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Abstract 

Alchornea spp. is an important plant genus in Africa, where it has been used traditionally 

by healers for the treatment of sickle cell anaemia (SCA). SCA is a genetic disorder 

endemic to African and sub-Saharan populations, along with other anaemic conditions. 

Plant leaves of this genus are used as a ‘blood tonic’ to reduce the symptoms of SCA in 

Nigeria, even though their active components or the mechanisms through which they act 

are not fully elucidated. In this research, the raw botanical, active botanical extract and 

purified active compounds of Alchornea spp. leaves were chemically characterized as a 

first step in the standardization of a phytomedicine and the development of an anti -

sickling drug-lead.  The project used a combination of various chromatographic and 

spectrometric techniques, including column chromatography, Liquid Chromatography-

Ultraviolet Mass spectroscopy (LC-UV/MS) to successively purify fractions, guided by 

bioactivities. Plant sample characteristics were assessed prior to characterisation of 

bioactive properties. Plant identifications linked to the Alchornea species was confirmed 

by DNA barcoding based on the rbcL gene sequence. Further phylogenetic assessments of 

plants sampled from various locations of Southwestern, Nigeria suggested no major 

genetic variation within the Nigerian samples. Flow infusion electrospray mass 

spectrometry (FIE-MS) for metabolomic profiling suggest variations in the metabolome 

which could reflect prevailing environmental factors as the coastal samples were 

distinctive. Pathway analysis suggested that the metabolomes differed in 5 metabolic 

pathways; biosynthesis of unsaturated fatty acids, glyoxylate and dicarboxylate 

metabolism, tricarboxylic acid cycle, ascorbate and aldarate metabolism, and ubiquinone 

and other terpenoid-quinone biosynthesis. This suggests stress factors such salinity along 

the coastal ecosystems could be influencing plant sample biochemistry.  

Results of studies directed at evaluating the anti-sickling activity of extract 

fractions/components and isolating the bioactive components present in the Nigerian 

Alchornea spp leaves, scientifically validated the in vitro potential of Alchornea spp in the 

management of sickle cell anaemia. Both the crude methanol extract and resultant 

fractions of Alchornea spp leaves demonstrated significant decrease in percentage 

sickling (>70% RBC sickling-inhibition) and rate of polymerization with increasing 
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concentrations, prompting the isolation of components; ALM7T5 and ALM7V11. These 

compounds demonstrated significant anti-sickling activity, 87.16±2.39 and 93.06±2.69 % 

RBC sickling-inhibition at 0.4 mg/mL and 0.5 mg/mL respectively. To the best of our 

knowledge, this is the first time this property is being reported for this 

compound(s).Additionally, this work assessed Alchornea spp. extracts and fractions for 

their anti-oxidant properties. The results showed that the polar extracts of Alchornea spp. 

exhibited good antioxidant activities, with highest reducing power activity against 2,2-

diphenyl-1-picrylhydrazyl (DPPH) at 66.40±1.59 % radical scavenging activity for methanol 

extract, followed by the aqueous extract at 61.71±2.45 % radical scavenging activity, at 

400µg/mL concentration. 

Structural Elucidation of ALM7T5 and ALM7V11, followed by further characterization 

identified these compounds as a single compound which both inhibits and marginally 

reverses sickling of sickled RBCs under hypoxic conditions, in vitro. The major anti-sickling 

chemical isolated from the Nigerian Alchornea spp., was identified by Nuclear Magnetic 

Resonance (NMR) to be quercitrin (quercetin 3-rhamnoside). In addition, the compound 

also inhibited Hb polymerisation possibly by increasing haemoglobin oxygen affinity. It 

also stabilized SCA-RBC membrane, possibly with increase in RBC deformability, and a 

reduction in RBC fragility. The impact of quercitrin on sickling was equal ly assessed using 

the metabolomics approach. Based on in-depth analysis of key metabolites and 

pathways, quercitrin-treated SCA RBCs metabolome depicted a metabolic signature 

similar to normal RBCs metabolome. This suggests that quercitrin could revert SCA RBC 

metabolomes to be equivalent to those of non-SCA RBCs. These findings are particularly 

exciting as they suggest that this compound may have multiple actions in reducing RBC 

sickling. This gives credence to the possibility of quercitrin mitigating vaso-occlusion and 

microvascular dysfunction by reversing sickling of circulating sickled red blood cells in 

vivo. 

The work described in this thesis has generated novel findings that are likely to inform 

efforts directed at the development of anti-sickling drugs. 
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1.1 Haemoglobin:  An Overview 

The haemoglobin (Hb) molecule is a tetrameric protein comprising two (2) α-globin subunits 

and two (2) β-globin subunits (α2 βΑ
2) in adult humans, with each subunit connected by a 

central binding pocket, bearing an iron-containing haem group (Figure 1.1). Each 

erythrocyte (red blood cell; RBC) contains approximately 270 million haemoglobin 

molecules (D’Alessandro et al., 2017) making up a third of the total cell volume.  

(a)   (b)  

Figure 1.1 |The structure of the haemoglobin complex 
(a) Haemoglobin is a protein made up of four polypeptide chains (α1, α2, β1, and β2). (b) 
Each chain is attached to an iron-containing haem group that coordinates oxygen molecules 
reversibly through porphyrin rings. Image: (Britannica, 2018). 

 

The haemoglobin complex includes four haem groups which can exist in a deoxygenated 

conformation, alternatively called the tense (“T”) state, and in an oxygenated conformation, 

alternatively called the relaxed (“R”) state. The T state is stabilized by salt-bridge 

interactions between amino acids at low pH levels. This pH-dependent oxygen affinity is 

called the Bohr Effect. The human β-globin locus, separate from the α-globin locus on 

chromosome 16, consists of five functional genes on chromosome 11 that are arranged in 

order of their expression during development: ε (embryonic Hb), Gγ, Aγ (fetal Hb), δ, β 

(adult Hb). Subsequent to the developmental change from foetal to adult globin gene 

expression at birth, foetal haemoglobin (HbF) is gradually replaced by adult haemoglobin 

(HbA) (Testa, 2009).  
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Figure 1.2 | Differential expression of different forms of haemoglobin switch as humans 
develop. The sites and levels of various b-like globin forms are shown with corresponding to 

developmental groups; blue (embryonic), green (fetal), red (adult). Further shown is the -

globin locus indicating the different -globin genes and the locus control region (LCR), with 
its complementary DNAse I hypersensitivity sites. From Sankaran and Orkin. The switch from 
fetal to adult haemoglobin. Cold Spring Harbor perspectives in medicine 3 1 (2013): 
(Sankaran and Orkin, 2013). 

 

1.1.1 Haemoglobinopathy 

Haemoglobinopathies arise from mutations in genes that encode polypeptide globin chains 

forming part of the haemoglobin complex. These mutations usually fall into one or two 

classes of variants; structural globin (haemoglobin) variants (e.g., sickle‐cell syndromes with 

“S” allele) and reduced expression variants (thalassemia syndromes) (Cao and Kan, 2013; 

Higgs et al., 2012; Taher et al., 2018) (Table 1.1).Over 275,000 children born yearly are 
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affected by sickle cell anaemia (SCA) (Aygun and Odame, 2012; Modell and Darlison, 

2008)with half of them dying before the age of 5 years (Antonarakis et al., 1982; Piel et al., 

2010). This compares with 60,000 which are born with β-thalassemia each year, about 40 

000 of which are transfusion‐dependent (Higgs et al., 2012; Taher et al., 2018). The majority 

of haemoglobinopathy patients require life-long management of their condition. With rare 

exceptions, the inheritance of haemoglobinopathies is autosomal recessive with 

heterozygous carriers being clinically asymptomatic. A carrier couple, with both parties 

being heterozygous for defects affecting the same globin chain, has a 25% risk of 

transmitting a haemoglobinopathy to their offspring.  

Table 1.1 | Haemoglobin variants indicating severity 

Deletions affecting the β-globin gene results in redued haemoglobin production in β-
thalassemia, haemoglobin C is a haemoglobin variant with mutation in the β globin gene 
causing substitution of glutamic acid with lysine at position 6.HeterozygotesS-Beta 
thalassemia and SC present with sickling disorder similar to SCAalthough generally milder. 

Type of Anaemia Haemoglobin Variation Severity 

Sickle cell anaemia Sickle haemoglobin + Sickle 
haemoglobin 

Most severe – No HbA 

Haemoglobin S-Beta 
thalassemia 

Sickle haemoglobin + reduced 
HbA (Normal haemoglobin) 

Mild form of sickle cell 
disorder 

Haemoglobin S-C disorder Sickle haemoglobin + 
haemoglobin C (HbC) 

Mild form of sickle cell 
disorder 

Sickle cell trait Sickle haemoglobin + Normal 
haemoglobin (HbA) 

Occasional symptoms 

 

Sickle cell symptoms begin to manifest once foetal haemoglobin (HbF) has been replaced by 

adult haemoglobin (HbA) (Bank, 2006).Most individuals with HbSS are anaemic with 

haemoglobin levels of 60 to 90g/L as against 120 - 175g/L in healthy adults. Patients also 

have diverse acute and chronic complications including haemolysis, vaso-occlusion, pain, 

pulmonary hypertension, acute chest syndrome, central nervous system disease, avascular 

necrosis, and priapism  (Rees et al., 2010). Despite decades of medical advances in SCA 

management, studies have revealed an increased risk of stillbirth, preterm delivery, smaller 
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sizes in relation to gestational age, maternal mortality, and preeclampsia, compared to the 

general population.  

Although long‐term cures for these anomalies exist (e.g., human leukocyte antigen *HLA+ 

haemopoietic stem cell transplantation [HSCT]) but their use depends on the health systems 

with more advanced clinical infrastructure and the availability of matched donors (Rund, 

2016). There is an urgent need for cost-effective methods to treat haemoglobinopathies. A 

resolution on “recognition of sickle-cell anaemia as a public health problem,” was adopted 

by the 63rd session of the UN General Assembly in December 2008 which also charged 

Member States and UN organizations with raising awareness of SCA annually on June 19 

(Grosse et al., 2011).  

1.1.2 Sickle Cell Anaemia: Prevalence 

SCA was first described over a hundred years ago (Herrick, 1910) and was the first disease to 

have its molecular basis elucidated (Barnett, 2017; Mahran et al., 2019; Obeagu, 2018; 

Pauling, Itano, and et al., 1949). There is an estimated SCA prevalence of at least 2% in many 

countries with 10 – 40% of the population carrying the sickle-cell gene (Gregory J Kato et al., 

2018; Omisore and Oguns, 2020; Regional Committee for, 2011) (Figure 1.3). Approximately 

5% of the world’s population are healthy carriers of the gene for sickle-cell disease or 

thalassaemia (Hussein et al., 2018; Kulozik et al., 1986). This haemoglobinopathy is most 

prevalent in the sub-Saharan regionwith nearly 90 percent of the world's SCA population 

living in Nigeria and the Democratic Republic of Congo as well as places such as India 

(Kadima et al., 2015; Gregory J Kato et al., 2018; Odame, 2014; Piel et al., 2013). In Africa, 

the highest prevalence of sickle-cell trait lies between latitudes 15° North and 20° South and 

can be as high as 45% of the population in some areas (Olowoyo et al., 2017). Prevalence 

levels decrease to between 1% and 2% in North Africa and to less than 1% in Southern 

Africa. In countries like Republic of Congo,Cameroon, Gabon, Ghana, and Nigeria, 

prevalence is between 20% and 30% while in some parts of Uganda it is as high as 45% 

(Cyril-Olutayo et al., 2018). In countries where the trait prevalence is above 20%, the disease 

affects about 2% of the population (Organization, 2008). 

In Nigeria, the most severe haplotype, the Benin haplotype, is most prevalent, whilst the  
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Arabian haplotype with high HbF levels are the least severe (Nagel et al., 1985; 

Organization, 2015) (Figure 1.4). Approximately, 50% of the 150 000 children born with SCA 

annually in Nigeria is likely to die before their 10th birthday.  

 

Figure 1.3 | Geographic distribution of haemoglobin S around the world. 
Image adapted from (Aquamed, 2020). 

 

The geographical distribution of sickle cell trait corresponds with regions of highest density 

of malaria (Goheen et al., 2016; Piel et al., 2010; Serjeant, 1989; Uyoga et al., 2019). This is 

believed to be due to the S allele in the heterozygotes conferring resistance to Plasmodium 

falciparum which improves an individual’s fitness malarial endemic areas (Piel et al., 2010; 

Uyoga et al., 2019). However, the inheritance of the mutation at both alleles (HbSS) 

predisposes individuals to severe malaria and increased mortality, as well as the effect of 

SCA (DeBaun et al., 2019). 

1.1.3 Sickle Cell Anaemia: Aetiology and Pathophysiology 

SCA mostly arises from homozygosity of a mutation in the β-globin gene (on chromosome 

11p15.5) that substitutes valine (GTG) for glutamic acid (GAG) at codon 6 by a single 

nucleotide polymorphism dbSNP Rs334(T;T) (Ingram, 1956, 1957; Piel et al., 2010; Rees et 

al., 2010; Serjeant and Vichinsky, 2018).  Hydrophilic glutamic acid (Glu) residue is replaced 
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with a hydrophobic valine (Val) residue at the sixth position in the β-globin chain (β6Val), 

resulting in an altered haemoglobin tetramer (α2β
s
2), haemoglobin S (Hb S), in the 

erythrocytes of individuals with sickle cell anaemia (Igwe et al., 2017; Olubiyi et al., 2019; 

Sundd et al., 2019). 

 

Figure 1.4 | The Distribution of the five major β-globin haplotypes (indicated by different 
colours) in Africa. Haplotypes are named after the country in which it was first discovered 
(not necessarily its genetic origin), in individuals with sickle cell anaemia in Sub-Saharan 
Africa, North Africa, Middle East, and India.The haplotype data represented in the image 
were summarized from genetic epidemiological studies of sickle-cell populations across 
different regions. Since the number of patients per study and the population ascertainment 
methods are highly variable, the colours denote only the relative frequency of each 
haplotype within a given study group. CAR Central African Republic. Figure prepared from 
data obtained from Hockham et al. (2015)(Hockham et al., 2015), Gabriel and Przybylski 
(2010)(Gabriel and Przybylski, 2010), Bitoungui et al. (2015) (Bitoungui et al., 2015) and 
from Nagel and Steinberg (2001) (Nagel and Steinberg, 2001). Figure taken from Piel and 
Williams, 2016 (Piel and Williams, 2016). 

 

The polymerisation of HbS is conventionally cited as the principal event in the 

pathophysiology of sickle cell disorder (Rees and Gibson, 2012). HbS polymers form under 
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hypoxic conditions when HbS is in the T state (Rees et al., 2010). Polymerisation involves the 

hydrophobic interactions between β6Val on two deoxy-HbS molecules.  The polymer of 

helical fibres then lengthens and stiffen to induce the characteristic SS-RBC shape change to 

a sickle (Edelstein et al., 1973; Higgs, 1986; Odievre et al., 2011). This process has been 

found to require a “delay time” which is inversely proportional to the intracellular 

concentration of HbS (Odievre et al., 2011).Recurrent polymerisation and depolymerisation 

of haemoglobin in response to the high partial pressure of oxygen in the lungs and the low 

partial pressure of oxygen in the capillaries causes erythrocyte rupture and the release of a 

mixture of Hb fibres and Hb molecules into circulation. Cell-free plasma haemoglobin 

mediates a number of NO depletion and reactive oxygen species (ROS) generation 

pathological pathways (Donadee et al., 2011; Gladwin et al., 2012; Kato et al., 2017; Möller 

et al., 2019).  

Other forms of SCA can also be caused by heterozygosity for Hb S with either a β-

thalassemia mutated allele (HbS/β-thal0 or HbS/β-thal+)or coinheritance of, Hb S with one 

of several β-globin variants such as Hb C (HbSC), Hb D (HbSD), Hb O (HbSO/Arab), Hb E 

(HbSE). These heterozygous states can all support Hb S polymerisation and sickle cell 

formation (Sundd et al., 2018) (Table 1.1). There are over 15 other sickle genotypes that 

involve the combination of HbS with another variant β-globin allele (Rees and Gibson, 2012). 

An exception to the recessive Mendelian inheritance of SCA has been reported in a 14-year-

old Dominican patient who inherited sickle cell trait from his father and a normal β-globin 

gene from his mother. He presented with mild SCA resulting from mosaic uniparental 

disomy (UPD)of the β-globin locus in which postzygotic mitotic recombination led to mosaic 

segmental paternal isodisomy of chromosome 11. This resulted in a subpopulation of 

erythroid progenitors homozygous for Hb S (Swensen et al., 2010). 

1.1.4 Pathophysiological Mechanisms Precipitating Sickle Cell Disorder Crisis 

Four major pathophysiological mechanisms act in precipitating sickle cell disorder crisis; HbS 

polymerisation, vaso-occlusion, haemolysis-mediated endothelial dysfunction, and sterile 

inflammation. 
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1.1.4.1 HbS Polymerisation 

In homozygous SCA patients, both β-chains contain the hydrophobic valine (val6) at position 

6 instead of the normal glutamic acid causing the haemoglobin to become less soluble 

under decreasing oxygen concentrations (Harrington et al., 1997) and to polymerize into 

crystals that distort the red blood cells into a sickle shape. Polymerisation is initiated by 

nucleation of a single polymer which isof two types; homogeneous and heterogeneous. 

Once the “critical” nucleus-size is reached, other monomers of HbS add endlessly to form a 

very large polymer. The process then progresses with the formation of new polymers on the 

surface of the pre-existing polymer due to heterogeneous nucleation (Dash et al., 2013). 

Val6 on one chain of one deoxyhaemoglobin interacts hydrophobically with Phe85 and 

Leu88 (Figure 1.5) of another deoxyhaemoglobin molecule (Harrington et al., 1997) i.e., the 

second β-chain (β-2) of the first Hb molecule interacts with the first β-chain (β-1) of the 

second Hb molecule, constituting the basis for polymerisation(Eaton and Hofrichter, 1987; 

Nurain et al., 2017). β-2 also contains glutamic acid at position 121, which interacts with 

Gly16 of the β-1 chain of a third Hb molecule. Meanwhile, between the first and the third 

Hb molecules, His20 of the first Hb molecule of the α-2 chain interacts with Glu6 of β-1 of 

the third Hb molecule. Another interaction is that of Val6 of β-2 of the first Hb with Phe85 

and Leu88 of β-2 of the second Hb molecule. In addition, the Asp73 of β-2 of the first Hb 

interacts with Thr4 of β-2 of the fourth Hb molecule. There is also an interaction between 

Glu121 of the β-1 chain of the first Hb molecule and proline of α-2 and His116 of β-2 chain 

of a fifth Hb molecule (Ferrone et al., 1985; Ferrone et al., 2002). These complex molecular 

interactions within and among haemoglobin tetramers culminate in the formation of 

fascicles of elongated rope-like fibres which distort the RBC into the classic crescent or sickle 

shape, among many other abnormal shapes, and also results in a marked decrease in cell 

deformability (Eaton and Hofrichter, 1987; Ferrone et al., 2002; Steinberg, 2019). 

A cascade of several cellular abnormalities is triggered by polymerisation which builds up to 

drive SCA pathophysiology (Figure 1.6). Polymerisation is linked to a dysregulation of cation 

homeostasis resulting from the activation of some ion channels, particularly K+-Cl- co-

transport system and the Ca2+-dependent K+-channel (Gardos channel). Mechanistically, 

Ca2+ activates the Gardos channel, increasing the outlet of H2O and K+ causing dehydration 

of sickle cell RBCs. This, in turn, favours deoxy-HbS polymerisation leading to sickled 
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erythrocytes (Brugnara, 1995). Haemoglobin is denatured to formhemichromes which are 

partially denaturated haemoglobins to form histidine complexes. These hemichromes form 

on the internal surface of the membrane along with the cytoskeleton proteins, especially 

band 3 protein. Another feature is the loss of haem and the release of Fe3+ to foster an 

oxidizing microenvironment (Odièvre et al., 2011).The normal asymmetry of the membrane 

phospholipids is disrupted with the exposure of anionic phosphatidylserine at the cell 

surface. 

 

Figure 1.5 | Haemoglobin S showing Val_6, Leu 88, and Phe 85 amino acids (the other 
exposed Val 6 not shown). Inset is the hydrophobic pocket of the haemoglobin S molecule. 
The interaction between Val 6 (left) on one chain of one haemoglobin molecule and a 
hydrophobic patch formed by Phe 85 (top right) and Leu 88 (bottom right) on a chain of 
another deoxygenated haemoglobin molecule leads to haemoglobin aggregation. Image 
adapted from (Harrington et al., 1997). 

 

Anti-band 3 IgGs accumulate on the band 3 proteins aggregates, inducing 

erythrophagocytosis by macrophages (M. J. Stuart and R. L. Nagel, 2004). Finally, all these 

membrane changes give rise to the production of microparticles (MP). MPs are derived from 

multiple cell sources, including red cells, platelets, monocytes, and endothelial cells. 
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The central role of polymerisation in sickle cell pathophysiology has been criticised. Clinical 

studies have shown that patients with the same amount of HbS with the same solubilities, 

exhibited drastically different symptoms (Vekilov, 2007). It was suggested that other events, 

such as membrane adhesion of red blood cells to the vascular endothelial walls through the 

increased expression of adhesion factors, are more important contributors to the pathology 

of the disease (Vekilov, 2007). However, support for the polymerisation model was provided 

when the hydrophobic interaction residues in HbS were removed while leaving βVal6 intact 

and the modified gene introduced into transgenic mice. It was found that this modification 

not only inhibited Hb polymerisation but also reduced red blood cell dehydration and the 

severity of sickle cell crises (Vekilov, 2007). 

