abnormalities associated with 
blood disorders (48, 49). Meanwhile, Sarkiyayi and Aileru 
(50) reported that methanol extract of the plant exhibited 
a dose-dependent increase in certain hematological 
parameters such as RBC count, platelet count, and MCH.
Cells from the bone marrow were examined for the possible 
effect of the extract on the RBCs. There was an observable 
increase in the cellularity with normal shapes and sizes in 
the bone marrow of the animals treated with 100 mg/kg of 
both EA-PF and CE, which is comparable to the positive 

control (Figure 3A-F). Therefore, A. leiocarpus appeared to 
improve the number and quality of RBCs in the treated 
groups. 

The KCNN4, also known as Gardos channel gene 
and found in human erythrocytes, is a gene encoding 
KCa3.1 protein which is a part of the voltage-independent 
potassium channel activated by intracellular calcium. This 
channel is considered important in SCD because it is the 
major pathway for cell shrinkage via KCl and water loss 
that occurs in SCD (51). In this study, we observed that 
the expression of KCNN4 was suppressed in response to 
100 mg/kg EA-PF (Figure 5A). This suggests that since K+ 
efflux through the Gardos channel of human RBCs would 
be obstructed and Ca+2 import through the calcium-
release activated calcium channel reduced, leading to 
the prevention of Gardos channel activation in RBCs to 
prevent dehydration in SCD (Figure 5A). This indicates 
one possible mechanism of action of the extracts of A. 
leiocarpus 

EPO, also called hematopoietin or haemopoietin, is 
a hormone produced primarily by the kidneys and is 
responsible for controlling the production of RBC by 
regulating the differentiation and proliferation of erythroid 
progenitor cells in the bone marrow. Previous studies have 
reported low level of EPO in patients with SCD (52). 
However, patients with SCD who are not in crisis have 
high level of EPO but it is generally lower compared to 
healthy patients with chronic anaemia (53). EPO is also 
used in the management of SCD (54).

In this study, A. leiocarpus had a significant (P < 0.05) 
up-regulation effect on EPO with the best effect observed 
in the 100 mg/kg EA-PF (Figure 5B) as well as EPOR in 
bone marrow with CE at 100 mg/kg having the best effect 
(Figure 5C). One possible mechanism by which ethyl 
acetate fraction of A. leiocarpus may stimulate erythropoiesis 
is by decreasing the rate of oxidant-induced hemolysis due 
to the presence of antioxidants flavonoids in the plant 
(55). This antioxidant mechanism will usually prolong the 
average life span of individual RBCs. A. leiocarpus have 
been reported to contain high flavonoid content (31, 33, 
56) and flavonoids in A. leiocarpus have been identified 
as responsible for the scavenging or chelating activity 
against oxidative stress (26, 57). Different researches have 
shown that the expression of EPO can be modulated by 
flavonoids. Esomonu et al (58) and Oluyemi et al (59) 
reported increased erythropoiesis in rat models received 
flavonoids extract of Garcinia kola while Zheng et al (60) 
reported that flavonoids of Radix astragali stimulated the 
expression of EPO in cultured human embryonic kidney 
fibroblasts. 

Oxidative stress has been associated with the 
pathophysiology of several diseases including SCD. 
Oxidation reactions produce reactive oxygen species (ROS) 
which can start chain reactions capable of damaging cells of 
the body. Therefore, oxidative stress, which occurs in sickle 

Table 4 . The Results of Mutagenicity (Ames test) and Carcinogenicity (Mouse 
and Rat) of Ligands Calculated Using PreADMET Server

Ligand
Ames test 
(Mutagenicity)

Carcinogenicity

Mouse Rat

Kaempferol Mutagenic Negative Positive

Quercetin Mutagenic Negative Positive

Catechin Mutagenic Negative Negative
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cell patients due to the constant release of ROS, can result 
in endothelial dysfunction and acute inflammation (61). 
Antioxidants, which include some vitamins (C and E) as 
well as certain enzymes such as CAT, superoxide dismutase 
(SOD), and peroxidases, are involved in terminating the 
chain reaction generated by ROS, thus playing a protective 
role (61, 62). From our studies, there was an upregulation 
of CAT transcription in a dose-dependent manner in the 
BM of animals received different doses of the extract and 
fraction of A. leiocarpus (Figure 5D). Both the ethyl acetate 
fraction and the methanol extract had a significant effect 
compared to the basal and positive control groups. This 
then suggests the possible protection of RBCs from the 
deleterious effects of ROS in sickle cell anemia. This activity 
can also be attributed to the presence of flavonoids in the 
plant. Flavonoids are known to regulate the expression 
of many genes (63). Specifically, the upregulation of 
the expression of CAT has been attributed the certain 
flavonoids like curcumin (64).