 

 

Figure 1.6 | Membrane alterations in the sickle red blood cell. Formation of the deoxy-HbS 
polymer fibres triggers ion channels dysfunction to dehydrate the cell to favours further 
deoxy-HbS polymerisation. Hemichromes are released and lead, to the formation of protein 
band 3 aggregates on which IgGs bind. External anionic phosphatidylserines create a 
procoagulant surface. The released haem and Fe3+ favours an oxidizing microenvironment. 
Image: Jacques Elion (Odièvre et al., 2011). 
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1.1.4.2 Vaso-occlusion 

Acute painful vaso-occlusive crises (VOC) occur because of infarction of the blood vessels, 

giving rise to ischemia. VOCs represent the principal pathophysiology of SCA (Manwani and 

Frenette, 2013a). Based on studies of SCA human blood and transgenic SCA mice, VOC is 

known to arise from the interplay among haemostatic activation, dysfunctional blood 

rheology, and elevated erythrocytes adhesiveness with inflammatory cells and vascular 

endothelium (Frenette, 2002; Manwani and Frenette, 2013a; Zhang et al., 2016). The 

haematocrit (the ratio of the volume of red blood cells to the total volume of blood), plasma 

viscosity, and erythrocyte deformability all determine the blood rheology (Barabino et al., 

2010). Elevated plasma viscosity arises because of chronic haemolysis and diminished sickle 

erythrocyte deformability as a result of Hb polymerisation and dehydration. This  impedes 

blood flow through capillaries and postcapillary venules (a very small vein, especially one 

collecting blood from the capillaries) of tissues with high oxygen consumption (Barabino et 

al., 2010).  

Adhesive interactions of SS-RBCs and leukocyte endothelium in particular, play important 

roles in the initiation of VOC (Figure 1.7) (Frenette, 2002).  Erythrocyte membrane damage 

due to sickling also releases adhesion molecules and promotes binding motifs not normally 

expressed in erythrocytes, such as phosphatidyl serine (PS), integrin-associated protein 

(IAP), basal cell adhesion molecule-1/Lutheran (B-CAM-1/Lu), and intercellular-adhesion-

molecule-4 (ICAM-4) (Barabino et al., 2010; H Franklin Bunn, 1997; Kaul et al., 2009).  

Additionally, as a result of chronic anaemia, the bone marrow undergoes stress 

reticulocytosis and releases immature erythrocytes or reticulocytes (Rees et al., 2010), 

which are decorated with adhesion molecules such as α4β1 integrin (VLA-4) and CD36 (Kaul 

et al., 2009). Endothelial dysfunction and sterile inflammation (see below), which are 

hallmarks of VOC, may contribute to upregulation of selectins (P- and E-), vascular-cell-

adhesion-molecule-1 (VCAM-1), ICAM-1, and major leukocyte chemo-attractants such as 

interleukin-8 (IL-8) on endothelial cells (Gladwin and Ofori-Acquah, 2014; Kato et al., 2017; 

Zhang et al., 2016). The inflammatory events in SCA may activate leukocytes such as 

neutrophils, monocytes, and platelets, leading to their increased adhesion to each other and 

to activated endothelium (Gladwin and Ofori-Acquah, 2014; Kato et al., 2017; Zhang et al., 

2016).  Activated adherent leukocytes, which are more rigid and larger than HbSS-RBCs 
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likely drive VOC by accumulating in venules, whereas the HbSS-RBCs may block smaller 

vessels in situations where there is no potent inflammatory trigger (Manwani and Frenette, 

2013a). 

 

 

Figure 1.7 | Events leading up to VOC in the postcapillary venules: Sickle erythrocytes and 
other inflammatory mediators induce the activation of the endothelium. The damaged and 
stimulated endothelium is free to recruit leukocytes. E-selectin on the endothelium is crucial 
for generating a secondary wave of activating signals, which produces a polarized expression 
of activated αMβ2 integrin (Mac-1) at the leading edge of the migrating neutrophil, allowing 
the capture of circulating discoid and sickle-shaped erythrocytes. Adapted from (Manwani 
and Frenette, 2013b). 

 

1.1.4.3 Haemolysis-Mediated Endothelial Dysfunction 

NO, a soluble diatomic gas molecule, is generated by the endothelial nitric oxide synthase 

(NOS) enzyme  through an oxygen-dependent conversion of L-arginine to citrulline (Chen et 

al., 2008). It is critical regulator of normal vascular function, regulates basal vasodilator 

tone, inhibits platelet and haemostatic activation, and suppresses the expression of 
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adhesion molecules such as E-selectin, P-selectin, ICAM-1 and VCAM-1 (Cahill and Redmond, 

2016; Fernández-Hernando and Suárez, 2018).  Once synthesized, NO diffuses from the 

endothelium to adjacent smooth muscle where it tightly binds the haem moiety in soluble 

guanylate cyclase, thereby activating the enzyme to convert GTP to cGMP. This activates 

cGMP-dependent protein kinases, prompting vasodilation (Laurindo et al., 2018). In addition 

to vasodilation, NO also promotes general vascular homeostasis and health. It modulates 

the expression of endothelin receptors (initiating a vasodilator effect via increase in 

endothelial endothelin receptor B expression) and decreases expression of endothelin 1, a 

potent mitogen and vasoconstrictor. Normally, the compartmentalization of haemoglobin 

within erythrocytes enables the vasodilator activity of NO because this creates diffusional 

barriers to NO entry into the red blood cells and reduces the scavenging of NO with 

intracellular haemoglobin (Helms et al., 2018). However, with SCA patients, the half-life of 

NO in the vasculature is shortened by its rapid reaction with red cell haemoglobin to form 

methaemoglobin and nitrate (Figure 1.8)(Chen and Popel, 2009). The intravascular 

haemolysis in SCA releases haemoglobin into plasma to scavenge NO at a rate 1000-fold 

faster than intra-erythrocytic haemoglobin (Gladwin, 2011; Liu et al., 2013). Consequently, 

smooth muscle guanylyl cyclase is inactivated and vasodilation is impaired leading to a 

clinical state of endothelial dysfunction (Figure 1.8) (Rajendran et al., 2013).  Red blood cell 

arginase-1 is also released into plasma by haemolysis, where it metabolizes plasma arginine 

into ornithine, lowering the substrate vital for NO synthesis and worsening the depletion of 

NO in SCA (Kato et al., 2017).In addition to its primary effects on endothelial function and 

chronic vascular injury, Hb is also oxidized and degrades to release free haem and haem 

iron. Hb and haem activate innate immune pathways, through Toll-like receptor 4 (TLR4) 

and inflammasome signalling. The inflammasome is cytosolic multiprotein oligomers of the 

innate immune system including NLRs (nucleotide-binding oligomerization domain and 

leucine-rich repeat-containing receptors), AIM2 (absent in melanoma 2), IFI16 (IFN-inducible 

protein 16) and pyrin. This core part of the complex interacts with the adaptor protein ASC 

to recruits pro-caspase-1 via its CARD domain which will proteolytically active pro-

inflammatory cytokines pro-IL-1β, pro-IL-1 and Gasdermin-D (Broz and Dixit, 2016).In the 

context of SCA, these haemolysis products are considered erythrocyte damage-associated 

molecular patterns (eDAMPs) that promote and propagate sterile inflammation and 

oxidative stress (Zhang et al., 2011). 
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Figure 1.8 |Pathogenesis and therapeutic targets in haemolysis-associated vasculopathy. 
Intravascular haemolysis releases haemoglobin into plasma, which reacts with and destroys 
endothelial-derived nitric oxide (NO). Arginase is also released from the red cell into plasma 
during haemolysis and degrades arginine, further reducing NO formation from arginine. 
Xanthine oxidase bound to endothelium produces superoxide, which also inhibits NO. 
Reduced NO bioavailability promotes vasoconstriction, activation of adhesion molecules 
(VCAM), activation of endothelin-1, a potent vasoconstrictor, and activation of platelets and 
thrombosis (tissue factor). Several therapies that target these pathways are indicated on the 
outside of the blood vessel. Abbreviations; Hb = haemoglobin; PDE5 = phosphodiesterase 5. 
Adapted from  (Lin et al., 2005). 

 

1.1.4.4 Sterile inflammation 

Epidemiological evidence suggests VOC is often triggered by an inflammatory stimuli, 

including infection, hypoxia, dehydration, acidosis, or other unidentified factors (Novelli and 
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Gladwin, 2016; Rees et al., 2010). These observations were substantiated by in vivo studies 

where SCA mice were treated with inflammatory stimuli such as Tumor Necrosis Factor-α 

(TNFα) (Hidalgo et al., 2009), haem, Hb (Belcher et al., 2014), hypoxia (Gutsaeva et al., 2014; 

Wallace and Linden, 2010), epinephrine (Zennadi et al., 2007) or lipopolysaccharide (LPS) 

(Belcher et al., 2014; Bennewitz et al., 2017) to trigger vaso-occlusion.   

In addition to the release of haem, haemoglobin and eDAMPs, haemolysis is also 

accompanied by the release of adenosine 5´ triphosphate (ATP), which has vasoactive 

properties (Sprague et al., 2007). Extracellular ATP acts as a signalling molecule through the 

activation of purinergic P2 receptors (M. Idzko et al., 2014), where binding of ATP to the 

P2X7 receptor is known to lead to K+ efflux via ATP-gated cation channel opening and trigger 

assembly of the inflammasome, with subsequent IL-1β and IL-18 processing, in certain 

inflammatory cells (Marco Idzko et al., 2014). Extracellular ATP can also be rapidly converted 

to adenosine by ectonucleotidases and the adenosine purine molecule can exert both anti-

inflammatory and pro-inflammatory effects, depending on the receptor with which it 

interacts. As such, while the interaction of adenosine with the ADORA2A adenosine receptor 

selectively inhibits the iNKT cells. Adenosine signaling through the ADORA2B adenosine 

receptor on the RBC membrane appears to induce erythrocyte sickling in SCA (Field et al., 

2014; Y. Zhang et al., 2011). 

Haem (ferrous protoporphyrin IX) and its oxidized form, hemin (ferric protoporphyrin IX), 

released following oxidation of Hb are potent TLR4 agonists that contribute to a 

proinflammatory and procoagulant state in SCA. Haem promotes sterile inflammation in SCA 

by stimulatingTLR4-dependent innate immune signalling in endothelial and mononuclear 

cells. Interestingly, haem appears to act through G-protein-coupled-receptor (GPCR)-

dependent signalling to promote neutrophil migration, oxidative burst, neutrophil 

extracellular trap (NET) generation, IL-8 production, and increased neutrophil survival. 

Thrombocytopenia  (low blood platelet count) is also a major predictor of progression of 

VOC in SCA patients to the potentially lethal lung injury known as acute chest syndrome 

(ACS) (Chaturvedi et al., 2016). This suggests a role for platelet sequestration at sites of 

vaso-occlusion (Alhandalous et al., 2015; Chaturvedi et al., 2016; Gardner and Thein, 2015). 

These clinical findings supported a role for inflammatory cells in vaso-occlusion and served 
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as the impetus for several in vivo studies in transgenic SCA mice that led to the development 

of the current multicellular paradigm of vaso-occlusion (Kato et al., 2017; Zhang et al., 

2016). 

1.1.4.5 Oxidative Stress  

The importance of ROS in SCA has been shown by the addition of superoxide dismutase 

which enhances vascular function in SCA mice (Kaul et al., 2004). Haemolysis contributes 

directly to oxidative stress via the following routes: (1) cell-free plasma haemoglobin and 

arginase contribute to deficiency of nitric oxide, an important endogenous antioxidant; (2) 

free haem released from haemoglobin turnover is oxidative; (3) elemental iron released 

from haem turnover can generate hydrogen peroxide via Fenton chemistry (Hebbel, 1985; 

Repka and Hebbel, 1991).  

 

Figure 1.9 | Vicious circle in SCA Pathophysiology. 
The cyclic reaction beginning with Hb polymerisation due to any number of factors, then 
leading to the downstream effects which cycle back to restart the complications of the 
disease. Abbreviations: eNOS, endothelial nitric oxide synthase; Hb, haemoglobin; NO, nitric 
oxide; ROS, reactive oxygen species; XO, xanthine oxidase. Image: (Chirico and Pialoux, 
2012). 
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Furthermore, xanthine oxidoreductase (XOR) and NADPH oxidase, two enzymes known to 

be excessively activated in SCA also generate oxygen radicals as a by-product of their 

enzymatic activities. XOR activity was found at threefold higher levels in the plasma of 

patients with SCA compared with healthy control subjects (Aslan et al., 2001). XOR, which 

impairs acetyl-choline-induced vascular relaxation in the SCA mouse (Aslan et al., 2001), 

appears to be induced to high levels by hypoxia-reoxygenation (Osarogiagbon et al., 2000).  

As ROS can drive Hb polymerisation, this can be seen as forming a viscous circle to lead to 

run-away VOC (Figure 1.9). 

1.1.4.5.1 Natural Antioxidants of the Red Cell  

Oxidative stress, arising from to both endogenous and exogenous sources of ROS, plays a 

significant role in damaging the erythrocyte membrane and impairing its deformability 

(Diederich et al., 2018). ROS such as like superoxide and hydrogen peroxide (H2O2) are 

neutralized by the RBC antioxidant system (Kuhn et al., 2017) consisting of both non-

enzymatic low molecular weight antioxidants and enzymes.  Important antioxidant 

molecules include Glutathione peroxidise (via the hexose monophosphate shunt, which 

generates the NADPH necessary for the GSH reductase-dependent regeneration of GSH, as 

well as the activity of other enzymes), peroxiredoxin-2, vitamin E and ascorbic acid (Alayash, 

2018; Mirooczuk-Chodakowska et al., 2018). Antioxidant enzymes  include superoxide 

dismutase (SOD), catalase (CAT)(Gonzales et al., 1984) and NADH methaemoglobin 

reductase, which reduces methaemoglobin to oxyhaemoglobin (Aguilar et al., 2016; Scott et 

al., 1989). Through these various activities erythrocytes, they generally show little evidence 

of cumulative oxidant-mediated damage. However, over-production of oxidants can 

overwhelm cellular defences, and contribute to disease pathology (Alayash, 2018). For 

instance, haemoglobin (Hb) continuously undergoes autooxidation (self-induced oxidation) 

especially under hypoxic conditions, producing superoxide which dismutates into hydrogen 

peroxide (H2O2) and is a potential source for subsequent oxidative reactions. The RBC 

antioxidant system would normally inhibit these oxidative reactions but with extracellular 

Hb, whether from haemolysis of RBCs and/or the infusion of Hb-based blood substitutes, 

these reactions are not completely neutralized by the available antioxidant system (Rifkind 

et al., 2015). 
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1.1.4.5.2 Superoxide Dismutase (SOD) 

SOD, a copper-containing enzyme which is widely distributed amongst aerobic organisms, 

converts two molecules of superoxide into oxygen and hydrogen peroxide (dismutation of 

superoxide (O2
-) (Hassan, 1988; Little and Hopkins, 2020).  

O2 + O2 + 2H SOD O2 + H2O2 

The hydrogen peroxide (H2O2) generated by this reaction is rendered harmless by the action 

of glutathione peroxidise (Brigelius-Flohé and Maiorino, 2013). However, erythrocytes SOD 

levels are reduced during vaso-occlusive crisis (Uche et al., 2020). 

1.1.4.5.3 Glutathione Peroxidase (EC 1.11.1.9) 

Glutathione peroxidase (GPx) is noteworthy for the presence of a covalently bound 

selenium (Se) atom in the form of a selenocysteine residue  which is essential for its activity 

on glutathione (Fig. 1.10)(Brigelius-Flohé and Maiorino, 2013). Selenium replaces the sulfur 

atom normally present in the thiol of the side chain (Brigelius-Flohé and Maiorino, 2013; 

Burk and Hill, 2010). The selenol group (OSeH) is more acidic than the thiol (OSH; pKa: 5) 

(Barbosa et al., 2017; Kade and da Rocha, 2012), so at neutral pH, the selenocysteine side 

chain is essentially fully ionized (OCH2Se-). GPx  recycles oxidized glutathione to its reduced 

form, using electrons from the NADPH formed by nicotinamide nucleotide 

transhydrogenase or by the pentose phosphate pathway (Maitra et al., 2018). Reduced 

glutathione also serves in keeping protein sulfhydryl groups in their reduced state, 

preventing some of the detrimental effects of oxidative stress (Drisko, 2018). 

The main reaction catalyzed by GPx, a cytosolic enzyme is the reduction of 

hydrogen peroxide to water and oxygen (Burk and Hill, 2010; Higuchi, 2014), as well as the 

reduction of peroxide radicals to alcohols and oxygen: 

2GSH + H2O2 → GS–SG + 2H2O 

Where GSH is reduced monomeric glutathione and GS–SG is glutathione disulfide.  
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The mechanism involves oxidation of the selenol of a selenocysteine residue by hydrogen 

peroxide to yield a selenenic acid (RSeOH) group derivative. The selenenic acid is then 

converted back to the selenol in a two step process that begins with reaction with GSH to 

form the GS-SeR and water. A second GSH molecule reduces the GS-SeR intermediate back 

to the selenol, releasing GS-SG as the by-product, as shown below (Bhabak and Mugesh, 

2010):  

RSeH + H2O2 → RSeOH + H2O 

RSeOH + GSH → GS-SeR + H2O 

GS-SeR + GSH → GS-SG + RSeH 

Glutathione reductase then reduces the oxidized glutathione to complete the cycle: 

GS–SG + NADPH + H+ → 2 GSH + NADP+. 

The cytosolic enzyme, glucose-6-phosphate dehydrogenase (G6PD) plays a crucial role in the 

regeneration of glutathione as it generates NADPH, crucial to the process, via the hexose 

monophosphate shunt (Berg et al., 2002). G6PD regulates the initial and rate-limiting step in 

the pentose phosphate pathway (PPP) which converts NADP into NADPH (Maitra et al., 

2018).  

 

Figure 1.10 | Glutathione  

HS 
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Hence it is essential for normal energy metabolism in erythrocytes as NADPH is required for 

the generation of glutathione.  Erythrocytes are particularly sensitive to oxidative damage 

because of the high cellular concentration of oxygen and haemoglobin (Pandey and Rizvi, 

2010; Yang et al., 2017) and the fact PPP is their only source of NADPH but glutathione 

reduces peroxides and protects cells from oxidative damage in the course of normal 

biochemical events or in the event of excess free oxygen radical generation (Adams et al., 

2019; Luzzatto et al., 2016). Although the inherited enzyme deficiency is mainly 

asymptomatic and rare (Chang et al., 1978), it can cause chronic haemolytic anaemia as 

erythrocytes are more susceptible to oxidative stress (Waggiallah and Alzohairy, 2011). 

1.1.4.5.4 Catalase (CAT) (E.C. 1. 1 1.1.6) 

Erythrocytes are endowed with extraordinarily high activities of catalase which decomposes 

H2O2 to water and oxygen or in a peroxidation reaction involving H2O2(Nandi et al., 2019), 

and electron donors such as reduced pyridine nucleotides or ethanol (Vissers et al., 2017). In 

addition to an overly high activity in erythrocytes, CAT has a much lower affinity for H2O2 

than does glutathione peroxidase (Higuchi, 2014). It has been suggested that, under 

physiological conditions, practically all erythrocyteH2O2 of is detoxified by glutathione 

peroxidase, implying the insignificance of catalase in the clearance of H2O2(Cohen and 

Hochstein, 1963; Heck et al., 2010; Izawa et al., 1996; Nagababu et al., 2003). However, the 

literature is conflicting on this question (Gaetani et al., 1996; Mueller et al., 1997).  

1.1.5 Anatomy of the Red Blood Cell Membrane Skeleton in Structural Integrity 

The red blood cell membrane consists of a lipid bilayer, containing approximately 20 major 

and at least 850 minor transmembrane proteins with various functions (Lux, 2016; Pesciotta 

et al., 2012). The integral membrane proteins are organized into macromolecular complexes 

gathered on band 3, a anion-exchange channel (Leal et al., 2018)and the most abundant 

erythrocyte membrane protein (Adebiyi et al., 2019).Most of the peripheral membrane 

proteins form the membrane skeleton, a protein network, 40 to 90nm thick that covers the 

inner membrane surface (Fig. 1.11)(Gómez et al., 2020; Lux, 2016; Stainer, 2018). The 

membrane is linked to the cytoskeleton of the RBC, consisting of long twisted strands of 

alpha and beta spectrin, actin filaments and its associated proteins (tropomyosin, 

tropomodulin, adducin, and dematin), protein 4.1R, and ankyrin (Lux, 2016). Spectrin forms 
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the inner shell of the RBC and gives the cell its deformability, which is the durability and 

flexibility to survive in the circulation (Li and Lykotrafitis, 2014). Defects in this protein 

results in abnormal RBC shapes and the condition of hereditary spherocytosis in humans 

(Ciepiela, 2018). Spectrin is bound to the membrane at sites containing the anion exchanger, 

band 3 via cytoskeletal proteins, ankyrin and adducin. Some of the transmembrane proteins 

(such as glycophorin A, Kell and Duffy), are RBC antigens (Lin et al., 2019). 

In red blood cells, modifications to the membrane structure leads to changes in their 

biomechanical behaviours (H. Li et al., 2018). Disruption in the spectrin-based membrane 

skeletons underlie multiple types of haemolytic anaemia (Iolascon et al., 2019; Risinger and 

Kalfa, 2020). 

 

 

Figure 1.11 |The erythrocyte cytoskeleton showing most of the known integral proteins. 
Image adapted from (Lux, 2016). 

1.1.5.1  Band 3 anion transport protein 

The band 3 protein, an intrinsic, phylogenetically-preserved transport membrane protein 

with up to 14 transmembrane  segments, is responsible for mediating 

the exchange of chloride (Cl−) with bicarbonate (HCO3
−) across cell membranes (Alenghat 
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and Golan, 2013; Alper, 2009) which is crucial for CO2 uptake by RBC (Reithmeier, 1996). The 

CO2 is converted (by hydration through the activity of carbonic anhydrase) into a proton and 

a bicarbonate ion. The bicarbonate is then excreted (in exchange for a chloride) from the 

cell by band 3 (Alenghat and Golan, 2013). 

The band 3 protein also functions in physical linkage of the plasma membrane to the 

underlying membrane skeleton (via binding with ankyrin and protein 4.2) (Alenghat and 

Golan, 2013; Hodgkins, 2019). It seems this is to prevent membrane surface loss, rather 

than assemble the membrane skeleton (Peters et al., 1996). 

Band 3 has a two-domain structure; the amino terminal 41 kDa domain, located in the 

cytosol which is responsible for binding the cytoskeleton to the membrane (Hodgkins, 2019) 

and the carboxyl terminal 55 kDa domain, embedded in the lipid bilayer, which is 

responsible for the anion transport (Hodgkins, 2019; Reithmeier, 1996). 

1.1.5.2 Spectrin 

Erythrocyte spectrin is a long, flexible, protein composed of 2 anti-parallel chains (α- and β-

spectrin) (Figure 1.12) (Hodgkins, 2019). Each chain contains multiple spectrin-type repeats, 

with peculiar functional domains at the fore-end for spectrin dimer-tetramer association 

and for erythrocyte ankyrin (also known as ankyrin-1 or ankyrin-R) binding, and domains at 

the rear end for binding to protein 4.1R, protein 4.2, short filaments of actin, and other 

proteins (An et al., 2008; Galkin et al., 2010; Ipsaro and Mondragón, 2010; Korsgren and Lux, 

2010; Li et al., 2008; Pei et al., 2007; Pesciotta et al., 2012; Sriswasdi et al., 2014). On 

average, 6 spectrins bind per actin filament, leading to a pseudohexagonal arrangement 

(Figure 1.13) (Lorenzo, 2020; Lux, 2016; Nigra et al., 2020). This spectrin network which lies 

underneath the membrane, is important in establishing vertical interactions with the plasma 

membrane and horizontal interactions with other members of the network (Li and 

Lykotrafitis, 2014), necessary for the optimal performance of the cell.  

Even though nearly 95% of the spectrin is in the tetramer or oligomer forms (Lux, 

2016),  spectrin self-association is particularly weak in the red cell (Salomao et al., 

2006). Tetramers dissociate and reform under physiological conditions, and this is 

pronounced when the membrane is distorted by shear forces (An et al., 2002).  This 
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mechanism has been thought to be an evolutionary accommodation to permit the 

enormous distortions that the red cell undergoes in parts of the microvasculature (Lux, 

2016). 

 

Figure 1.12 | Organization of erythrocyte spectrin, a long, flexibleprotein composed of 2 
chains. Each of the 2 spectrin chains (α- and β-spectrin) contain a tandem array of 
approximately 5.0-nm, roughly 106-amino acid, triple-helical spectrin-type repeats, with 
specialized functional domains for self-association and ankyrin-1 binding at the fore-end, 
and for binding to actin, protein 4.1R, and other associated proteins at the rear-end. Each 
spectrin repeat is formed by 3 α-helices (A, B, and C) with short connecting loops that are 
folded like a flattened Z into a triple-helical bundle (Yan et al., 1993).  α-Spectrin contains 21 
numbered repeats (α1-α21), plus a partial repeat (α0) at the N-terminus that contains a 
single C-helix. One of the 21 is actually an src homology 3 (SH3) domain (α10) but is 
conventionally numbered as a repeat (Lux, 2016). 
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Figure 1.13 | Erythrocyte cytoskeleton layout. Usually, 6 spectrins bind per actin filament, 
leading to a pseudohexagonal arrangement. The spectrin network is anchored to the plasma 
membrane at two points, in the ankyrin-complex and in the junctional complex, both of 
which bind the Band 3 protein. The presence of actin protoflaments, composed of 12-14 F-
actin monomers, which is the basis for the pseudohexagonal arrangement observed in the 
spectrin network is necessary for the conformation of the latter complex. NKA (Na+, K+-
ATPase) is an ubiquitous enzyme consisting of α, β and γ subunits, and is responsible for the 
creation and maintenance of the Na+ and K+ gradients across the cell membrane by 
transporting 3Na+ out and 2K+ into the cell. Image adapted from Suhail,(Suhail, 2010). 

 

1.1.5.3 The Actin Protofilament and Its Associated Proteins 

1.1.5.3.1 Actin 

Actin protofilaments are short, double-helical filaments of non-muscle or β-actin (Figure 

1.11) which lie roughly parallel to the membrane plane (±20°) and are randomly arranged 

(Hodgkins, 2019).  There are about 30 000 to 40 000 protofilaments per red cell, with 6 to 8 

actin monomers in each of the 2 strands (Lux, 2016). 

Defects in actin assembly have been suggested to result in haemolytic anaemia as indicated 

by haemolytic anaemia in misshaped red cells and clumped or irregular skeletons in studies 

involving mice lacking both Rac1 and Rac2 GTPases (Kalfa et al., 2006), or Hem-1 (a member 

of the Wiskott-Aldrich syndrome verprolin-homologous; WAVE, protein complex that 
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regulates F-actin polymerization)(Chan et al., 2013). This finding suggests that Rac GTPases 

and Hem-1 are pivotal in the organization of red cell membrane skeleton, acting through 

pathways that stimulate actin polymerization in many cell types.  

1.1.5.3.2 Tropomyosin  

Erythrocyte tropomyosin is a long rod-like dimer of α- and γ- tropomyosin isoforms (hTM5b 

and hTM5, respectively) (Mohandas and Gallagher, 2008a). One tropomyosin dimer binds to 

each of the 2 strands in the actin protofilament (Figure 1.11). Binding is magnesium ion 

dependent. The red cell tropomyosin isoforms also bind to tropomodulin (see 1.1.5.3). Red 

cell membranes that lack tropomyosin are markedly more fragile than normal (Salomao et 

al., 2006), and only endogenous tropomyosin, not the longer muscle isoforms, can restore 

stability. Red cell tropomyosin is just long enough (∼34 nm) to cover the estimated 7 actin 

monomers in 1 strand of the F-actin protofilament, which supports the idea that 

tropomyosin both determines the length of the filament (along with actin-capping proteins), 

in filament   assembling and strengthens the filament after assembly (Gunning et al., 2015). 

1.1.5.3.3 Tropomodulin 1 

Animal studies (Moyer et al., 2010; Sui et al., 2014) have identified 2 functions for 

Tropomodulin 1 (TMod1); it caps the pointed or slow-growing end of actin filaments and 

binds tropomyosin, which greatly strengthens actin capping (Yamashiro et al., 2012).  This 

protein was found to increase two–threefold with HU) treatment in SCA (Ghatpande et al., 

2010), emphasizing its importance in membrane deformability. There are 30,000 copies per 

red cell, or 1 per actin protofilament (Lux, 2016). One TMod1 binds to both actin strands 

and both tropomyosin dimers in the actin protofilament (Yamashiro et al., 2012).    

Tropomyosin and tropomodulin, together with adducin which also acts as an actin polymer 

cap, tightly controls the ratio of polymerized to depolymerized actin to affect cell 

malleability (Joshi et al., 1991; Katagiri et al., 1996; Kiang and Leung, 2018; Ly et al., 2019). 

ATP-driven phosphorylation of the cytoskeletal network (Léonard et al., 2017; Ziemnicka-

Kotula et al., 1998), release of calcium and other membrane-associated enzymes (Hodgkins, 

2019; Magnani et al., 2019) have also been noted to mediate RBC plasticity. 
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1.1.5.3.4 Protein 4.1R 

Protein 4.1R promotes the crucial spectrin-actin binding and helps attach the membrane 

skeleton to the membrane, modulated by ankyrin. Under physiological conditions, 

erythrocyte spectrin binds very weakly to F-actin. Hence, protein 4.1R binds to both spectrin 

and actin and generates a high-affinity ternary complex (Gimm et al., 2002). The cofactor 

activity is maintained within a 10-kDa spectrin-actin binding domain (SABD) at the middle of 

the molecule (Correas et al., 1986). The actin-binding site in the SABD is straddled by a 2-

part spectrin-binding site in a single linear peptide (Gimm et al., 2002). The SABD peptide 

plays a critical role in normalizing Red cells membrane strength (Discher et al., 1995). 

1.1.6 Sickle Cell Anaemia: Management 

1.1.6.1 Orthodox treatment strategies 

Considering the wealth of extensive knowledge on sickle cell pathophysiology and the fact 

that haemoglobin was one of the first drug design targets (Hardy et al., 2003), there are 

surprisingly few options available for the treatment of SCA. Haematopoietic stem cell 

transplantation is the only available cure, which is essentially used for children who have 

severe complications. However, it is not considered a viable option for most patients due to 

the lack of donors, potential risk and toxicity (Imaga, 2010; Rees et al., 2010). Hence, the 

management of SCA is mainly palliative which includes pain management (Lakkakula et al., 

2018; Puri et al., 2018), rehydration (Carden et al., 2019; Peterfy et al., 2018), blood 

transfusion(Friedman et al., 2018; Piccin et al., 2019) and antibiotics (Rankine‐Mullings and 

Owusu‐Ofori, 2017; Reeves et al., 2018). Blood transfusion suppresses HbS erythropoiesis 

and decreases haemolysis, but this is not a practical long-term solution, especially since the 

associated iron overload can result in liver damage without the administration of iron 

chelators (Rees et al., 2010).  

There seem to be no evidence-based guidelines for the treatment of acute pain episodes in 

SCA (Vaishnava and Rangari, 2016). Only a small number of analgesics like nonsteroidal anti-

inflammatory drugs (NSAIDs) such as ibuprofen and ketorolac or other non-opioid analgesics 

like paracetamol can be prescribed. Treatment with hydroxyurea, which is also used to treat 

some forms of cancer and AIDS (Strouse and Heeney, 2012), represents the only established 
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drug to SCA (Agrawal et al., 2014; Platt et al., 1984) but it is not without its side effects and 

complications (Rees et al., 2010).  Although hydroxyurea should only be used for adults, 

some doctors recommend off-label use in children (Ware, 2010).  

Adopting a therapy for sickle cell anaemia is complicated by extreme variability and diversity 

in the clinical and haematological expressions of the disease (Fatope and Abraham, 1987). It 

is however generally accepted that the underlying cause in the manifestation of sickle cell 

disease is related to the formation of intracellular HbS polymer under anoxic conditions. 

Therefore, agents have been sought to inhibit the polymerisation process. Five 

pharmacological approaches to inhibiting HbS polymerisation include use of compounds or 

drugs that (a) bind stereospecifically to HbS and alter its structure to block intermolecular 

interaction with other HbS molecules, (b) induce foetal haemoglobin synthesis (c) increase 

oxygen affinity or shift the allosteric equilibrium toward the more soluble oxy (R) state, (d) 

reduce intracellular haemoglobin concentration (mean corpuscular haemoglobin 

concentration; MCHC) within the red cell, decreasing the HbS concentration and increasing 

the delay time in polymerisation, or (e) reducing the concentration of 2,3-

diphosphoglycerate (which binds in the cleft between the β subunits to stabilize the deoxy 

tense (T) quaternary structure and thereby decreases oxygen affinity by shifting the T-R 

quaternary equilibrium towards T) thereby increasing the fraction of HbS in the non-

polymerizing R quaternary structure.  

The earliest haemoglobin modifiers were noncovalent agents such as hydrophobic amino 

acids and urea, which was originally investigated for its ability to disrupt hydrophobic bonds, 

but was found to weakly inhibit sickling in vitro(Chang et al., 1983). Phenylalanine had a 

stronger anti-sickling effect than urea and a series of derivatives was synthesized with 

enhanced activity (Noguchi et al., 2003). The concentration of haemoglobin within red blood 

cells is 5 mM, which equates to approximately 322.5 g of HbS in a sickle cell patient with a 

blood volume of 4 L and a 25% volume percentage of red blood cells (D. Abraham et al., 

1991).Due to this high concentration of the target Hb protein, covalent modifiers are 

favoured over non-covalent modifiers, which would require too high of a dose for activity 

(Park et al., 2003). For example, phenylalanine has the potential for toxicity around 2 mM 

and about 30mM of the drug would be required to sufficiently increase deoxygenated HbS 
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solubility (Noguchi et al., 1983). With repeated administration, a covalent drug could 

gradually modify the target protein in lower doses due to the increased half-life of the 

covalent complex, which is around 120 days for Hb (Park et al., 2003).  

Covalent modifiers usually act by binding HbS amino groups, resulting in the destabilization 

of the T state or enhanced stability of the R state. For example, cyanate increases oxygen 

affinity by carbamylation of the N-terminal αVal1 and βVal1 of HbS, and also causes a slight 

increase in deoxygenated HbS solubility due to the location of the binding site on the β-

globin chain (Noguchi et al., 2003). Aspirin inhibits polymerisation through acetylation of a 

lysine side chain (Xu et al., 1999) while aromatic aldehydes, including 5-hydroxymethyl-2-

furfural (5-HMF; a decomposition product of sugar formed in the Maillard reaction; Figure 

1.14), glyceraldehyde and vanillin, form Schiff bases with αVal1 and concurrently disrupt the 

T state-stabilizing salt bridge (Abdulmalik, Safo, Chen, Yang, Brugnara, Ohene-Frempong, et 

al., 2005; Omar et al., 2019). Compounds with an aromatic aldehyde ortho to the pyridyl 

group were found to have the most activity, in an investigation of the structure-activity 

relationships of benzaldehydes and their anti-sickling potency, and this progressively 

decreased for analogues with the aldehyde at the meta and para positions (Nnamani et al., 

2008). 

 

 Figure 1.14| 5-Hydroxymethyl-2-furfural 

This can be ascribed to enhanced stability achieved through the bond of the substituent 

with the nitrogen of the Schiff base via a hydrogen bond. A group of benzaldehyde 

derivatives with a carboxylic acid group, including 5-formylsalicylic acid, were found to have 

the opposite effect to aldehydes due to the formation of a salt bridge between the acid and 

the subunit opposite to the binding site, resulting in increased stability of the tense state 

(Abraham et al., 1995). Many of these compounds are not medically suitable for SCA 

management due to their toxicity at effective concentrations (Abdulmalik, Safo, Chen, Yang, 
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Brugnara, Ohene-Frempong, et al., 2005); while others, such as vanillin, are impracticable 

due to their low bioavailability (D. Abraham et al., 1991). However, 5-HMF has high 

bioavailability and specificity for Hb (Abdulmalik, Safo, Chen, Yang, Brugnara, Ohene-

Frempong, et al., 2005). 

The pharmacologic induction of foetal haemoglobin (HbF) expression is a 

potent treatment approach for SCA and β-thalassemia. Hydroxyurea (Figure 1.15) is a foetal 

haemoglobin (HbF) inducer that prevents polymerisation due to the absence of β-globin in 

HbF (Bank, 2006) to reduce SCA symptoms (Charache, Terrin, Moore, Dover, Barton, Eckert, 

McMahon, and Bonds, 1995). 

 

 Figure 1.15 | Hydroxyurea  

Hydroxyurea has been shown to reduce the frequency of vaso-occlusion and may also have 

the ability to prevent organ damage (Hankins and Aygun, 2009; McGann and Ware, 2015). 

Although the exact mechanism by which hydroxyurea increases HbF levels is unknown, it is 

thought to be linked to the destruction of late erythroid precursor cells and the 

regeneration of primitive erythroid progenitors that synthesize HbF (Coleman and Inusa, 

2007). Hydroxyurea may also operate via the production of NO and consequent activation of 

soluble guanylyl cyclase in erythroid cells (Gladwin et al., 2002). There are concerns about 

myelotoxicity (bone marrow suppression), genotoxicity and carcinogenic effects (Hankins 

and Aygun, 2009) with the use of hydroxyurea.  
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(A)    (B) (C)  

Figure 1.16 |(A) Decitabine (5-aza-2'-deoxycytidine), (B) Pomalidomide and (C) Senicapoc 

Decitabine (5-aza-2'-deoxycytidine, Figure 1.16), a methylation-resistant cytosine analogue 

that is incorporated into DNA, was the first drug tested to increase HbF levels (Coleman and 

Inusa, 2007). It promotes hypomethylation of the γ-globin gene promoter, leading to the re-

expression of γ-globin but it is also cytotoxic and results in myelosuppression (Ataga, 2009). 

Other γ-globin inducers include butyrate, which inhibits histone deacetylase (HDAC) and 

results in increased γ-globin gene transcription but with poor bioavailability (Hankins and 

Aygun, 2009). Acetylation of histone proteins causes a change in DNA configuration, making 

it more accessible to transcription factors and resulting in the increased expression of 

certain genes (Coleman and Inusa, 2007). Pomalidomide (Figure 1.16b), a potent structural 

analogue of thalidomide, an immunomodulator, stimulates the production of HbF by 

transcriptional regulation of haemoglobin resulting in increased γ-globin synthesis without 

the cytotoxicity and myelosuppression exhibited by hydroxyurea (Moutouh-de Parseval et 

al., 2008).  

A group of channel blockers that inhibit red blood cell dehydration is an additional class of 

drugs under investigation for the management of sickle cell disorder. Senicapoc (Figure 

1.16c), a Ca2+-activated K+ efflux (Gardos) channel inhibitor has been shown to inhibit red 

blood cell dehydration in vitro and reduce haemolysis in clinical trials by selectively blocking 

K+ efflux, though this did not result in a consequent reduction in pain (Ataga et al., 2011).  

Vasodilators are also potential therapeutic candidates in sickle cell management due to 

their ability to regulate NO levels, which are depleted in sickle cell patients as a result of 

haemolysis. NO inhalation was investigated as a treatment option but was found to not 
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affect the vaso-occlusive pain crisis (Gladwin et al., 2011). L-arginine, present in low levels in 

HbSS adults has been shown to inhibit Gardos channel activity in vitro but failed Phase II 

(Ataga, 2009); sildenafil (Viagra), an oral phosphodiesterase-5 inhibitor (PDE5) that inhibits 

the breakdown of cyclic GMP, was also terminated in Phase II; and statins that can 

potentially reduce endothelial adhesion of red blood cells by the upregulation of endothelial 

production of NO (Ataga, 2009). 

It is proposed that folate in anaemia raises haemoglobin levels and helps provide a healthy 

reticulocyte count (Bansal et al., 2016; Divakar et al., 2017; Marie J. Stuart and Ronald L. 

Nagel, 2004).  However, there are conflicting views on the use of folic acid supplementation 

in SCA. Studies in support of folic acid supplementation have cited positive effects such as 

reversal of developmental delay, reduced dactylitis (inflammation of digits), and reduction 

of homocysteine levels leading to reduced cardiovascular, stroke and venous thrombosis 

risk (Al-Yassin et al., 2012; Dixit et al., 2018). Others have shown that folic acid does not lead 

to improvements in haemoglobin, growth characteristics, infections, splenic sequestration, 

and dactylitis but has dangerous effects such as increased priapism (persistent and painful 

erection of the penis), increased twin pregnancy rates, and the risk of masking vitamin B12 

deficiency with consequent neuropsychiatric manifestations (Al-Yassin et al., 2012; Rabb et 

al., 1983; Smith et al., 2017). 

1.1.6.2 Phytotherapeutic Management of Sickle Cell Anaemia 

It is admitted worldwide that traditional medicine can be explored and exploited for use 

alongside synthetic pharmaceutical products for enhanced health management. For 

decades, herbal extracts from indigenous flora with potent activity have been used as 

medicine in the management of various diseases (Ruphin et al., 2014).  

In Sub-Saharan Africa, medicinal plants are widely used to manage SCA though relatively 

few have been validated scientifically. Research on phytotherapy in Nigeria has led to the 

development of two herbal-based medicines for the management of SCA.  Nicosan, which 

includes Sorghum bicolor leaf as one of its active ingredients, can decrease the occurrence 

of severe pain crises in a clinical trial conducted on HbSS patients at a dose of 12 mg/kg/day 

with no apparent toxicity (Wambebe et al., 2001b). It was later shown to inhibit sickling 
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both in vitro (Efemwonkiekie W. Iyamu et al., 2002) and in vivo (Iyamu et al., 2003; 

Wambebe et al., 2001a), and produce a leftward shift of the HbS oxygen dissociation curve. 

Unfortunately, its active compound(s) and mechanisms of action are unknown 

(Efemwonkiekie W. Iyamu et al., 2002). Its ability to increase HbS oxygen affinity with no 

observed change in haemoglobin concentration or red blood cell dehydration led 

researchers to hypothesize that it is in the class of haemoglobin modifiers (Iyamu et al., 

2003). The anti-sickling activity of Nicosan has been partially attributed to aromatic 

aldehydes including 5-HMF (Imaga, 2013; Nathan et al., 2009).  

Ciklavit contains the extract of Cajanus cajan, commonly known as the pigeon pea (Abo-Zeid 

et al., 2018; A. O. Akinsulie et al., 2005) which is consumed in Nigeria for its anti-sickling 

effects.  Ciklavit was reported to decrease pain crises in a clinical trial of 100 HbSS patients 

at a twice-daily dose of 10 mL in children and 20 mL in adults (A. O. Akinsulie et al., 2005). 