Various researchers have suggested different associations 
between SCD and G6pD. They include no correlation 
(65, 66), damaging (67,68), and beneficial (69, 70) effects. 
Therefore, our study also evaluated the effect of the extracts 
on G6pD gene expression. There was a significant increase 
in the expression of the G6pD gene in the animals treated 
with 100 mg/kg EA-PF when compared with other doses 
(Figure 5F). However, this increase may have no implication 
as previous research has reported no significant difference 
in hematological parameters, incidence of painful episodes, 
anemia episodes, sepsis or severity of hemolysis in patients 
with or without G6pD deficiency (5, 14)

Cyclins are components of the core cell cycle machinery 
involved in cell cycle progression. They form holoenzymes 
and activate cyclin-dependent protein kinases (Cdk) 
(71). Cyclin D is one of the most important cyclins and it 
connects with four Cyclin-dependent kinases (Cdks 2, 4, 
5, and 6) (72). Through activation of CDK4 and CDK6, 
D-type cyclins accelerate G0/G1 to S-phase transition 
and mediate mitogenic signals, including those signaled 
through cytokine receptors (73). We observed a dose-
dependent increase in cyclin D2 expression in the treated 
groups (Figure 5H). Enhanced cyclin D2 expression 
could potentially promote proliferation of hematopoietic 
stem and progenitor cells (74, 75). This could explain 
the pro-hematological tendency of A. leiocarpus as 
reported by previous studies (48, 49). However, cyclin-
dependent kinase inhibitors (CKIs) inhibit cell division 
by antagonizing the activities of specific Cdks. CKIs 
include p21 and p27 which are potent inhibitors of CDK2 
that is responsible for the regulation of hematopoietic 
proliferation (76). The ability of p21 to promote cell 
cycle inhibition positively correlates with the suppression 
of genes that are important for cell cycle progression 
(77). Therefore, downregulation of the gene encoding 
p21 would be of advantage in the management of SCD. 

Our study showed a higher expression of p21 gene in the 
treated groups when compared with both the positive and 
basal control groups (Figure 5G). This indicates that the 
plant probably does not work through this mechanism of 
downregulating cyclin-dependent kinase inhibitors. 

Protein-ligand molecular interaction plays a significant 
role in structure-based drug design by predicting the 
binding conformation or pose of the ligand bound 
to the protein, and this can be quantified based on the 
shape and electrostatic interaction between the ligand 
and protein (78). The totality of interaction observed is 
approximated to be the docking score of the ligand into 
the binding pocket of the protein (78). Docking score is 
expressed in negative value of energy in Kcal/mol where 
the lower the negative total energy (E), the stronger the 
interaction between the ligands and the protein (79). 
Therefore, docking experiments predict the best binding 
conformation of compounds at the binding pocket of the 
protein and the interaction between the ligand and the 
residues at the active site of the protein. In silico study was 
carried out to predict pro-erythropoietic activity of the hit 
compounds through molecular docking. The mechanism 
of interaction of potential stimulation of the EPOR is 
dependent on the formation of different types of bonds 
between the amino acid residues at the active site and the 
ligand. The library of compounds generated was subjected 
to docking experiment to determine those with high 
binding energy. The docking result showed good binding 
energy against EPOR for three compounds (quercetin, 
kaempferol, and catechin) of A. leiocarpus out of the six 
compounds retrieved from NCBI database and screened. 
The docking results and ADME screening of the phyto-
chemical and co-crystallized ligands are shown in Tables 1 
and 4. Quercetin, kaempferol, and catechin produced better 
scoring results than folic acid, thus implying a high EPOR 
binding affinity. Codorniu-Hernández et al (80) carried 
out docking studies to understand flavonoid–protein 
interactions. The results indicated that hydrophilic amino 
acid residues demonstrated high-affinity interactions with 
flavonoids, as it was predicted by the theoretical affinity 
order. The docking modes among catechin molecules 
and four proteins (human serum albumin, transthyretin, 
elastase, and renin) also give credence to this finding (81). 

Physically significant descriptors and pharmaceutically 
relevant properties of compounds among which were 
molecular weight, log p, H-bond donors, and H-bond 
acceptors according to the Lipinski’s rule of five (82), which 
is a rule of thumb to evaluate drug-likeness or determine 
if a chemical compound with a certain pharmacological 
or biological activity has properties that would make it 
a likely orally active drug in humans. The rule describes 
molecular properties important for drug pharmacokinetics 
in the human body, including its ADME. The in silico 
protein target studies and ADME toxicity analysis revealed 
that Kaempferol, quercetin, and catechin presented good 
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absorption parameters and potentials to permeate the 
blood brain barrier with less biological risk in mouse 
compared to rat (Table 4). Additionally, the predicted IC50 
values for quercetin and catechin were within an acceptable 
range. Kaempferol and quercetin were consistent with 
Jorgensen’s “rule of three”: log S > −6, PCaco > 30 nm/s, 
and maximum number of primary metabolites of 6 (Table 
4) (83). It is known that glycosylation of flavonoids 
increases solubility in the aqueous cellular environment 
and protects the reactive hydroxyl groups from auto-
oxidation (84), as the most reactive hydroxyl groups (7-
OH in flavones or the 3-OH in flavonols) in flavonoids are 
generally glycosylated. This also explains why kaempferol 
and quercetin are more likely to be orally available with a 
high drug-likeness property.

Conclusion
Anogeissus leiocarpus leaves showed effects on both EPO 
and EPORs in female Swiss albino rats, with a potential 
to reverse pathologic dehydration of red cells under 
sickling conditions. The upregulation of EPO and 
negative feedback mechanism of the calcium channel 
in the experimental models proves its potency as both a 
pro-erythropoietic agent and a Gardos channel blocker. 
Extracts from the plant also enhanced cyclin D2 expression 
and thus could potentially promote the proliferation of 
hematopoietic stem cells. It also upregulated CAT gene 
expression suggesting that it can protect RBCs from the 
damaging effects of ROS experienced in sickle cell anemia. 
The strong ligand-receptor binding complex structure 
predicted from computational method was consistent 
with the upregulation of EPOR and EPO expression, thus 
contributing to erythropoiesis stimulation. Compounds in 
the plant also satisfied the Lipinski’s rule of five with zero 
violations suggesting that these phytochemicals portend to 
be orally active compounds that may be useful in managing 
SCD. 
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