The anti-sickling activity of Cajanus cajan (A. Akinsulie et al., 2005; Ekeke and Shode, 1990) 

has been attributed to hydroxybenzoic acid derivatives (Akojie and Fung, 1992) and 

phenylalanine (Ekeke and Shode, 1990). Other plants that have gained scientific backing as 

anti-sickling agents include Carica papaya (Imaga et al., 2009b; Mojisola et al., 2008; 

Thomas and Ajani, 1987), Fagara zanthoxyloides (Sofowora et al., 1979; Sofowora and 

Isaacs, 1971), Cnidoscolus aconitifolius(Cyril-Olutayo and Agbedahunsi, 2015) and Telfairia 

occidentalis (Atabo et al., 2016b; Cyril-Olutayo et al., 2018) and Alchornea spp (see below).  

 

 

Figure 1.17 | Burkinabin anti-sickling chemicals 
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The root and bark of Fagara zanthoxyloides Lam. (Rutaceae) (syn. Zanthoxylum 

zanthoxyloides) is widely used in folk medicine for treatment and the prevention of disease 

crisis (Ouattara et al., 2004). The anti-sickling activity of F. zanthoxyloides was discovered 

when aqueous extract of this plant preserved the colour of RBCs (El-Said et al., 1971)and 

was later discovered to revert sickled Hb RBCs to normal Hb in an in vitro study (Sofowora et 

al., 1979). The same aqueous extract was also reported to activate the red cells membrane-

bound enzymes Na+, K+-ATPase, and Ca2+-ATPase, which were involved in the sickling 

process (Elekwa et al., 2005b). The major bioactive compounds responsible for anti-sickling 

properties present in the extract were identified as burkinabins A, burkinabins B and 

burkinabins C (Figure 1.17) (Ouattara et al., 2004) and further studies proved that presence 

of vanillic acid, p-hydroxy benzoic acid, and p-fluoro benzoic acid could play a useful role in 

sickle cell disease (Elekwa et al., 2005a).  

There is a clear lack in the availability of effective sickle cell treatments. This disorder is 

considered by some to receive insufficient attention from pharmaceutical companies due to 

the limited economic incentives. Therefore, there is a need to not only investigate the anti-

sickling properties of more medicinal plants for their efficacy and use in the management of 

the disease, but to also make efforts to either isolate active components for drug 

production or formulate them into dosage forms. 

1.2 Alchornea spp. Leaf: Ecology, Ethnobotany, and Ethnopharmacology 

Alchornea is a tropical shrub that has been used in West Africa in ethnomedicinal practices 

for its efficacy at ameliorating the symptoms of SCA. Several kinds of biological activity have 

been seen in the species: antioxidant, antifungal, anti-inflammatory, and antibacterial. 

Herbal extracts have been used as medicine for decades in the management of various 

diseases (Ruphin et al., 2014).  

The genus Alchornea belongs to the tribe Alchorneae (Hurus.) Hutch.(Hutchinson, 1969), 

sub-tribe Alchorneinae Hurus of Euphorbiaceae (Webster, 1994; Webster, 2014) and 

comprises 55 accepted names, based on the Plant List (List, 2020) and other two unresolved 

species (Alchornea acerifera Croizat and Alchornea oblonga Müll. Arg.) with a special 

pantropical distribution (Murillo, 2004). This genus has a strong preference for tropical rain 
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forests found in America (Brazil, Colombia, and Peru) (Gillespie, 1993; Martínez et al., 2017), 

tropical countries of Africa (Congo and Nigeria), and Asia (China and Vietnam). Other areas 

where the Alchornea species are located include Australia, Mexico, and South Africa 

(Martínez et al., 2017).  

Neotropical members of the Alchornea genus are dioecious, occasionally monoecicous, 

trees or shrubs without exudates and with stellate indumentum. The stipules are very small 

and are present in lateral position. The leaves generally have acrodromous (triplinerved) 

venation and basilaminar glandular spots. The staminate flowers usually have eight basally 

connate stamens, but sometimes six to seven. The pistillate flowers have an ovary that is 

typically bicarpellate with two elongated styles, which are persistent in fruit (De S. Secco 

and Giulietti, 2004; Webster, 1994). The leaves of tropical Alchornea species are entire to 

dentate sometimes stipulate. Axillary spiciform inflorescences. Staminate calyx closed in 

bud flowers, splitting into 2-5 valvate segments, filaments basally slightly connate. Pollen 

grains spheroidal, angulaperturate. Pistillate flowers sessile, sepals 3-6, disk obsolete, 

usually pubescent. Ovary 2-5 locular, ovules with outer integument vascularized. Fruits 

capsular, smooth or tuberculate. Elliptic ecarunculate seeds with smooth testa and 

vascularized mesotesta (n = 9,18) (Webster, 2014). 

Numerous reports of the ethnopharmacological uses of species belonging to this genus exist 

mainly in Africa and Brazil. Uses include the treatment of different inflammatory and 

infectious diseases such as arthritis, dysentery, intestinal disorders, fractures, leprosy, 

malaria, management of ringworm infections, muscle pain, rheumatism, and ulcers 

(Martínez et al., 2017). The genus Alchornea, contains different secondary reported 

metabolites mainly, alkaloids, terpenes, steroids, phenolic acid, and saponins.  

Alchornea cordifolia is the most studied species among the Alchornea genus and it is the 

only one that has been reported with anti-drepanocytary/anti-sickling activity. 

1.2.1 Alchornea laxiflora 

Alchornea laxiflora (Benth.) Pax andK.Hoffm. is a deciduous, erect to straggling shrub or 

small tree up to 7(–10) m tall (Figure 1.18) that occurs in evergreen forest and associated 
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bushland, in riverine thickets, from sea-level up to 1600 m altitude (Adewole, 1993). It is 

monoecious with male and female inflorescences on separate branches; smooth bark, pale 

grey, flaking; young shoots shortly hairy to almost glabrous (G. H. Schmelzer and A. Gurib-

Fakim, 2008).  

A decoction of the leaves is taken to treat inflammatory and infectious diseases in Nigeria. It 

is also a common ingredient in herbal antimalarial preparations (O. O. Ogundipe et al., 2001; 

Olatunde Farombi et al., 2003). Additionally, the leaves are used in packing kola nuts for its 

preservative ability. Its small branches are used as chew sticks and sturdy straight stems are 

used as poles in fencing (Neuwinger, 2000). The ground leaves are taken in water to treat 

hernia in Tanzania (Idu and Ndukwu, 2006; G. H. Schmelzer and A. Gurib-Fakim, 2008). The 

leaf sap and root decoction are drunk to treat pain in the neck and shoulders. The ash of the 

stem pith is applied to a stiff neck. It is taken orally for the treatment of postpartum pains in 

Cameroun (Focho et al., 2009). 

The extensive use of this plant species in traditional medicine has been reported in the 

literature in Cameroon and Nigeria. An ethnobotany and phytomedicine inventory 

published by Jiofack et al. (Jiofack et al., 2010) reports the therapeutic indication of leaves 

to treat dysentery, haemorrhoids, and urinary infections. 

 

 

Figure 1.18 | Alchornea laxiflora in its habitat. 
Photo; Warren McCleland, Nwambiya Sandveld, Kruger NP on Flickr (Dec 2013) 
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Preliminary phytochemical screening revealed the presence of alkaloids, cardiac glycosides, 

saponins, tannins, phlobatannins, flavonoids, steroids, reducing sugars and phenolic 

compounds in the roots, and in lower amounts, in the leaves (Borokini and Omotayo, 2012; 

Ogundipe, 1999; Oloyede et al., 2010; Schmelzer, 2007). From the ethyl acetate soluble 

fraction of the crude methanolic leaf extract the flavonoids quercetin and the quercetin-

related compounds rutin and quercitrin were isolated (Figure 1.18).  

 

Figure 1.19 | Some flavonoids isolated from the ethyl acetate soluble fraction of the crude 
methanolic leaf extracts of A. laxiflora. 

 

 

Figure 1.20 | Quercitin derivatives isolated from A. laxiflora ethanol leaf extract 

Quercetin 

Rutin 
Quercitrin Quercetin-7,4’-disulphate 

Quercetin- 3’,4’-disulphate Quercetin-3,4’-diacetate 
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These compounds showed significant antimicrobial activity against several gram-positive 

and gram-negative bacteria and fungi (Schmelzer, 2007). Ogundipe et al.(O. Ogundipe, J. 

Moody, and P. Houghton, 2001)  reported the isolation of several flavonoids from the ethyl 

acetate fraction of the methanol leaf extract and identified quercetin-7,4’-disulphate, 

quercetin-3’,4’-disulphate, quercetin,quercetin-3,4’-diacetate, rutin and quercitrin (Figure 

1.19) as having high antimicrobial activities with MIC values ranging >200 to 3.13 μg/mL 

against C. albicans, P. aeruginosa, S. aureus and B. cereus.  

Aqueous-methanolic leaf extract also showed medium to low antibacterial activity against 

Micrococcus luteus, P. fluorescens, Clostridium sporogenes, K. pneumoniae, B. subtilis, 

Bacillus polymyxa, Clostridium pyogenes, E. faecalis, P. vulgaris and B. anthracis with 

IC50values ranging 0.78 to 25 mg/mL; low antifungal activity against Aspergillus glaucus, A. 

niger, Aspergillus fumigatus, Penicillium expansum, Trichophyton tonsurans, Trichophyton 

interdigitale, Penicillium camemberti, Trichophyton mentagrophytes, A. flavus, 

Scopulariopsis brevicaulis, Penicillium italicum, Candida pseudotropicalis, andTrichophyton 

rubrum with IC50 values ranging 2.19 to 35 mg/mL (David A Akinpelu et al., 2015). Oloyede 

et al.(Oloyede et al., 2011) also reported the isolation of quercetin-3-O-β-D-glucopyranoside 

and quercetin-3,7,3’,4’-tetrasulphate from the ethanol leaf extract (Figure 

1.20).Additionally, two compounds (10Z)- tetradec-10-enoic acid-(2S)-2-carboxy-2- 

hydroxyethyl ester (a) and 3-O-β-D-glucopyranoside of β-sitosterol (b), together with (2R)-2-

hydroxy-N- [(2S,3S,4R,15Z)-1,3,4-trihydroxy-15-triaconten-2-yl] octacosamide (c), 3-O-acetyl 

oleanolic acid, 3-O-acetyl ursolic acid (d), ellagic acid (e), 3-O-methylellagic acid (f) and 3-O-

methyl-3’-O-α-rhamnopyranosyl ellagic acid (g) were isolated from methylene 

chloride/methanol (1:4) stem bark extract, from which (a), (e) and (f) (Figure 1.21) exhibited 

cytotoxic activity against human promyelocytic leukaemia HL60 with IC50 values of 58.7, 6.6 

and 6.8 μM (Sandjo et al., 2011).Acetone leaf extract showed in vitro anti-inflammatory 

(Dzoyem and Eloff, 2015) and antioxidant activities which were ascribed to the total 

phenolic and flavonoid contents in the extract at 147.95 mg gallic acid/mg and 13.84 mg 

quercetin/mg (Dzoyem and Eloff, 2015). Furthermore, medium and high radical scavenging 

activities were observed from different parts (hexane root-, methanol root-, hexane leaf- 

and methanol leaf-extracts).Hexane root extract was found to exert the highest protection 

against the oxidation mediated by thiocyanate (in the linoleate-thiocyanate model assay) 
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with an inhibition percentage of 76.4% that is comparable to that of butylated 

hydroxyanisole (BHA). 

 
 

Figure 1.21 |Compounds isolated from A. laxiflora ethanol leaf extract 

 

Fractions of the hexane root extract also showed high lipid peroxidation-protective activity 

which was attributed to the presence of terpenoids (Olatunde Farombi et al., 2003). 

Adeloye et al.(Adeloye et al., 2005)reported the antioxidant activity of 50% ethanolic leaf 

extract with IC50 values of 106.74 μg/mL, 12.97% and 24.34% for the crude extract, and 

ethyl acetate and butanol fractions, respectively, together with the isolation of a taxifolin 

glycoside. Ethyl acetate fraction of ethanol leaf extract offered significant hepatoprotective 
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activity against CCl4-induced hepatotoxicity in rats, reducing the levels of serum marker 

hepatocellular damage enzymes: aspartate aminotransferase (AST), alanine 

aminotransferase (ALT), alkaline phosphatase (ALP) and lactate dehydrogenase (LDH) 

(Oloyede et al., 2011). In vivo hepatoprotective activity was indicated by the presence of 

normal hepatic cords, the absence of necrosis, and lesser fatty infiltration in the extract-

treated group compared to CCl4 controls (Oloyede et al., 2011).  

The traditional use of A. laxiflora against snakebite was authenticated by the study by 

Molander et al.(Molander et al., 2014), which demonstrated that ethanolic leaf extract 

inhibited hyaluronidase, phospholipase A2 and protease enzymes in Bitis arietans venom 

and Naja nigricollis venom.  

1.2.2 Alchornea cordifolia 

Alchornea cordifolia (Schumach. and Thonn.) Müll.Arg. is a straggling, laxly branched, 

evergreen dioecious shrub (small tree) growing up to 8 metres tall (Figure 1.22)(Agbor et al., 

2004). It is a multi-stemmed shrub or small tree, commonly known as Christmas bush which 

is found in secondary forests and is widespread in tropical Africa. It has been located in 

Ghana, Nigeria, Senegal, Angola, Zimbabwe, Cameroon, and Tanzania (Iwu, 1993). The plant 

has simple, broadly ovate, and cordate leaves, which have drawn-out apex and heart-

shaped base, 15 – 28 cm long, and 16 –18 cm broad. Equipped with greenish-white flowers 

often dioecious, the plant produces greenish-grey fruits, which usually split to expose red 

seeds when ripe (Irvine, 1961). It is an important and widely used plant in African traditional 

medicine, where it is usually harvested from the wild (Agbor et al., 2004). The plant is also 

cultivated for its medicinal uses, and the leaves, root bark, and fruits are sold for medicinal 

purposes in local markets in Tropical Africa. It is also used in shelterbelts and as a pioneer 

species when restoring native woodland (Agbor et al., 2004). A. cordifolia also supplies a 

dye, it is used as wood, to preserve fishing nets and occasionally as food (Schmelzer and 

Gurib-Fakim, 2008). 

Pharmacological research has shown the stem bark, leaves, and root-barks of Alchornea 

cordifolia contains terpenoids, steroid glycosides, flavonoids (2–3%), tannins (about 10%), 

saponins, carbohydrates, and the imidazopyrimidine alkaloids: alchorneine, alchornidine, 
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and several guanidine alkaloids (Obadoni and Ochuko, 2002). The leaves also contain a 

range of hydroxybenzoic acids: gallic acid and its ethyl ester, gentisic acid, anthranilic acid 

(vitamin L1), and protocatechuic acid, and also ellagic acid (alizarine yellow). Alchornoic 

acid, a C20 homologue of vernolic acid, was found in the seed oil (Obadoni and Ochuko, 

2002).  

Different leaf, stem bark and root bark extracts (methanolic, ethanolic or acetonic) have 

shown significant activities against a range of bacterial and fungal human pathogens with 

the strongest activity in the root barks (Djimeli et al., 2017; Ebenyi et al., 2017; Lamikanra et 

al., 1990; Okeke et al., 1999). The results of tests on anti-HIV activities of the seed extract 

are contradictory. HIV-1 strains were found to be sensitive to the seed extract (Ayisi and 

Nyadedzor, 2003), whereas another study seemed inconclusive (Muanza et al., 1995). 

Although further research has evaluated the HIV-1 integrase (IN) inhibitory properties and 

cytotoxicity properties of methylgallate from Alchornea cordifolia, a significant HIV-1 IN 

inhibitory activity was reported with an IC50 value lower than that of L-chicoric acid, a known 

HIV-1 IN inhibitor (Siwe-Noundou et al., 2019). Ethanolic leaf and fruit extracts of A. 

cordifolia have shown significant trypanocidal, anthelminthic, and amoebicidal activities 

(Koné et al., 2005). Methanol or ethanol extracts of leaf and root at a concentration of 100 

μg/ml did not show cytotoxic activity against 60 different tumour cell lines from 8 organs 

(Muanza et al., 1995). An ethanol extract of the leaf showed significant activity against 

castor oil-induced diarrhoea in mice. The presence of tannins and flavonoids may account 

for the increased colonic water and electrolyte reabsorption (Agbor et al., 2004; 

Ogungbamila and Samuelsson, 1990). 

Different leaf extracts have been found to show a significant anti-anaemic activity based on 

assays of in anaemic rats (N’guessan et al., 2010, Mpiana et al., 2007a, Kapnang-Jepang, 

1997, Mpiana et al., 2010b). The anthocyanin content is thought to contribute to this 

activity due to the antioxidant ability of anthocyanins to reduce metHb/Hb ratio, a 

biomarker of oxidative stress in sickle cells (Mpiana et al., 2010b). 
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Figure 1.22 | Alchornea cordifolia habitat. 
Images: Mushagalusa Kasali Félicien (Joseph et al., 2015) and Olayemi Adeniyi. 

 

1.2.2.1 Studies on Alchornea cordifolia Leaves-Extract as a Haematinic 

Although, the pharmacological activities of Alchornea cordifolia have been extensively 

investigated there has been little scientific study confirming specific compounds responsible 

for the anti-anaemic activity. The aqueous extract of A. cordifolia was showed to confer an 

anti-sickling activity in a study conducted by Mpiana et al., (Mpiana et al., 2007b, Mpiana et 

al., 2007a). These ethanolic and aqueous extracts of the leaves of A. cordifolia L. were 

evaluated in vitro using the Emmel test, a simple test based on the in vitro deoxygenation 

and polymerisation of haemoglobin. Sickle cell red blood cells (SC-RBC) are sickled by 

creating a hypoxic environment with sodium metabisulphite, a reducing agent. The activity 

was attributed to anthocyanins present in the crude leaf extracts (Mpiana et al., 2007a), 

suggesting a possible correlation between the chemical composition of this plant and its 

uses in traditional medicine. 

In a study conducted by (Mohammed et al., 2013) which investigated the anti-diabetic and 

haematological effects of n-butanol fraction of A.  cordifolia in diabetic rats showed that the 

blood glucose level was significantly reduced (on the 21st and 28th day) when compared to 

control group. Significant hypoglycemic, as well as erythropoetic effects in the diabetic 

animals, were reported which could justify its use traditionally in the management of 

diabetes mellitus (Mohammed et al., 2013). A. cordifolia leaf meal showed a mild increase in 
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the haematological parameters of twenty-four (24) young rabbits of both sexes and of 

mixed breeds aged 12-14 weeks when compared to the control group (Nodu et al., 2014).  

Taken together, such research can be seen as preliminary, and the exact chemical basis for 

these effects needs to be defined. 

1.4 Thesis Aims and Objectives  

Currently, studies focusing on the management of SCA broadly fall under two categories: 

first, strategies that attempt to modify the clinical severity of the disease and second, 

strategies that attempt to cure the disease. Therapies that modify the clinical severity of 

SCA include; 1) HbF inducers or drugs which reduce sickling or prevent sickle red cell 

dehydration; 2) therapies targeting SCA vasculopathy and sickle cell-endothelial adhesive 

events; 3) anti-oxidant agents.  

Many drug candidates have been derived from natural products making them the single 

most productive source of leads for the development of drugs (Harvey, 2008). Extracts of 

Alchornea spp. belong in this category as it represents a known, but poorly characterised, 

anti-oxidant and anti-sickling natural product from plant leaves. Unfortunately, inconclusive 

in vitro anti-depranocytary studies of Alchornea spp. and the use of crude extracts in several 

in vivo studies have prevented a comprehensive study of the anti-sickling properties of the 

phytochemicals in this plant. Furthermore, the mechanisms of action of bioactive 

components are yet to be established due to the incomplete pharmacognosy of these 

compounds. Isolating, purifying, identifying, and establishing the anti-depranocytary mode 

of action of active components of Alchornea spp. will help define the role of the plant 

components and future drug developments.  

Hence, the central aim of this thesis is to characterize the chemical constituents of the 

leaves in a species of Alchornea to allow the standardization of the leaf-extract as 

phytomedicine for the treatment of sickle cell disease. This will involve the chemical 

characterisation and purification of the crude extract and purified compounds with anti-

sickling and antioxidant activity for authentication and quality control purposes. 



44 | P a g e  
 

Subsequently, the anti-sickling mode of action of purified bioactive compounds will be 

defined. The specific objectives of this thesis can be summarised as follows:  

1. To establish through phylogenetic studies which plant species have been selected for 

the study.  

2. To extract crude leaf-extracts of Alchornea spp. and to chemically characterize and 

assess in vitro anti-sickling and antioxidant activities.  

3. Isolate, purify, chemically characterize purified compounds and assess the in vitro 

anti-sickling and anti-Hb polymerisation activity of purified compounds.  

4. To validate the bioactivity of purified compounds through anti-Hb polymerisation 

studies.  

5. To explore morphological changes in HbS red blood cells using electron microscopy 

techniques.  

6. To establish a rapid metabolomics methodology approach to determine altered 

metabolic pathways in HbS red blood cells after anti-sickling treatment. 

1.4.1 Thesis Chapter Outlines 

This thesis presents the research done in isolating and characterising a potent anti-sickling 

agent from the Nigerian shrub, Achornea spp. 

Chapter 1 briefly reviews the global SCA burden, the aetiology of the disease and 

therapeutics. Orthodox treatment strategies against SCA and medicinal plant products, as 

sources of alternative therapy, are presented. Achornea spp. as a medicinal plant implicated 

in the treatment of SCA, is closely examined. The aims and objectives of this thesis are also 

described in this chapter. Chapter 2 describes in detail all the materials that have been used 

to conduct this study as well as the combination of various assay techniques used. Chapter 3 

examines metabolite variation in Alchornea spp. samples from South-Western Nigeria using 

metabolomics as a critical analytical tool to explore variations in phytochemical content and 

antioxidant activity. In Chapter 4 describes the steps taken in the isolation and purification 
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of quercitrin, a flavonol glycoside from the leaves of Alchornea spp. based on its ability to 

prevent sickling in RBCs in vitro. Chapter 5 further characterises the anti-sickling activity of 

quercitrin to possibly reflect the reversal of RBC sickling under hypoxic conditions in vitro, 

RBC membrane stabilization and inhibition of Hb polymerization. Chapter 6 aims to 

understand the mechanism of the anti-sickling activity of quercitrin on RBC through 

untargeted metabolomics using FIE-HRMS. Chapter 7 integrates and discusses the results 

obtained in all previous chapters, providing a comprehensive overview and concise 

perspective on novel findings that are likely to inform efforts directed at the development of 

anti-sickling drugs. Chapter 8 presents the publications and posters related to this thesis. A 

flow diagram presenting the objectives of each chapter is presented (See next page). 
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Figure 1.23 | The Thesis Chapters out-line 



47 | P a g e  
 

Chapter 2. Materials and Methods 
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2.1 Introduction 

This chapter documents the experimental methods, procedures, and techniques applied in 

the research approach and the rationale supporting the application. It also catalogues the 

materials and reagents used in the experimental setups along with information on where 

they can be accessed. 

2.2 Materials 

2.2.1 Chemicals 

The LC-MS-grade formic acid in water and acetonitrile, HPLC-grade solvents; methanol, 

dichloromethane, acetonitrile, ethyl acetate, and hexane were obtained from Fisher 

Scientific, Leicestershire (UK). Sodium metabisulfite (Na2S2O5), rutin, gallic acid, linoleic acid, 

2,2-diphenyl-2-picrylhydrazyl (DPPH), ascorbic acid, quercetin, 2,2′-azobis(2-

amidinopropane) dihydrochloride (AAPH), phosphate-buffered saline (PBS) pH 7.4, p-

hydroxybenzoic acid (PHBA), L-phenylalanine, sodium chloride (NaCl), Trifluoroacetic acid 

(TFA), Triton X-100, sodium dihydrogen Phosphate, sodium chloride (NaCl) and L-

phenylalanine were all purchased from Sigma-Aldrich Chemical Co.(UK) and used as 

received. Nitrogen (N2) was from Fisher Scientific, Leicestershire, UK while purified water 

(∼18 MΩ cm−1) was dispensed from a Milli Q system (Millipore, UK) or Purelab Ultra Elga 

systems to type I ultrapure water. All buffers were prepared from analytical reagent grade 

material according to standard operating procedures (SoP). 

2.2.2 Collection of plant samples 

Alchornea spp leaves were harvested from the wild in vegetation around Ado-Ekiti, South-

west Nigeria in May, 2015 (Figure 2.1). The plants were identified at the herbarium, 

Department of Botany, Ekiti State University where a voucher specimen (UHAE2020030) 

was also deposited. The leaves were shade-dried for 3 weeks until completely dried. 

Subsequently, a total of one hundred and twenty-two (122) Alchornea spp. leaf-samples 

from plants from six (6) south-western states, were collected (designations in Table 2.1) and 

also air-dried for use in the metabolite variation studies.  
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Figure 2.1 |Map showing the location of states within the south-west geopolitical zone of 
Nigeria, the sampling region 

 

 

Table 2.1 |Alchornea spp. sample collection points coordinates 

Sample 
number 

State Sample 
Points 

Latitude 
N 

Longitude 
E 

Sample 
ID 

1 EKITI Ifaki 7.788378 5.249491 acv111 
2  Ifaki 7.787945 5.249352 acv112 

3  Ifaki 7.783998 5.242515 acv113 

4  Ifaki 7.783507 5.242242 acv114 
5  Ifaki 7.780046 5.242330 acv115 
6  Omuo 7.767501 5.722985 acv121 
7  Omuo 7.767746 5.722842 acv122 
8  Omuo 7.767801 5.722715 acv123 
9  Omuo 7.767901 5.722580 acv124 
10  Omuo 7.768128 5.722446 acv125 
11  Ado-Ekiti 7.609104 5.18146 acv131 
12  Ado-Ekiti 7.615785 5.186785 acv132 
13  Ado-Ekiti 7.615768 5.184748 acv133 

14  Ado-Ekiti 7.705894 5.261951 acv134 
15  Ado-Ekiti 7.705077 5.261941 acv135 

Ado-Ekiti 
Ekiti 
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Sample 
number 

State Sample 
Points 

Latitude 
N 

Longitude 
E 

Sample 
ID 

16  Ikere 7.470535 5.227661 acv141 
17  Ikere 7.470589 5.227535 acv142 
18  Ikere 7.47069 5.227345 acv143 
19  Ikere 7.470916 5.227228 acv144 
20  Ikere 7.470916 5.227255 acv145 
21  Igede 7.663155 5.22817 acv151 
22  Igede 7.662991 5.22835 acv152 
23  Igede 7.662837 5.228522 acv153 
24  Igede 7.662673 5.228693 acv154 

25  Igede 7.66251 5.228855 acv155 
26 ONDO Akure 7.283498 5.223648 acv211 
27  Akure 7.284716 5.224142 acv212 
28  Akure 7.28477 5.22417 acv213 
29  Akure 7.284815 5.224188 acv214 
30  Akure 7.284815 5.224206 acv215 
31  Iju 7.400013 5.248983 acv221 
32  Iju 7.400104 5.248848 acv222 
33  Iju 7.400204 5.248721 acv223 
34  Iju 7.400304 5.248586 acv224 
35  Iju 7.40039 5.249356 acv225 

36  Itaogbolu 7.332643 5.251151 acv231 
37  Itaogbolu 7.332769 5.251188 acv232 
38  Itaogbolu 7.33304 5.25118 acv233 
39  Itaogbolu 7.333167 5.251181 acv234 
40  Itaogbolu 7.333592 5.251165 acv235 
41  Idanre 7.103123 5.102726 acv241 
42  Idanre 7.103052 5.10268 acv242 
43  Idanre 7.103032 5.102599 acv243 
44  Idanre 7.103007 5.102679 acv244 
45  Idanre 7.102885 5.102774 acv245 
46  owo 7.232617 5.52981 acv251 

47  owo 7.232411 5.533539 acv252 
48  owo 7.230249 5.536838 acv253 
49  owo 7.224097 5.545973 acv254 
50  owo 7.222497 5.547446 acv255 
51 OYO Ibadan 7.390162 3.974648 acv311 
52  Ibadan 7.390117 3.974747 acv312 
53  Ibadan 7.390071 3.974847 acv313 
54  Ibadan 7.390026 3.974928 acv314 
55  Ibadan 7.38999 3.97501 acv315 
56  Egbeda 7.371357 4.05503 acv321 
57  Egbeda 7.37133 4.055102 acv322 

58  Egbeda 7.371312 4.055184 acv323 
59  Egbeda 7.371284 4.055256 acv324 
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Sample 
number 

State Sample 
Points 

Latitude 
N 

Longitude 
E 

Sample 
ID 

60  Egbeda 7.371238 4.05551 acv325 
61  Asejire 7.35667 4.132343 acv331 
62  Asejire 7.356643 4.132406 acv332 
63  Asejire 7.356625 4.132479 acv333 
64  Asejire 7.356607 4.132542 acv334 
65  Asejire 7.356579 4.132615 acv335 
66  Aroro 7.53214 3.948117 acv341 
67  Aroro 7.530943 3.948007 acv342 
68  Aroro 7.531597 3.948007 acv343 

69  Aroro 7.531574 3.947466 acv344 
70  Aroro 7.531657 3.946968 acv345 
71  Oyo 7.842958 3.936844 acv351 
72  Oyo 7.82771 3.92673 acv352 
73 OSUN Ikire 7.377138 4.180881 acv411 
74  Ikire 7.377228 4.181008 acv412 
75  Ikire 7.377318 4.181135 acv413 
76  Ikire 7.377517 4.181399 acv414 
77  Ikire 7.377625 4.181535 acv415 
78  Gbongan 7.466511 4.345195 acv421 
79  Gbongan 7.46651 4.345385 acv422 

80  Gbongan 7.466501 4.345585 acv423 
81  Gbongan 7.466491 4.345784 acv424 
82  Gbongan 7.466481 4.345974 acv425 
83  Odeomu 7.488373 4.421601 acv431 
84  Odeomu 7.488471 4.421809 acv432 
85  Odeomu 7.488579 4.422027 acv433 
86  Odeomu 7.488678 4.422236 acv434 
87  Odeomu 7.488768 4.422454 acv435 
88  Ife 7.500225 4.455663 acv441 
89  Ife 7.50036 4.455836 acv442 
90  Ife 7.500495 4.456008 acv443 

91  Ife 7.500658 4.456181 acv444 
92  Ife 7.500865 4.456336 acv445 
93  Ilesha 7.581548 4.686241 acv451 
94  Ilesha 7.581519 4.686612 acv452 
95  Ilesha 7.581499 4.686993 acv453 
96  Ilesha 7.58148 4.687355 acv454 
97  Ilesha 7.581451 4.687726 acv455 
98 OGUN Ogeere 6.986854 3.66838 acv511 
99  Ogeere 6.986854 3.668462 acv512 
100  Ogeere 6.985968 3.668225 acv513 
101  Ogeere 6.98585 3.668153 acv514 

102  Ogeere 6.964741 3.66838 acv515 
103  Sagamu 6.878953 3.577221 acv521 
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Sample 
number 

State Sample 
Points 

Latitude 
N 

Longitude 
E 

Sample 
ID 

104  Sagamu 6.879233 3.577393 acv522 
105  Sagamu 6.878961 3.577574 acv523 
106  Sagamu 6.879784 3.577747 acv524 
107  Sagamu 6.880896 3.578445 acv525 
108  Mowe 6.797667 3.431425 acv531 
109  Mowe 6.813705 3.451874 acv532 
110  Mowe 6.813949 3.452128 acv533 
111  Mowe 6.814193 3.452381 acv534 
112  Mowe 6.814961 3.453124 acv535 

113  Ibafo 6.777076 3.422445 acv541 
114  Ibafo 6.776877 3.424438 acv542 
115  Ibafo 6.776334 3.42442 acv543 
116  Ibafo 6.775764 3.424355 acv544 
117  Ibafo 6.775113 3.424383 acv545 
118 LAGOS Ikorodu 6.624722 3.507224 acv611 
119  Ikorodu 6.630394 3.509162 acv612 
120  Ikorodu 6.630177 3.50899 acv613 
121  Magodo-

isheri 
6.651363 3.394873 acv621 

122  Ojodu-berger 6.636471 3.360224 acv631 

 

2.2.2.1 Ethnobotanical survey  

Information was gathered from local community members, traditional medicine 

practitioners, and herb sellers across sampling locations. A total of 120 informants 

participated in this study. Relevant literature regarding the traditional knowledge of 

Alchornea spp.at the study sites were also explored. 

Voucher specimens for twenty-seven (27) samples from each of the sample groups of the 

sampled population were deposited and identified at Ekiti State University, Nigeria, by Mr. 

Omotayo (Table 2.2). These were used in DNA barcoding. Their local name and the 

morphological characteristics including leaf colour, shape, and growth season were 

recorded according to the ethnobotanical survey as well as plant database research. 

The collected plant leaves were packed in labelled ziplock bags, immediately frozen on dry 

ice (−78 °C) after collection and air-dried followed by extraction. 
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Table 2.2 |Voucher list of authenticated Alchornea spp. samples. Sample number 
corresponds to sample location, as shown in Fig. 3.11 (see Table 2.1). 

Sample 
Number 

Voucher Number Location Region 

1 UHAE2020028 Ifaki-Ekiti Ekiti 
2 UHAE2020021 Omuo-Ekiti Ekiti 
3 UHAE2020030 Ado-Ekiti Ekiti 
4 UHAE2020038 Ikere-Ekiti Ekiti 
5 UHAE2020039 Igede-Ekiti Ekiti 
6 UHAE2020033 Akure Ondo 
7 UHAE2020032 Iju Ondo 
8 UHAE2020016 Itaogbolu Ondo 
9 UHAE2020024 Idanre Ondo 
10 UHAE2020014 Owo Ondo 
11 UHAE2020015 Ibadan Oyo 
12 UHAE2020023 Egbeda Oyo 
13 UHAE2020022 Asejire Oyo 
14 UHAE2020036 Aroro Oyo 
15 UHAE2020034 Oyo Oyo 
16 UHAE2020035 Ikire Osun 
17 UHAE2020017 Gbongan Osun 
18 UHAE2020027 Ode-Omu Osun 
19 UHAE2020029 Ife Osun 
20 UHAE2020020 Ilesha Osun 
21 UHAE2020019 Ogeere Ogun 
22 UHAE2020037 Sagamu Ogun 
23 UHAE2020031 Mowe Ogun 
24 UHAE2020026 Ibafo Ogun 
25 UHAE2020013 Ikorodu Lagos 
26 UHAE2020025 Magodo-Isheri Lagos 
27 UHAE2020018 Ojodu Lagos 

 

2.2.2.2 Geographic Information System (GIS) Assessments 

Climate and environmental background maps were produced with the help of Dr 

Christopher Byrnes, using QGIS Geographic Information System, QGIS 3.0 (Team, 2018), an 

open Source Geospatial Foundation Project. Climate maps, for mean temperatures of the 

warmest and coldest months, and annual precipitation, were developed using data from the 

Climate Research Unit (CRU), University of East Anglia (Harris et al., 2014) at   50km spatial 

resolution. Soil data was extracted from the Harmonized World Soil Database 
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(FAO/IIASA/ISRIC/ISS-CAS/JRC. 2012. Version 1.2) (Fao and Isric, 2012). Maps containing 

water bodies were produced using ArcGIS basemaps and physical data from Natural Earth. 

2.2.3 Extraction, isolation and characterisation of compounds in Alchornea spp. 

2.2.3.1 Extraction of Alchornea spp. Leaves 

The pulverized air-dried leaves of Alchornea (1 kg) was extracted sequentially three times 

for 72 h with 12.5 L Dichloromethane (CH2Cl2; DCM), 12.5 L 75% (v/v) Methanol (75% 

MeOH; ALM) and 10 L, water (H2O; Aqueous) at room temperature with constant stirring on 

a magnetic stirrer. After filtration, the extracts were concentrated under reduced pressure 

at 40 °C and stored at −20°C until further use.  The aqueous extract was freeze-dried (Aq1).  

400 grams of dried sample was also extracted with water alone (Aq2) following the steps 

above but a freeze dryer was used to recover the extract after freezing.  

The percentage yield, a measure of the quantity of extract obtained in relation to the dry 

weight of sample extracted, expressed as a percentage was calculated thus;  

Percentage yield (%) = Y x 100 
     X 

Where Y is the weight of resultant extract and X, the initial weight of sample. 

2.2.3.2 Bioactivity-guided Purification of MeOH Extract  

Partial purification of MeOH extract (ALM; 96.5 g) using a modified method of (Rani and 

Devanand, 2011) was implemented. In this method, the crude extract of Alchornea spp was 

separated using silica gel (243.43g as adsorbent, 70–200 mesh) packed in a 40 × 500 mm 

chromatographic column and eluted with a solvent gradient of increasing polarity; ethyl 

acetate (0–100 %, v/v) in hexane and then Methanol (0–100 %, v/v) in ethyl acetate to yield 

20 fractions with the aid of TLCs for anti-sickling assays. 

Fractions 7 (ALM7) and 8 (ALM8) were combined for separation to yield 23 sub-fractions 

(ALM7A-ALM7W) on a silica gel-packed chromatographic column (70–200 mesh) and eluted 

with a solvent gradient of increasing polarity; ethyl acetate (0–100 %, v/v) in hexane and 
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then Methanol (0–100%, v/v) in ethyl acetate. Following anti-sickling assays to isolate 

bioactive fractions, fractions ALM7T and ALM7V were further separated by preparative 

HPLC eluted with a gradient of increasing acetonitrile (10–100% containing 0.1% TFA, v/v) in 

H2O to yield 19 peaks/components; ALM7T1- ALM7T8 and ALM7V1 - ALM7V11.  

Subsequently, ALM7 was further purified using the steps outlined above, to yield more of 

components; ALM7T1- ALM7T8 and ALM7V1 - ALM7V11.  

Two of the isolated compounds 1 and 2 were characterized and identified by spectroscopic 

methods, as well as through comparison with published data. 

 

Figure 2.2 | Schematic diagram for the purification of anti-sickling activities in Alchornea 
spp. 
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2.3 Methods 

2.3.1 Instrumentation 

2.3.1.1 UV-visible spectrophotometry (UV-vis): 

Optical density (OD) was measured in 1 cm path length cuvette at room temperature, using 

a Unicam UV500 spectrophotometer, Thermo Spectronic, Cambridge, U.K. A Hidex Sense 

Microplate reader (Hidex, Finland) was used for in vitro assay estimations in 96-well plates. 

2.3.1.2 Preparative High-Performance Liquid Chromatography (HPLC) 

Method development for separation of the extracts/fractions was performed on an Alliance 

2 analytical System which provides analytical to semi-preparative purification solutions on a 

10% (v/v) acetonitrile for 2.5 minutes which then went to 100% (v/v) acetonitrile at 8.5mins 

and continued at 100% (v/v) until 13 minutes. There was 0.01% (v/v) triflouroacetic acid 

(TFA) present throughout and the flow rate was 1.5ml/min. Further method development 

was on column ACE 5 C18, 4.6x250mm and it runs at 1ml/min.  

Chromatographic separation of the extracts was performed on a semi-preparative HPLC 

Waters system (Waters UK) consisting of a C-18 reverse phase (RP) ACE 10 C18, 250 x 21.2 

mm column using water as mobile phase solvent A, acetonitrile as mobile phase solvent B 

and acetonitrile with 0.1% (v/v) TFA as a mobile phase solvent C. The sample was injected 

using a flow rate of 10 ml/min, with a gradient of 90: 0:10 A/B/C at 0 min to 0: 10: 90 A/B/C 

at 13 min and then isocratic elution until 26 min. The column oven temperature was set to 

40°C. Data were acquired with a photo-diode array at 350 nm. Quercitrin was identified as 

peak t = 18.9 min. 

2.3.1.3 Liquid Chromatography-High Resolution Mass Spectrometry (LC-HRMS) 

LC-HRMS analysis was performed on an Orbitrap Fusion Tribrid mass spectrometer (Thermo 

Scientific) that was coupled to an UltiMate 3000 liquid chromatography tower (Dionex, 

Thermo Scientific). A Hypersil Gold (Thermo Scientific) reverse phase C18 column (2.1 mm x 

150 mm; particle size 5 µm) was used for chromatography, maintained at a temperature of 

60 °C. 10uL of the sample was injected. The mobile phases for gradient elution were ultra-
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pure water (18.2 MΩ) with 0.1% (v/v) formic acid (mass spectrometry grade, Fluka; Eluant A) 

and methanol or acetonitrile (HPLC grade, Fisher Scientific) with 0.1 % (v/v) formic acid 

(Eluant B). The flow rate was fixed at 0.6 mL/min. The initial condition was 100 % A with a 

linear increase to 10 0 % B over 7 minutes. 100 % B was held for 3.5 minutes before 

equilibration at initial conditions for a further 2.5 min. 

Ions were generated in a HESI-II source with a source voltage of 3500/2500 for 

positive/negative mode, sheath gas: 45, aux gas: 13, a vaporiser temperature of 358 °C and 

an ion transfer temperature of 342 °C. For MS2-MS3; Ions were detected in profile mode in 

the 100-1100 m/z range in the orbitrap detector at a resolution of 240000 and an injection 

time of 100ms in either positive or negative mode. MS2 and MS3 data were then collected 

in data-dependent mode selecting the most intense peaks. Dynamic exclusion excluded 

peaks for 4 seconds after initial selection for MS2. Ions were formed by fragmentation by 

CID (collision-induced dissociation) with a collision energy of 35 %. Resulting ions were 

detected in the Ion Trap in centroid mode. 

2.3.1.4 Thin-layer chromatography (TLC):  

TLC was performed using a silica gel matrix with fluorescent indicator 254nm (Aluminium 

sheets 20 x 20 precoated in silica gel; 60778-25EA; Sigma Aldrich., USA). An ultraviolet-

visible (UV-Vis) spectral detector (Jasco, Tokyo, Japan) operating at 280 nm was used to 

detect bands. 

2.3.1.4 Column chromatography:  

Column chromatography was performed using Silica Gel 60 (70–200 mesh; Material Harvest 

limited, Cambridge, UK), MCI gel CHP 20P (pore size; 60 Å, 63–200 μm; Material Harvest Ltd, 

Cambridge, UK). 

2.3.1.5 Nuclear Magnetic Resonance (NMR)  

NMR spectra were recorded on a Bruker ultrashield 500MHz spectrometer (Karlsruhe, 

Germany)equipped with a 5 mm dual probe (DUL), operating at 500.13 MHz for 1H-NMR 

and 125.77 MHz for 13C-NMR. Chemical shifts (δ) are reported in parts per million (ppm) 
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using TMS as internal reference. Coupling constants (J) are in Hz. Data are abbreviated as; s 

(singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). HRESIMS was conducted 

using a Synapt G2 HDMS instrument (Waters Corporation Milford, MA, USA).  

2.3.1.6 Microscopy 

Red blood cells were viewed and counted using a Leica ATC 2000 Binocular Phase Contrast 

Microscope at 400x magnification. 

2.3.1.7 Electron Microscopy  

Scanning electron microscopy (SEM) samples were examined with a Zeiss Ultra plus FEG 

SEM (Carl Zeiss Microscopy, Europe, Germany). Stained ultrathin sections of RBCs were 

viewed on an HT770 transmission electron microscope (TEM; Hitachi, Japan) at an 

accelerating voltage of 80 kV. 

2.3.2 Phylogenetic Studies 

2.3.2.1 Primers used in this study 

RbcLa-F:  5′-ATGTCACCACAAACAGAGACTAAAGC-3′ 

RbcLa-R:  5′-GTAAAATCAAGTCCACCRCG-3′ 

2.3.2.2 DNA Extraction and quantification   

Total genomic DNA was extracted from liquid nitrogen-dried leaf sample, using Qiagen 

DNeasy Plant DNA extraction kits (Qiagen, UK) and following the manufacturer’s protocol. 

DNA was quantified using the NanoDrop Lite spectrophotometer (Thermo Scientific) and its 

integrity verified by electrophoresis on a 1 % (w/v) agarose gel.  

2.3.2.3 DNA Amplification (Polymerase Chain Reaction) 

To infer the phylogenetic position of all samples of the Nigerian Alchornea species in the 

Euphorbiaceae, the DNA was amplified with the plastid marker; rbcL genes, followed by 

sequencing(Group et al., 2009). PCR was performed using MyCycler Thermal Cycler BioRad, 
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USA, in PCR tubes using a total volume of 20 µL with 10 µL PCR BioMix (BioLine, UK) 1 µl 

forward primer (10 µM), 1 µL reverse primer (10 µM), and 1 µL of the DNA template (50 

ng/µL) and 7 µL HPLC water (Table 2.3). The PCR amplification profile consisted of 2 min 50 

secs at 95 °C, followed by 35 cycles of 30 s at 95 °C, 30 s at 55 °C and 30 s at 72 °C, and then 

a final 10 min extension at 72 °C (Table 7.4). The PCR products were purified using the 

ethanol precipitation procedure (Hiraishi et al., 1995).  

 

Table 2.3 | PCR set up 

Reagent Stock Concentration Final concentration 

Primer_F 10 µM 0.4 µM 

Primer_R 10 µM 0.4 µM 

BioMix 2 x vol 1 x vol 

Template 100 – 200 ng/µL 40 – 80 ng 

 

Table 2.4 | PCR amplification conditions 

Cycle Temperature Time Number of Cycles 

Initial denaturation 95 °C 02:50 1X 

Denaturation 95 °C 00:30 35X 

Annealing 55 °C 00:30 35X 

Extension 72 °C 00:30 35X 

Final extension 72 °C 10:00 1X 

 

2.3.2.4 Agarose gel electrophoresis 

The 1 % (w/v) agarose gels were prepared by dissolving 1 g of agarose in 100 mL 1 x TAE 

buffer (Stock 50 x TAE buffer: 242 g Tris base in water, 57.1 mL glacial acetic acid, 100 mL of 

500 mM EDTA, pH 8.0; bringing the volume to 1 L). To 100 mL of microwaved 1 % (w/v) 

agarose gel was added gel Star Nucleic Acid Gel Stain, (Lonza, USA) poured into a gel cast 
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with combs and set at room temperature for 30 min. Then 1 µL of DNA ladder (HyperLadder 

1 kb, Bioline, UK) and DNA with 6 x loading dye (Blue/Orange Loading Dye, Promega, USA) 

(1: 4) were loaded into separate wells. The gel was electrophoresed at 60 V for 60 min. Gels 

were visualised using a UV transilluminator and photos were taken with a Molecular Imager 

Gel Doc XR+ System with Image Lab Software (Bio-Rad, USA) 

2.3.2.5 Nucleotide Sequencing  

Nucleotide sequencing of PCR products (599 bp band) was carried out in both directions on  

an ABI3730X automated sequencer (Applied Biosystems, Foster City, CA, USA), at the 

Translational Genomics facility at Aberystwyth University, UK, Gogerddan Campus, using the 

same primers used for PCR. The cycle sequencing reactions were conducted in PCR tubes, in 

10-μL volumes containing ~200 ng of purified PCR products (2.0 µL), 0.5 µL of each primer, 

and 3 µL of ddH2O. The derived sequences were submitted to BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to confirm 100 % identity to rbcL and its 

sequences.  

2.3.2.6 Phylogenetic analyses 

Phylogenetic relationships among Alchornea spp. specimens were analyzed based on rbcL 

sequence data (Group et al., 2009)using the Unweighted Pair Group Method with 

Arithmetic Mean (UPGMA) in the MEGA program (version 5.0). Seven rbcL sequences of 

Alchornea spp. vouchers from the Genbank database were used to construct the 

phylogenetic trees (Figures 3.3, 3.4; Chapter 3). 

2.3.3 Phytochemical Analysis 

Phytochemical analysis effectively quantitatively and qualitatively assesses the bioactive 

components of plant tissues. It includes a series of tests that determine the presence or 

absence of certain chemical substances within a plant. The DCM, methanolic, and aqueous 

plant extracts were assessed for their phytochemical components, using the following 

standard methods. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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2.3.3.1 Total Phenol Content 

The concentrations of phenolic compounds were assessed using the Folin-Ciocalteu reagent 

according to the method described by Singleton and Rossi (Singleton and Rossi, 1965), with 

minor modifications. 100 μL of extracts (2 mg/mL) was added to 0.2 mL of Folin-Ciocalteu 

reagent. After 3 min, 1 mL of Na2CO3 (15%; w/v) and 2 mL of water were added, and the 

mixture was incubated in the dark at room temperature for 2 h. The absorbance was 

measured at 765 nm (Hidex sense). A calibration curve of gallic acid was prepared and the 

results were expressed as gallic acid equivalents (mg GAE/g extract) based on five points 

regression curve, 0.00–0.20 mg/mL, R2 = 0.996. Results are expressed as the mean ± SD from 

experiments performed in quadruplicates. 

2.3.3.2 Total flavonoids 

The flavonoids quantification was performed according to the technique presented by 

Zhishen et al.(Zhishen et al., 1999). Briefly, 500 μL of extracts (2 mg/mL), 2 mL of water, and 

150 μL of NaNO2 5% (w/v) were mixed. After 5 min incubation at room temperature, in the 

dark, each sample was stirred with 150 μL of AlCl3 10% (w/v), 1 mL of NaOH 1 M and 2 mL of 

water. After 10 min incubation in the dark at room temperature, the absorbance was 

measured at 510 nm on a Hidex Sense Microplate reader. Rutin was used as the standard 

for a calibration curve. The total flavonoids content was expressed in rutin equivalents (mg 

RE/g extract) based on four points regression curve, 0.005–0.080 mg/mL, R2 = 0.9918. 

Results are expressed as the mean ± SD from experiments performed in triplicate. 

2.3.4 Antioxidant Assays 

The antioxidant capacity assays are used to assess the antioxidant status of biological 

samples and can evaluate the antioxidant response against the free radicals produced in a 

given disease. Extracts of Alchornea spp. were assessed for their antioxidant capacity using 

the following standard methods (Rubio et al., 2016). 
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2.3.4.1 DPPH Radical-Scavenging Activity 

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant assay is based on the ability of DPPH, a 

stable nitrogen-centred free radical, to decolourize in the presence of antioxidants. DPPH 

accepts an electron or hydrogen radical to become a stable diamagnetic molecule. The 

radicals react with suitable reducing agents, takes on electrons to form the corresponding 

hydrazine which reflects in the stoichiometrical loss of colour of the solution, depending on 

the number of electrons taken up. Substances capable of donating electrons or hydrogen 

atoms can convert DPPH (purple) into the non-radical form 1,1-diphenyl-2-picrylhydrazine 

(yellow), a reaction which can be followed spectrophotometrically (Figure 2.3). 

The assay was performed using the DPPH method as described by Sarikurkcu et al. (2009) 

with slight modification. A methanol solution (45 µL) of each sample at four different 

concentrations (50, 100, 200, and 400 μg/mL) was added to 270 µL of DPPH (in methanol, 

60 µM). 

 

Figure 2.3 | 2,2-diphenyl-1-picrylhydrazyl reduction to the non-radical form 1,1-diphenyl-
2-picrylhydrazine 

 

(Oxidized) (Reduced) 
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After vigorous shaking, test mixtures were incubated for 30 min in the dark. The absorbance 

was measured at 517 nm. For each dilution of the extracts, the DPPH scavenging activity (%) 

was determined according to the following expression:  

% Inhibition = 100 × [(ABr – AAr)]/ ABr,  

Where ABr is the absorbance before reaction and AAr is the absorbance of the tested samples 

after the reaction has taken place. Ascorbic acid was used as positive control. Results are 

expressed as the mean ± SD from experiments performed in triplicate. 

2.3.4.2 Inhibition of Lipid Peroxidation 

The 2,2′-azobis(2-methylpropionamidine)dihydrochloride (AAPH) is a water-soluble azo 

compound that can decompose at physiological temperature to generate alkyl radicals to 

initiate lipid peroxidation (R. a. Apak et al., 2016; Chorfa et al., 2016). It has been extensively 

used as a free radical initiator for biological and related studies for its water-solubility and 

the easily controlled and measured rate of free radical generation from AAPH (H. Liu et al., 

2017; Popov et al., 2019; Wu et al., 2018; H. Zhang et al., 2017). Additionally, the haemolysis 

induced by AAPH provides a good approach for studying free radical-induced membrane 

damages (M. Li et al., 2018; H. Liu et al., 2017). 

This assay was performed using the method described by Liégeois et al. (2000) as modified 

by Baptista et al.,(Baptista et al., 2015). 30 μL of colloidal linoleic acid (16 mM in borate 

buffer, pH 9) as substrate, was added to 2.8 mL of phosphate buffer (0.05 M, pH 7.4). The 

oxidation was initiated with the addition of 150 μL of AAPH (2, 2′-Azobis(2-amidinopropane) 

dihydrochloride; 40 mM) solution and carried out with 20 μL of sample (0.2 mg/mL). After 

incubation for 20 minutes in the dark at room temperature, the absorbance at 234 nm was 

measured. BHT was used as positive control (0.2 mg/mL). The percentage of lipid 

peroxidation inhibition, I (%) was calculated according to the following expression:  

I(%) = 100 × [(Ablank - Asample)]/ Ablank,  

Where Ablank is the AAPH absorbance and Asample is the absorbance of the tested samples. 

Results are expressed as the mean ± SD from experiments performed in triplicates. 



64 | P a g e  
 

2.3.4.3 DNA Protection Assay  

Antioxidant/pro-oxidant activity of crude extracts or pure compounds can be assessed by an 

assay based upon the Fenton reaction. Here, Fe2+ reacts with H2O2, resulting in the 

production of hydroxyl radicals, which is considered to be the most harmful radical to 

biomolecules (Meneghini, 1997) and the subsequent oxidation of Fe2+ to Fe3+. Antioxidant 

potential of plant extracts was evaluated as described by Inayatullah et al.,(Inayatullah et 

al., 2012). Plasmid DNA from was extracted from Escherichia coli psk with the Qiagen DNA 

extraction kit according to the protocol of the manufacturer. 5 μL of DNA dissolved in buffer 

TE (10 mM Tris, 1 mM EDTA) was mixed with three different concentrations of extracts (10, 

100, and 1000 ppm). Fenton reaction was initiated by the addition of H2O2 (45 μL, 30%; v/v) 

and FeSO4 (3 μL, 2 mM). Four controls (DNA treated with both FeSO4 and H2O2, untreated 

DNA, DNA treated with FeSO4, DNA treated with H2O2) were run simultaneously. Samples 

were incubated at 37°C in the dark for one hour. The reaction was stopped by addition of 

2 μL of 6x DNA loading dye (bromophenol blue and xylene cyanol FF). The samples were 

electrophoresed on a 1% (w/v) agarose gel at 70 V and visualized in a gel documentation 

system (UVtec). Untreated DNA was used as positive control and revealed a band 

corresponding to the intact supercoiled DNA. 

2.3.5 Antimicrobial assessment 

Minimum Inhibitory Concentration (MIC) allows the assessment of the lowest concentration 

of a drug, drug-lead, or plant extracts in this case, which prevents visible microorganism 

growth after overnight incubation (Microbiology and Diseases, 2003).A lower MIC value 

indicates a lower drug dose of concentration is required for inhibiting the growth of the 

organism; therefore, drugs with lower MIC scores are more effective antimicrobial agents. 

In other words, MIC values aid in improving outcomes for patients and preventing the 

evolution of drug-resistant microbial strains in identifying effective concentrations of drug 

compounds (Microbiology and Diseases, 2003; Microbiology, 2017). 

The antimicrobial property of the plant extracts was assessed using the following 

microorganisms: Pseudomonas aeruginosa (strain ATCC 27853), Escherichia coli (strain ATCC 

25922), Staphylococcus aureus (strain 11051) and Bacillus subtilis (strain 168). The minimum 
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inhibitory concentration (MIC) of Alchornea spp. extracts were determined using the broth 

microdilution method in a 96-well plate format. All samples were tested in triplicate in an 

initial bacterial concentration of 5.0 × 105 colony-forming units [CFU]/mL. The MIC was 

determined as the lowest concentration of a drug at which no growth was visible after 24 h. 

The optical density OD600 was measured in a Hidex plate spectrophotometer. 

2.3.6 Metabolomics experiments for metabolite variation studies on Alchornea spp. 

Metabolites profile data have been used to compare different species from the same family, 

or individuals from populations from the same species growing under different 

environmental conditions, or changes in metabolite production of individuals within the 

same population at different seasons (Jones et al., 2013; Kim et al., 2010; Sampaio et al., 

2016a) as it is an invaluable tool in measuring the impact of factors such as climate 

variation. 

2.3.6.1 Tissue homogenization and sample preparation 

The extraction of dried plant leaves was carried out using published protocols (Crusco et al., 

2019; Jorge et al., 2016; Mari et al., 2013). Briefly, 40 mg of pulverized leaf samples were 

extracted with 200 μL of a chloroform/methanol/water (1:3:1) solution. The extracts were 

dried in vacuo and the residue re-suspended in 50% (v/v) methanol followed by 

centrifugation at 6000g for 1 min. From the supernatant, 100 μL were transferred into an 

HPLC vial containing a 0.2 mL flat-bottom micro insert for FIE-HRMS analysis. 

2.3.6.2 Data acquisition by FIE-HRMS 

Flow infusion electrospray high-resolution mass spectrometry (FIE-HRMS) was performed 

with an Exactive HCD mass analyser equipped with an Accela UHPLC system (Thermo-

Scientific) which generated metabolite fingerprints in both, positive and negative ionisation 

mode, in a single run. Samples (20 µL volume) were injected into a flow of 100 µl.min−1 

methanol: water (70 : 30, v / v). Ion intensities were acquired between m/z 50 and 1000 for 

3.5 min at a resolution setting of 100,000 (at m/z 200) resulting in 3 (± 1) ppm mass 

accuracy. Raw files were exported to CDF-files, mass aligned, and centroided in MATLAB 

(V8.2.0, The MathWorks) maintaining the highest mass accuracy. Mass spectra around the 
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apex of the infusion peak were combined in a single intensity matrix (runs x m/z) for each 

ion mode. Data from the intensity matrix were log-transformed before further statistical 

analysis. 

2.3.6.3 Data Annotation  

Data from the matrix were log10-transformed and used for statistical analysis performed by 

MetaboAnalyst 4.0.-Statistical analysis (Chong et al., 2018). Metabolites and pathway 

identification were performed by the MetaboAnalyst 4.0.-MS peaks to pathway (Chong et 

al., 2018) (tolerance = 5 ppm, reference library; Arabidopsis thaliana as this was the closest 

to our test organism). For each mass-ion (m/z) the annotation was made using a 5 ppm 

tolerance on their accurate mass. Metabolomic annotation was made by matching the KEGG 

ID obtained on MetaboAnalyst 4.0 to names on Kyoto Encyclopaedia of Genes and Genomes 

(KEGG) database, considering the following possible adducts: [M+]+, [M+H]+, [M+NH4]+, 

[M+Na]+, [M+K]+, [M-NH2+H]+, [M-CO2H+H]+, [M-H2O+H++; *M−+−, *M−H+−, *M+Na−2H+−, 

*M+Cl+−, *M+K−2H+−. The annotated metabolites were mapped on to KEGG for pathway 

analysis. A flow chart for metabolomics is presented in Figure 2.3. 

Figure 2.4 |The metabolomics analysis pipe-line 

 

2.3.7 Evaluation of anti-sickling activities 

The evaluation of anti-sickling activities was carried out using a method modified from that 

of Pauline et al.(Pauline et al., 2013) and Al Balushi et al.(Al Balushi, Dufu, et al., 

2019).Sickling was induced in washed erythrocytes with 2 % (w/v) Na2S2O5 both in the 

presence and absence of active compounds. Na2S2O5 initiates a decrease in oxygen tension 

thereby inducing polymerisation of HbS fibres and the typical sickle shape of red blood cells. 

Samplle Collection Metabolite Extraction FIE-HRMS 

m/z significance 
(p<0.05) and 

tolerance (5ppm) on 
Metaboanalyst. 

Database Annotation 
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The degree of inhibition or reversal of sickling was measured by comparing the number of 

unsickled with sickled cells under the light microscope using a haemocytometer. 

2.3.7.1 Collection of blood samples 

The blood sample used in the evaluation of the anti-sickling activities of the plant extracts 

were obtained with prior approval from myself, an SCA patient with a known medical 

history. This was done by trained phlebotomists, wearing sterile gloves, who took aseptic 

precautions, during each procedure. Hand hygiene was carried out before putting on and 

after removing gloves for each procedure and sharps were discarded in a burn bin for 

clinical sharps. The blood samples (2 mL and 4 mL) were collected in lavender topped EDTA 

Vacutainer Tube (K2E; Becton, Dickinson and Company, Winnersh, Wokingham) followed by 

centrifugation at 2,800 g for 10 min at 4 °C to sediment RBCs. The plasma supernatant was 

removed and RBCs were washed three times by three cycles of re-suspension in phosphate 

buffer saline (PBS; 0.01 M) pH 7.4 and centrifugation at 2,800 g. The RBCs were 

resuspended in PBS and stored at 4 °C for analyses. 

2.3.7.2 In vitro sickling-inhibition assay 

Four mL of EDTA blood sample was centrifuged at 2,800 g for 10 min to remove the plasma. 

The resultant packed erythrocytes were washed 3 times with 5 volumes of phosphate-

buffered saline (PBS) to one volume packed cells. The samples were centrifuged each time 

to remove the supernatant. The washed RBCs were re-suspended in 5 volumes PBS to 1 

volume packed RBC and used for the analysis. 

The assay medium consisted of 100 μL of washed HbSS erythrocytes, 100 μL of PBS, and 100 

μL of the test extract were mixed in a test tube. The mixture was then incubated at 37°C for 

2 hours.  To induce sickling, freshly prepared 2% (w/v) Na2S2O5 solution (300 μL) was 

carefully added to the mixture to create hypoxia in the medium, which was mixed gently by 

gently pipetting. The mixture was incubated for an additional 1 hour in a water bath at 37ºC. 

The cells were fixed with 3 mL of 5 % (w/v) buffered formalin solution for observation. 

The following extracts were used in this study, DCM, MeOH, Aqueous (Aq1), and Aqueous2 

(Aq2); fractions; ALM1-ALM20, sub-fractions; ALM7A-ALM7W and isolated peaks; ALM7T1- 
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ALM7T8 and ALM7V1 - ALM7V11 (see 2.2.3; Fig. 2.2). They were all assayed at varying 

concentrations (5000, 2000, 1000, 500, 250, 125, 62.5 and 31.25µg/ml), dissolved in 1% 

methanol made up with 0.01M PBS. 

A ten microliters (10 µl) dilution of the incubated cells were transferred to a 

haemocytometer, and the cells were viewed and counted on five fields on each slide, using 

a Leica ATC 2000 Binocular Phase Contrast Microscope at 40x magnification. For a clear view 

of cells, dilution is usually made 1:200 with normal saline or PBS which gives approximately 

100-200 cells/square (Chowdary et al., 2018; Simmonds et al., 2018). Due to low packed cell 

volume of the HbS blood sample, a 1 in 50 dilution was done to reach an eventual 1 in 100 

dilution (suspension already diluted 1 : 2 with the addition of 2% w/v Na2S2O5) which gave 

roughly 85-200 cells/square. 

A positive and a negative control test were performed by replacing the 

extract/fraction/compound with the p-hydroxybenzoic acid (PHBA) and 0.01M PBS 

(dissolution solvent of extracts) respectively. The cells were classified as normal or sickled by 

observing their shapes. Biconcave or disk-like shapes were taken to be normal while the 

elongated, star-like, or wrinkled shapes were considered sickled. Cells were counted on five 

fields on each slide; the numbers of sickled and unsickled cells were counted to determine 

the total number of cells (approximately 100-200 cells were counted on each of the 5 fields 

in  view). The percentage inhibition activity for each extract was estimated. Each assay was 

repeated five times to generate the data presented.  

2.3.7.3 In vitro sickling reversibility assay  

A mixture of the RBC sample (100 μL) and 100 μL phosphate-buffered saline, placed in a 

testtube was incubated with 200 μL of 2% (w/v) Na2S2O5 at 37 °C for 1 hour. At the end of 

the incubation period, 100 μL of the active compound or sub-fraction was carefully added 

with subsequent incubation at 37 °C for an additional 4 h period. The cells were fixed with 3 

ml of 5 % (w/v) buffered formalin solution, which was mixed carefully by pipetting. The 

positive control also involved all the procedures described above except that PHBA was 

added instead of extract while the negative control was only treated with an equivalent 
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volume of 0.01M PBS. A drop of each reaction mixture was mounted on a haemocytometer 

and cells counted as earlier described.  

The percentage mean sickling, as well as the percentage reversal activity for each extract, 

was estimated using the expression below: 

% Mean Sickling    =  Mean sickled cells x 100 
Mean total cells 
 

% Inhibition activity =  Control - % Mean sickled x 100 
Control 
 

% Reversal activity =  Control- %Mean sickled x 100 
Control 

Total number of cells counted= No of sickled + No of unsickled cells 

2.3.7.4 Erythrocyte leakage assay  

The erythrocyte leakage assay to determine the possibility of erythrocyte lysis and hence, 

cytotoxicity with Alchornea leaf-extracts (Haug et al., 2002). Briefly, six sterile 

microcentrifuge tubes were each filled with 1 ml fresh HbSS RBCs and centrifuged at 2,800 

rpm for 10 min at 4 °C to sediment RBCs. The supernatant was discarded, and the RBCs were 

washed three times by three cycles of re-suspension in phosphate buffer saline (PBS; 0.01 

M) pH 7.4 and centrifugation at 1800 x g. The RBC suspension was then diluted in PBS to 4% 

(v/v) in one vial. A 5.76 mL total volume was used per the 2 samples which were tested in 

triplicates in 72 wells of a 96 well plate (i.e., 90 µL of the 4 % solution was added to 64 wells 

in 8 columns of the plate). An aliquot of 10 µL of each sample (at 10 x desired final 

concentration) were added to RBC solution in the first wells of the first 6 columns, mixed 

thoroughly by pipetting and serial-diluted down the rows. Wells in column 7 contained RBC 

with 0.1% (v/v) triton-X (Sigma-Aldrich UK) which served as the positive control (0.1 % 

causes 100% cell lysis). Column 8 contained RBCs alone as the negative control. The plate 

was then incubated for 1 h at 37°C, followed by a 5 min centrifugation at 2,800 rpm at 4 °C. 

Then, 70 µL of supernatant from each well was transferred to a transparent, flat bottom 96 

well plate so that absorbance (OD450nm) could be measured using the Hidex Sense Plate 

Reader (LabLogic, Sheffield UK) to detect any haemoglobin leakage from the erythrocyte 
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cytoplasm. The absorbance was used to determine the percentage haemolysis given that 

the 0.1% (v/v) triton X-100 represented 100% lysis, the negative control was taken as 

background. Experiments were performed in quadruplicates at sub-effective (X 0.5) and 

supra- effective concentrations; 10 - 1 x 10-6 mg/mL. 

2.3.8 Polymerisation inhibition of Hb S 

The inhibition of HbS polymerisation was quantified using a kinetic gelation assay 

(Mehanna, 2017) and Hb polymerisation assay as described by Syed et al (Syed, et al., 2019) 

according to Chikezie (Chikezie, 2011) and Iwu et al., (Iwu et al., 1988) with 2% (w/v) 

Na2S2O5 as deoxygenating agent. 

2.3.8.1 Haemoglobin S (Hb S) haemolysate preparation 

Whole blood (2 mL) collected as detailed in subsection 2.3.7.1, was centrifuged at 2,800 g 

for 10 min at 4 °C to sediment RBCs. The plasma supernatant was removed and RBCs were 

washed three times by re-suspending in phosphate buffer saline (PBS; 4 °C; 0.01M; pH 7.4), 

vortex mixing, and centrifuging at 2800 g for 10 min at 4 °C. Haemolysate was prepared by 

adding 2 ml of ice-cold distilled water and centrifuged at 12,500 g for 20 min at 4 °C, the 

supernatant containing Hb S was gently removed and stored in a polypropylene tube at -20 

°C for further analysis (Jagadeesan et al., 2014). 

2.3.8.2 Kinetic Gelation Assay 

Each of the wells of a 96-well plate was charged with 10 μL of haemolysate solution. To each 

well, 20 μL of the test compound (prepared in 1.5 M phosphate buffer), plain buffer as 

control, were added. The polymerisation process was triggered by adding 10 μL of freshly 

prepared 1.0 M potassium meta-bisulphite solution to each well and the plate was 

introduced into the plate reader, preheated to 37°C, and programmed to record the optical 

density at 700 nm, for each well every 30 seconds over a total period of 20-minute (total of 

40 recorded points for each well). A kinetic plot showing the delay in polymerisation as a 

function of time in seconds was made of the generated excel file. The total plate wells 

employed were 24; one as blank, three as controls (HbS haemolysate, buffer, and sodium 

meta-bisulphite), and twenty wells for 5 different concentrations of the test compound; 
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each in quadruple. The total assay volume in each well is 40 μL. High phosphate buffer 

concentrations optimise Hb polymerisation. 

2.3.8.3 Hb polymerisation assay  

The method of Iwu and co-workers (Iwu et al., 1988) was adapted for 96-well plates to 

assess polymerized Hb S turbidity at 700 nm at 26 °C.  50 µL HbS haemolysate (1:5 v/v 

dilution) was incubated with 240 µL of freshly prepared 2% (w/v) Na2S2O5 and 10 µL PBS in 4 

wells of a 96-well plate, shaken and absorbance is taken immediately at 700 nm (Hidex 

sense microplate reader) and 30 seconds interval for 20 minutes. This represents the 

control. For the inhibition test, 220 µL 2% (w/v) Na2S205, 20 µL of the test compound (at 5 

different concentrations), and 5 µL HbSS solution were assayed as above. The rates of 

polymerisation were calculated. Tests were carried out in quadruples and mean values were 

used for determination of the relative % polymerisation. Percentage polymerisation rates 

were plotted against various concentrations using Excel software package. 

Percentage polymerisation was calculated thus:  

 % Polymerisation = (At /Ap) x 100  

At = Absorbance of test assay at time, t.   

Ap = Absorbance of control assay at time, t.   

The rate of polymerisation was calculated using the following formula (Nurain et al., 2017).   

Rate of polymerisation = [Final absorbance – initial absorbance at time zero/ time of 
reaction in minutes (20)] × 100 

 

2.3.9 Membrane stabilisation assays 

The membrane stabilising assay method was based on the procedure described by Falade 

and colleagues (Falade et al., 2005). The assay mixture consisted of 100µL of 0.25% (w/v) 

NaCl, 50µL of 0.15M sodium phosphate buffer (pH7.4), 38µL of various concentrations (100, 

200, 300, 400 and 500µg/mL) of quercitrin and 25µLof (2% v/v) erythrocyte suspension. Two 

controls were prepared; the blood control was prepared as mentioned above, but without 
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ibuprofen (drug standard) or quercitrin, while the drug control was without erythrocyte 

suspension. The reaction mixtures were incubated at 56°C for 30 minutes, cooled under 

running water, and then centrifuged at 3913 ×g. The principle behind this assay is the 

spectrophotometric measurement of the amount of haemoglobin released (read at 560 nm) 

by lysed sickle erythrocytes, which is dependent on the extent of stabilization of sickle 

erythrocyte membrane by quercitrin. The percentage membrane stability was estimated 

thus: 

% Membrane stability =100 − (absorbance drug-test − absorbance drug-control) × 100  
Absorbance blood-control 

 

2.3.10 Electron Microscopy 

2.3.10.1  Preparation of RBC Pellet for SEM 

Once sickling had been initiated in RBC suspensions, 100 μL of the suspension was 

transferred to a glass vial and immediately fixed in equal volume of 2% (v/v) glutaraldehyde 

phosphate-buffered saline. After 30 min of fixation, the sample was rinsed thrice in 0.075 m 

sodium potassium phosphate buffer (pH 7.4) for 5 min before being incubated with 2% 

(w/v) osmium tetroxide in PBS (pH 7.4) for 2 h at 4°C. Following secondary fixation, the 

sample was rinsed three times in 0.075 M sodium potassium phosphate buffer (pH = 7.4) for 

5 minutes. Subsequently, the sample was dehydrated in 30%, 50%, 70%, 90%, and three 

changes of 100% (v/v) ethanol. The sample remained in the glass vial for the whole 

procedure. After each step, the sample was centrifuged and the particular chemical drawn 

and discarded.  

The scanning electron microscope (SEM) procedures were completed by drying the samples 

with hexamethyldisilazane (HMDS) for 30 min. After the 30 min, 200 μL of the sample and 

HMDS were placed on a coverslip. The coverslip was left to air dry and then coated with 

carbon. The sample was examined with a Zeiss Ultra plus FEG SEM (Jena, Germany). 

SEM samples from each individual were thoroughly examined to establish the overall 

morphology of the erythrocytes. SEM micrographs of each sample were taken generally at 
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x2,000, x5,000, x8,000 and x10,000 magnification. 

2.3.10.2  Preparation of RBC Sections for Transmission Electron Microscopy (TEM)  

Red blood cells were fixed in 2% (v/v) glutaraldehyde in phosphate-buffered solution (PBS) 

buffer (pH 7.4). Samples were further incubated with 2% (w/v) osmium tetroxide in PBS (pH 

7.4) for 2 h at 4°C. Ultrathin sections were stained with lead citrate and uranyl acetate and 

were viewed on an HT770 transmission electron microscope (TEM; Hitachi, Japan) at an 

accelerating voltage of 80 kV. TEM micrographs were observed for the estimation of 

differences in morphology due to sickling. 

2.3.11 Metabolomics for Mode of Action studies of Quercitrin on Sickle Cell Anaemia 

2.3.11.1  Pre-Metabolomics Sample Preparation: Anti-sickling Activity 

Sickling of red blood cells was initiated using a method modified from that of Pauline et 

al.(Pauline et al., 2013) and Al Balushi et al.(Al Balushi, et al., 2019). Sickling was induced in 

washed erythrocytes suspension with Nitrogen (N2) gas, both in the presence and absence 

of quercitrin (500 µg/ml in final volume), using a method modified from that of Jin et al.(Jin 

et al., 2011). N2 initiates a drop in blood oxygen partial pressure (PO2) to 2.3 mmHg and 

blood oxygen saturation (S) to 3.9% (from the initial value of 99%) after 3-hr deoxygenation 

(Jin et al., 2011), thereby inducing polymerization of HbS fibres at low oxygen tension and 

the typical sickle shape of red blood cells. Previously, hypoxic effects were imposed with the 

addition of 2 % (w/v) sodium metabisulfite (Na2S2O3) to induce the sickling phenotype on 

HbSS blood samples. However, as MS based metabolomic approaches were planned for 

quercitrin-MoA studies, it was not appropriate to use such a high concentration of a sodium 

salt. Therefore, the possibility of using N2 to induce hypoxia and sickling was explored. The 

degree of inhibition or reversal of sickling was measured by comparing the number of 

unsickled with sickled cells under the light microscope using a haemocytometer (see 

2.3.7.2).  

Sickling-inhibition assays consisted of 500 μL of washed HbSS erythrocytes, 500 μL of PBS 

and 500 μL of quercitrin (500 µg/ml) mixed together in a test tube and then incubated at 

37°C for 2 hours. Sickling was induced through chronic Deoxygenation; the reaction mixture 
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(1500 μL) in an anaerobic tube was deoxygenated by gently bubbling 100% nitrogen through 

in a 37 °C water bath for 12 hours. After the incubation period, the morphology of the cells 

was confirmed using both light and electron microscopy. Then the cells were washed as 

earlier described, but this time in deoxygenated PBS for metabolomics The conditions were 

selected based on prior tests leading to this experiment showing HbS-RBCs sickled on 

exposure to a 4-hr deoxygenation period. A 12-hour-incubation ensured maximum RBC 

sickling. The percentage inhibition activity for quercitrin was estimated. Positive (HbA RBCs) 

and negative controls were set up by replacing quercitrin with 0.01M PBS (dissolving solvent 

for quercitrin) followed by deoxygenation. OxyHbS RBCs not subjected to deoxygenation 

was set up as additional positive control.  Each assay was repeated five times to generate 

the data presented.  

For in vitro sickling-reversibility assay, mixture of the RBC sample (500 μL) and 500 μL 

phosphate buffered saline, placed in an anaerobic tube was deoxygenated with N2 at 37 ºC 

for 12 hours. At the end of the deoxygenation period, 500 μL of quercitrin to a final 

concentration of 500 µg/mL was carefully injected into the suspension with subsequent 

incubation at 37 ºC for an additional 4 h period. After the incubation periods, the 

morphology of the cells was confirmed using both light and electron microscopy. Then the 

cells were washed, in deoxygenated 0.01M PBS. Estimation of percentage mean sickling as 

well as the percentage reversal activity for each extract was as described earlier. 

2.3.11.2  Tissue Metabolite Extraction for Metabolomics 

Extraction of RBC metabolites was carried out using published protocols (Sana et al., 2008; 

Srivastava et al., 2017). Briefly, washed erythrocytes from 2.3.11.1 above were centrifuged 

at 1250 x g for 2 minutes at 4°C after which the supernatant was aspirated carefully, 

avoiding the removal of any RBCs. The erythrocytes were then resuspended in 150 µL of ice 

cold, 18 Milli-Q water to lyse cells. The tubes were then plunged in a -25°C circulating bath 

for 30 seconds followed by a 30 seconds plunge in water bath at 37°C. Then, 600µL of -20°C 

methanol was added to the mixture followed by vortexing to ensure complete mixing, after 

which the tubes were transferred to room temperature. 600µL chloroform was then added 

to each tube, which were then vortexed briefly every 5 minutes for 30 minutes, while being 

returned to the cold bath in between vortexes. 150 µL of ice cold 18 Milli-Q water was then 
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added to the tubes followed by centrifugation at 1250 x g for 1 minute at 4°C. The tubes 

were then transferred to freezer for 8 hours. There was a separation in the different phases 

at the end of the incubation period which were then carefully transferred into different 

fresh tubes excluding the erythrocyte coats at the interphase. An equivalent volume of 

acetonitrile was then added to the top phase, followed by incubation at 4°C for 20 minutes 

to precipitate any proteins. This was then centrifuged at 10, 000 x g for 10 minutes at 4°C. 

The supernatant was transferred to a fresh tube and this was dried under SpeedVac. The 

pellets were then resuspended in 100 µL 50% (v/v) methanol, in a HPLC vial containing a 

0.2 mL flat bottom micro insert for FIE-HRMS analysis. 

2.3.11.3  Metabolomics data acquisition by FIE-HRMS 

Flow infusion electrospray high-resolution mass spectrometry (FIE-HRMS) was performed as 

detailed in 2.3.6.2 above. 

2.3.11.4  Metabolomics Data Annotation  

Data from the matrix were log10-transformed and used for statistical analysis performed by 

MetaboAnalyst 4.0.-Statistical analysis (Chong et al., 2018). Metabolites and pathway 

identification were performed by the MetaboAnalyst 4.0.-MS peaks to pathway (Chong et 

al., 2018) (tolerance = 5 ppm, reference library; Homo sapiens; see 2.3.6.3). 

2.3.12 Statistical Analysis 

The data are expressed as means ± standard deviation (SD) and individual experiments were 

performed in triplicate except when stated otherwise. The statistical analyses were done 

using SPSS version 26.0 software and XLSTAT_2020.1.1.64525. One Way Analysis of Variance 

(ANOVA) coupled with the Tukey’s post-hoc test was used to compare the data and to 

identify means with significant differences. P values of P<0.01, P<0.05   were considered 

significant.  
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Chapter 3. Metabolite variation in Alchornea spp. samples from South-

Western Nigeria  
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3.1 Introduction 

3.1.1. Natural product production is linked to plant biochemical diversity 

A good knowledge of the chemical composition of plants leads to a better understanding of 

their phytotherapeautic value. The use of medicinal plants dates back more than 5000 years 

(Chakraborty, 2018), predating the period when scientific methods could be applied, for 

example, to identify the active components.  

Current expansive assessment of medicinal plants has indicated that their 

phytotherapeautic components generally fall into two categories; primary and secondary 

metabolites (Hussein and El-Anssary, 2018). While primary plant metabolites are involved in 

basic life functions, secondary plant metabolites are products of subsidiary pathways are 

important in the pharmacological actions of herbal plants (Hussein and El-Anssary, 2018) in 

both traditional (Mishra et al., 2000; Ven Murthy et al., 2010) and modern medicine (Öztürk 

and Hakeem, 2019).  These metabolites include antioxidants (Gupta et al., 2018; Nile et al., 

2018; Petruk et al., 2018), free radical-scavengers (Dagnon et al., 2018), anti-proliferatives 

(López‐García et al., 2019), anti-inflammatory (Kazemi et al., 2018; Nile et al., 2018), anti-

bacterials (Chandra et al., 2019; Teo, 2019), anti-fungals (Chan et al., 2018; Reidel et al., 

2018) and anti-virals (Hudson, 2018).  Secondary metabolites have provided drug leads for 

the treatment of various diseases from the common cold to chronic ailments like asthma or 

cancer or even genetic ailments like SCA.  

Chemically, secondary plant metabolites are categorised into different categories phenolics, 

alkaloids, terpenes and saponins, (Hussein and El-Anssary, 2018). Phenolics probably 

constitute the largest group of plant secondary metabolites and are effective anti-

inflammatory agents (quercetin), antioxidants and free radical scavengers. Flavonoid 

phenolics appear to be particularly important phytotherapeautics and are typically common 

in leaves, flowering tissues, and pollens. They are also highly abundant in woody parts such 

as stems and barks (Rahman, 2012). The concentration of flavonoids in plants usually 

exceeds 1 mM (Larson, 1988). 

Over the years, research on antioxidants, as potential therapeutic agents to prevent free 

radical generated damage in the human body, has gained in popularity. Antioxidants of 
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natural origin have received more attention from consumers and researchers alike (Datta 

and Kulkarni, 2016; Harasym and Oledzki, 2014; Pokorný, 2007) as there are concerns about 

synthetic antioxidants due to their instability and potential carcinogenic properties (Atta et 

al., 2017; Sood and Venkatesh, 2011). Thus, increased consumption of vegetables and fruits 

has been recommended to lower the risks of such as coronary heart disease (Moghadasian, 

2018), stroke (Roman et al., 2019; Tressera-Rimbau et al., 2017), pulmonary disease (Vézina 

and Cantin, 2018), and different types of cancer (Heidor et al., 2019) or sickle cell anaemia 

(Dixit et al., 2018; Soundarya and Suganthi, 2017).  

The concentrations of phenolic and other secondary metabolites in fruits and vegetables are 

influenced by many factors including soil, irrigation, and climatic conditions (Stewart and 

Ahmed, 2020; Toscano et al., 2019). In cultivated crops there may be year-to-year variability 

in the composition of phytochemicals as well as total yield (García-Mier et al., 2013;  Yang et 

al., 2018). Hence, there is an increased interest in the control and optimization of 

environmental conditions which can further maximize the yield of phytochemicals.  

These studies recognised that the synthesis of these secondary metabolites often occurs in 

response to specific environmental stimuli, such as herbivore-induced damage, pathogen 

attacks, or nutrient depravation (Hermsmeier et al., 2001; Reymond et al., 2000). As such, 

these adaptive responses generate variation in the production of certain classes of 

secondary plant metabolites (Borges et al., 2017; Miranda et al., 2015; Motta et al., 2019; 

Sampaio et al., 2016b). This chemical variation can reflect differences linked to the 

geographical origin of a plant. To this end, one or more metabolites may be used as 

chemical markers for specimens of a specified geographical region or season of the year.  

3.1.2 Secondary metabolites in Alchornea spp 

Many of the secondary metabolites of Alchornea spp. have been described in literature to 

include alkaloids, cardiac glycosides, saponins, tannins, phlobatannins, flavonoids, steroids, 

reducing sugars and phenolic compounds (Borokini and Omotayo, 2012; Ogundipe, 1999; 

Oloyede et al., 2010; Schmelzer, 2007). 
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To the best of our knowledge, there have been no descriptions of the impact of 

environmental and climatic factors as well as geographical distribution or abiotic 

environmental factors on the composition of the phytochemical constituents of Alchornea 

spp. Metabolomic profiling data may be used to compare various species or individuals 

growing under different environmental condition (Fang et al., 2019; Tenenboim and 

Brotman, 2016; Valledor et al., 2018). Thus, herein we carry out a comparative 

metabolomics study with sample-extract from leaves of Alchornea spp. obtained from 

specimens located in six different regions of South-Western Nigeria, collected at the same 

season (rainy) of the year. It compares data obtained by chemical analysis and 

metabolomics with the environmental data (climate and soil) from all sample regions, with 

the aim of assessing the influence of geographical distribution patterns and environmental 

factors on Alchornea spp. metabolite profiles. Samples from distinct growth-sites of 

Alchornea spp. were collected from Ekiti, Ondo, Osun, Oyo, Ogun and Lagos states of 

Nigeria. Phylogenetic assessments were carried out confirm sampled species.  

Sampling was aimed at Alchornea laxiflora L. (Benth.) Pax and K. Hoffm., an herbaceous 

plant with potential applications as a medicinal plant (Adewole, 1993; Idu and Ndukwu, 

2006; Jiofack et al., 2010; Ogundipe et al., 2001; Farombi et al., 2003; Schmelzer and Gurib-

Fakim, 2008) and also the main ingredient in some anti-sickling herbs (Mpiana, Tshibangu, 

et al., 2007; Mpiana et al., 2007). Preliminary phytochemical screening has revealed the 

presence of alkaloids, cardiac glycosides, saponins and phenolic compounds in the roots, 

and in lower amounts, in the leaves (Borokini and Omotayo, 2012; Ogundipe, 1999; Oloyede 

et al., 2010; Schmelzer, 2007). The flavonoids quercetin and the quercetin-related 

compounds rutin and quercitrin were equally isolated with significant antimicrobial activity 

(Schmelzer, 2007). Antioxidant effect of the plant, comparable with the standard anti-

oxidant, butylated hydroxyanisole has also been established (Farombi et al., 2003),as 

discussed earlier. 

Some reports have confirmed significant differences in phytochemical production and 

antioxidant activity among medicinal plants from different geographical locations. For 

instance, significant differences in the content of total flavonoid and total phenolic and 

antioxidant capacity were reported in the extracts of Thymus and Rhus species as well as 
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ginkgo leaves collected from different geographical regions (Itidel et al., 2013; Sati et al., 

2013; Tohidi et al., 2017). Variations of phenolic compounds and antioxidant activity had 

also been observed in pyrola collected from different locations (Zhang et al., 2013). 

Additionally, water-soluble polysaccharide content and antioxidant activity were reported as 

being significantly different in C. paliurus leaves collected from various natural populations 

(Liu et al., 2018). To our knowledge, there have been no reports of the variations in 

phytochemical content and antioxidant activity of samples of Nigerian Alchornea spp. 

extracts obtained from the wild.  For an herbal plant mostly harvested from its natural 

forest habitat, it would be helpful to understand the relationship between its phytochemical 

content, which inherently affects its bioactivity and different environmental conditions. 

As the biochemical content of Alchornea spp. could vary with geographical origin, it is 

relevant to consider the climatic variation in each state where sampling occurred.  Ogun 

State covers a total area of 16 762 km2 and it is bordered by Oyo and Osun States in the 

North and Republic of Benin in the west. The state is characterized by two main types of 

rocks, two major rivers; Yewa and Ogun and has an average temperature of 24–30°C with 

about 1000–2000 mm rainfall annually.  The state is a major manufacturing hub in Nigeria 

notable for having a high concentration of industrial estates. Oyo State covers a total area of 

27, 249 km2 with mean temperature of 21°C and the main occupation in the state is farming. 

Osun State covers a total area of 9,251 km2. The climate is tropical savannah with an annual 

precipitation of about 1241mm. Temperature ranges between 21° and 28 °C with high 

humidity and about 1334 mm rainfall annually. Mainly an upland zone, it rises over 250 

meters above sea level with a characteristic undulating landscape and vegetation made up 

of tropical rainforest and savannah. Lagos State the commercial capital of Nigeria covers a 

total area of 3577 km2, part of which is an Island. With a tropical monsoon climate, the 

average sea temperatures near Lagos ranges between 26 – 29°C as against 22 - 33°C in the 

metropolis, where the urban heat island effect is noticeable (the lower range being the 

effect of sea breeze). The annual rainfall is 1693 mm with an average annual humidity 

percentage of 84.0%. 
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3.1.3 Chapter Aims and Objectives 

Variation in phytochemical content and antioxidant activity in 3 extracts (using 

dichloromethane, methanol and aqueous solvents) of Alchornea spp. leaves collected from 

27 natural populations in 6 states of South-west Nigeria was investigated in this study. The 

objectives of this study was to ascertain if variations also exist in the bioactivity of Alchornea 

spp leaves collected from different locations, dependent on their phenolic content and 

antioxidant activity, and to also identify natural populations of Alchornea spp plants or leaf-

extracts with higher phytochemical yield. These results are not only helpful when collecting 

leaves for its phytotherapeutic use, but also can provide some information for 

understanding the relationship between phytochemicals and antioxidant activity in 

Alchornea spp. leaves. 
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3.2 Results 

Phytochemical screening, antioxidant capacity assessment, and anti-microbial activities 

were first carried out on a single initial sampling of Alchornea spp. This allowed the 

protocols to be tested on a single bulked Alchornea spp. sample.  Subsequently, smaller 

amounts of larger numbers of samples were sourced from Nigeria to allow phytochemical 

and property variation to be assessed.  

3.2.1 Sample Extraction 

Adequate extraction methods prove to be a crucial step in obtaining extracts with 

acceptable yields and strong antioxidant activity (Khorasani Esmaeili et al., 2015). Yields of 

2.47, 9.65, and 8.28 % dry weight of sample were obtained for DCM, MeOH, and aqueous 

extracts respectively from sequential extraction (DCM > 75% MeOH > Aqueous). 

 

Figure 3.1 | Sample of Alchornea spp. used in this study in its habitat. (A) habitat; (B) leaf 
blade (C) stem, Photograph by Olayemi Adeniyi. 
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A yield of 16 % dry weight was obtained from the solely aqueous extraction (Aqueous2; 

Aq2). The percentage yield (see sub-section2.2.3.1, pg. 54) for DCM, MeOH, and Aqueous 

extracts of the 18 samples, representative of the metabolite variation studies samples are 

presented in Tables 3.2. 

The results show that the methanol and aqueous extraction of Alchornea spp. plants had 

the highest amount of extraction yield, with methanol still slightly higher than aqueous. 

Conversely the DCM extraction yield was remarkably lower (P<0.05) than the polar extracts. 

This is probably an indication of the mainly hydrophilic nature of Alchornea spp. bioactive 

components. 

3.2.2 Phylogenetic study 

The initial phylogenetic assessment focused on a single plant and DNA barcoding based on 

the RbcL sequence (Group et al., 2009) was undertaken. Nucleotide amplification of rbcL 

revealed about 570 bp fragments in the Nigerian Alchornea sample.  The derived rbcL 

sequences were analysed using the BLAST. Phylogenetic analyses included sequence data of 

Alchornea spp. taken from the NCBI database. This analysis indicated the sample was part of 

one distinct cluster: Alchornea (Figure 3.2). The Nigerian sample and Alchornea thozetiana 

were found closely related with a bootstrap value 70. This is evident because both the 

species belong to Alchornea but it was not possible to distinguish between members of the 

genus Alchornea, for example, Alchornea tiliifolia due to low bootstrap values, 51. Other 

Alchornea tiliifolia isolates clustered together and their significant intra-generic relationship 

is supported by a bootstrap value of 65 while their significant inter-generic relationship with 

Alchornea ilicifolia has bootstrap value 93.  

3.2.3 Preliminary Phytochemical Analysis 

Initial phytochemical screening was carried out on 3 extracts (dichloromethane; DCM, 

methanol; MeOH and aqueous; Aq1) of the first Alchornea spp. sample, obtained by 

sequential extraction and an Aqueous extract (Aq2) obtained by solely aqueous extraction. 

Total phenol and flavonoid contents were quantified for comparative studies with their 
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antioxidant activity, quantified by their DPPH scavenging (%) and Lipid peroxidation 

inhibition (%) activities. 

 

 

Figure 3.2 |Initial assessment sought to confirm what plant species had been sampled. This 
was confirmed by DNA barcoding. Sequence data of Alchornea spp. from our study revealed 
definitive identity matches for Alchornea laxiflora for consensus sequences of Alchornea 
laxiflora available on the NCBI database. Numbers above each node are the bootstrap 
support values.  
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3.2.3.1 Total Phenolic and Flavonoids Content 

The total phenolic content reported as gallic acid equivalents were calculated by reference 

to a standard curve (regression equation; y = 0.0029x + 0.018 and R2 = 0.996; appendix 3.1). 

The total phenolic content was highest in methanol extract at 241.26±24.46 mg GAE/g of 

extract followed by the aqueous extracts at 182.30±4.42 and 156.55±23.36 mg GAE/g 

respectively (Figure 3.3). 

 

Figure 3.3 | Total phenol content. Total phenol content (mg GAE/g sample) 

for dichloromethane (DCM), methanol (MeOH), and aqueous extracts 1(AQ1) and 

2(AQ2). The difference between DCM extract and MeOH is statistically significant at P<0.01 

(P=0.009x10-4).  

 

Total phenolics content was higher in polar extracts; methanol and aqueous extracts 

(Figure 3.3). The total phenol content of the plant extracts ranged between 43.15±3.72 mg 

GAE/g for the DCM extract to 241.26±24.46 mg GAE/g for the MeOH extract. The total 

flavonoid content was equally found to be solvent polarity dependent (Figure 3.4). The 

flavonoids content in the methanol extract was 126.89±3.01 mg of rutin equivalent per 

gram of sample as calculated by reference to standard curve (regression equation; y = 

0.0024x - 0.0012 and R2 = 0.9896; Appendix 3.2). In the aqueous extracts, it was 

100.92±2.17 and 99.94±5.09 mg RE/g. The results indicate Alchornea leaf extracts contain 

significant amounts of flavonoids and phenolic compounds, similar to earlier reports 
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(Adeshina et al., 2010; Martínez et al., 2016; Mohammadi et al., 2016). Both these classes of 

compounds have good antioxidant potential and their effects on human nutrition and 

health are considerable (Lin et al., 2016; Tiwari and Husain, 2017). Phenolics are considered 

important plant constituents as their hydroxyl groups (-OH) confer scavenging ability.  

 

Figure 3.4 | Total Flavonoid Content. Total flavonoid content (mg RE/g sample) 
for dichloromethane (DCM), methanol (MeOH), and aqueous extracts 1(AQ1) and 2(AQ2).  
Mean difference between DCM extract and MeOH was statistically significant (P=0.052x10-8) 

 

Flavonoids are equally beneficial to health as anion scavengers (Kaurinovic and Vastag, 

2019).Previous reports have indicated a direct correlation between antioxidant activity and 

the presence of phenolics, flavonoids, and total antioxidants in plant extracts (Aryal et al., 

2019; Saxena et al., 2012). Hence antioxidants assessments were carried out to substantiate 

these findings. 

3.2.4 Antioxidant Assessments 

 

The free radical scavenger ability of antioxidants can be predicted from standard one-

electron potentials. In vitro antioxidant activity assays can loosely be classified as two types 

since, ROS inactivation mechanism are of two types: (1) hydrogen atoms transfer (HAT) and 

single electron transfer (ET) reactions based assays (Apak et al., 2016). A variety of assays 

with different mechanisms (such as HAT-, ET- and lipid peroxidation-based assays) are 
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generally recommended (Moon and Shibamoto, 2009; Pisoschi and Negulescu, 2011) to 

assess the overall total antioxidant capacity (TAC) of complex samples to comprehensively 

describe antioxidant properties against both aqueous and lipid/organic radicals (Prior et al., 

2005). The change in absorbance of the probe (at a pre-specified wavelength) upon 

reduction with antioxidants is a measure of the total concentration of antioxidants (TAC) in 

the sample (Haida and Hakiman, 2019). The TAC is usually expressed in terms of a reference 

compound, such as Trolox for hydrophilic antioxidants, α-tocopherol (vitamin E) for 

lipophilic antioxidants, and gallic acid for aqueous solutions of polyphenols, where gallic 

acid-equivalent TAC values are denoted as GAE. DPPH has been classified as having both ET 

and HAT mechanisms (Prior et al., 2005) and as such was selected along with  the inhibition 

of lipid peroxidation assay, a HAT method (Karadag et al., 2009) in evaluating the 

antioxidant activity of Alchornea spp. leaves. 

3.2.4.1 DPPH Radical Scavenging Activity (%) 

The leaf extracts of Alchornea spp. were screened for DPPH radical scavenging activity 

according to the method described and the results of the screen are shown in Figure 3.5a as 

compared with 20, 40, 60 and 80 μM (14.09, 7.05, 3.52 and 1.76µg/mL) of ascorbic acid, 

known antioxidant (positive control; Figure 3.5b). Four concentrations were assayed for 

each extract (50, 100, 200, and 400 μg/mL). The methanol extract shows the highest 

reducing power activity against DPPH at (66.40±1.59 %) followed by the aqueous extracts at 

61.71±2.45 % and 52.75±3.68% DPPH radical scavenging activity at 400µg/mL 

concentration. All samples showed concentration-dependent radical scavenging activity. At 

200 μg/mL, the MeOH (56.92±2,42%), Aqueous1 (A1; 47.66±1.57%), and Aqueous2 (A2; 

24,03±5.97%) extracts, presented significantly higher DPPH radical scavenging activity, than 

ascorbic acid (23.52±4.13% at 14.09 μg/mL) but the mean difference in their activities was 

not significant at 100 μg/mL. The DCM extract on the other hand mostly exhibited 

significantly lower DPPH radical scavenging activity than ascorbic acid at all sampled 

concentrations.  

The polar extracts of Alchornea, MeOH, and Aqueous, were able to reduce the free radical 

of DPPH to the yellow coloured diphenylpicrylhydrazine, suggesting the presence of mainly 

polar phytochemicals typical of phenols and flavonoids. Flavonoids are the most effective in 
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scavenging hydroxyl radicals (Thavamoney et al., 2018). Scavenging ability of the Alchornea 

leaf extracts is evident in the potential decrease in DPPH concentration. DPPH radical 

scavenging method is not affected by substrate polarity, and this enhances the reliability of 

results.  

 

Figure 3.5 | DPPH radical scavenging activity (%) of (A) Alchornea leaf extracts; (B) Ascorbic 
acid. DPPH scavenging activity of the extracts at 100 µg/mL was comparable to that of 
Ascorbic acid at 14.09 µg/mL (80 µM) but the mean difference between DCM (100 µg/mL) 
and ascorbic acid (80 µM) was statistically significant (P=0.001). Mean differences were 
significant at P<0.01. 

 

3.2.4.2 Assessing the Inhibition of Lipid Peroxidation, I (%)  

The leaf-extracts of Alchornea spp. were also screened for the ability to inhibit exogenous 

linoleic acid oxidation by a free radical-producing, water-soluble azo compound, 2, 2´-

azobis(2-aminopropane) dihydrochloride (AAPH). AAPH decomposes at physiological 

temperature to generate alkyl radicals to initiate lipid peroxidation (R. a. Apak et al., 2016; 

Chorfa et al., 2016). Since AAPH is water-soluble and the rate of free radical generation from 

AAPH can be easily controlled and measured, it has been extensively used as a free radical 

initiator for biological and related studies (Liu et al., 2017; Popov et al., 2019; Wu et al., 

2018; Zhang et al., 2017), and the haemolysis induced by AAPH provides a good approach 

for studying free radical-induced membrane damages (Li et al., 2018; Liu et al., 2017). All 
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sample extracts were tested at 50 µg/mL with BHT (50 µg/mL)as the positive control. All the 

extracts evidently displayed similar or higher lipid peroxidation inhibition activity than BHT 

(12.07 %; Figure 3.6). At 50 µg/mL, MeOH extract exhibited the highest % inhibition activity 

at 28.34 % inhibition (P=0.008). The high free radical scavenging activity observed in the 

polar extracts were correlated with high phenolics and flavonoids content (Figures 3.3 and 

3.4) which is similar to reports compiled by Effo et al., (Effo et al., 2017), Kolawole et al., 

(Kolawole et al., 2007) and Morah and colleague (Morah and Uduagwu, 2017). 

 

 

Figure 3.6 | Percentage Lipid peroxidation inhibition, I (%) of Alchornea spp. leaf extracts; 
dichloromethane (DCM; P<0.05), methanol (MeOH; P=0.008), and Aqueous (A1; P<0.05 and 
A2; P<0.05) were statistically significant compared with that of BHT. 

 

3.2.4.3 DNA Protection Activity  

The antioxidant potential of Alchornea spp. was taken further by assaying for the ability to 

confer protection on DNA against damage induced by Fenton reaction (Figure 3.7). This 

evaluates the ability of the extracts to prevent the DNA degradation induced by the hydroxyl 

radicals formed after the addition of FeSO4 and H2O2. Hydroxyl radicals from the Fenton 

reagent can react with the nucleotides in DNA and cause strand breakage. Figure 3.7 shows 
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the effects on DNA protection obtained with 100µg/mL extracts. The supercoiled DNA 

appears as a predominant and well-defined band (lane 6) as was seen with the addition of 

FeSO4 (lane 7) and H2O2 (lane 8) alone but with the addition of both FeSO4 and H2O2, the 

DNA was completely obliterated (lane 10).  This suggested substantial DNA damage, in the 

presence of a Fenton reaction (lane 10).  Methanol and aqueous extracts of Alchornea were 

able to offer some DNA protection though the aqueous extracts appeared to have higher 

DNA protection activity. Thus, there is evidence that Alchornea extracts exhibit some DNA 

protection activity and were able to preserve DNA integrity to a certain degree. 

 

 

Figure 3.7 |DNA protection from ROS (hydroxyl radicals) damage by extracts of Alchornea. 
Lane 1: 1kb ladder; Lanes 2–5 Alchornea extracts: (2: DNA + FeSO4 + H2O2 + ALA2 100 µg/mL; 
3: DNA + FeSO4 + H2O2 + DCM 100 µg/mL; 4: DNA + FeSO4 + H2O2 + MeOH 100 µg/mL; 5: 
DNA + FeSO4 + H2O2 + Aq 100 µg/mL); Lanes 6 – 10 controls (6: DNA; 7: DNA + FeSO4; 8: DNA 
+ H2O2; 9: DNA + 50% MeOH; 10:DNA + FeSO4 + H2O2). This experiment was repeated and 
yielded similar results.  

 

Phenolic compounds and flavonoids which are important secondary metabolites with 

variable phenolic structures are particularly effective scavengers of most oxidizing 

molecules and of several free radicals (Tungmunnithum et al., 2018). Although the results of 

DPPH scavenging assay correlates with both the phenolic (expressed as mg GAE/g; Figure 

3.3) and flavonoids content expressed as mg RE/g (Figure 3.4), it is important to note other 

compounds which could have contributed to the antioxidant properties of the plant, such as 

carotenoids were not assessed in this work. 

Supercoiled 
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3.2.5 Determination of minimum inhibitory concentration (MICs) of extracts of Alchornea 

spp. against selected microbes 

The recurrent bacterial infection is a feature of SCA. Hence, the in vitro anti-microbial 

activity of Alchornea spp. leaf-extracts were carried out on different species of Gram-

positive and Gram-negative bacterial pathogens (Table 3.1). The MIC of each was 

determined using the microdilution method in 96-well plate. 

 

Table 3.1 |Minimum inhibitory concentrations (MICs) of Dichloromethane, Methanol and 
Aqueous extracts of Alchornea leaves 

 
MIC (µg/mL) 

Bacterial 

species 

DCM MeOH Aqueous Aqueous 2 

Escherichia coli - 1 - - 

Pseudomonas 

aeruginosa 

0.5 0.5 1 - 

Staphylococcus 

aureus  

- 1 - - 

Bacillus subtilis - 1 1 - 

 

According to Kuete (Kuete, 2010), Efferth and Kuete (Efferth and Kuete, 2010), the 

antibacterial activity of a plant extract is considered significant when MIC values are below 

100 μg/mL, moderate when 100 <MIC < 625 μg/mL and weak when MIC > 625 μg/mL. 

Therefore, only very weak antimicrobial activity was detected in Alchornea spp. extracts and 

only against Pseudomonas aeruginosa. The dichloromethane and aqueous extracts were 

effective against Pseudomonas aeruginosa at ≥0.5 mg/ml and ≥1.0 mg/ml respectively 

which is not evidence of strong antimicrobial effect as earlier documented (Akinpelu et al., 

2015).   
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3.2.6 Alchornea Variation Studies 

Having established the basic protocols such as total phenol and total flavonoid contents, in 

the first Nigerian isolate, other Alchornea spp. samples collected from different locations 

were assessed.  This involved bringing in help from other Nigerian samplers.  

3.2.6.1 Samplers backgrounds 

 

Figure 3.8 |Sampler Demographics 

The successful assessment of metabolite variation in Alchornea spp. depends on the plant 

species being successfully identified by the sampler. Therefore, the expertise of the 

samplers was assessed (Figure 3.8). Most of the informants were herb sellers, who could 

rightly identify the plant and had more than 20 years’ experience working with or using 

Alchornea spp.in traditional medicine. Frequency index for each of the respondent’s 

responses were calculated and used to express the demographics of Alchornea spp. use 

within south-western Nigeria (Figure 3.9). Frequency index, a mathematical expression of 

the percentage of frequency by which each entry was mentioned by informants. The 

following formula was used to calculate frequency index: 
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FI = FC/N x 100 

Where FC; Frequency count, is the number of times an entry was mentioned, and N is a 

total number of informants. N = 120 in this study. The frequency index was high when many 

informants mentioned an entry and low when there were few reports.  

 

Figure 3.9 |Alchornea spp. Plant-use as defined by samplers.  

Figure 3.9 indicates the use of Alchornea plant leaves, mostly known locally as “Pepe”, as 

blood building and blood purifying tonic which is taken either as a cold infusion (juice) of 

crushed fresh leaves or hot infusion of the dry leaves. Other uses of the plant include the 

use of twigs from this plant as arithmetic counting tallies by school-age children due to the 

durability of the stem. Stem cuttings are also used as chew-sticks because of its durability 

and antibacterial properties. No mention was made of the use of plant bark or roots by all 

informants. 
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3.2.6.2 Plant Collection Points Environmental Data 

Climate and environmental background maps of the South-west geopolitical zone of Nigeria, 

the study area showing Alchornea spp. plant sample collection points in 27 groups (≤5 

collection points per group) are presented in Figures 3.10 – 3.14 at    50km spatial resolution. 

A total of 122 plant samples (Table 2.1) were collected from the wild in six states; Ekiti, 

Ondo, Osun, Oyo, Ogun, and Lagos, all situated in the rainforest zone. 

 

Figure 3.10 |Map of South-west geopolitical zone of Nigeria showing Alchornea plant 
sample collection groups (numbered red dots). Plant samples were collected from the wild 
in six states, all situated in the rainforest zone: Ekiti, Ondo, Osun, Oyo, Ogun, and Lagos. A 
total of 27 collection groups are shown, comprising mostly of 5 collection points each with a 
total of 122 collection points (Table 2.1). 

 

Figures 3.12 and 3.13 shows climate maps, developed using data from the CRU, University 

of East Anglia (Harris et al., 2014), for mean temperature distribution in both the warmest 
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and coldest months, while annual precipitation are indicated in Figure 3.11.Samples from 

Ogun, Lagos and Osun appears to experience same mean annual precipitation range; 1300 – 

1400 mm, with less annual precipitation in Ekiti (1200 – 1300mm) and the highest annual 

precipitation in Ondo State (1400 – 1500mm).  

 

Figure 3.11 |Annual precipitation around Collection points in the study area. Numbered 
red dots indicate plant sample collection groups. 

 

Samples from Oyo appears to experience varying annual precipitation levels ranging 

between 1100 – 1400 mm (Figure 3.11). Oyo and Osun samples appears to experience the 

highest temperatures; 35 – 36°C, in the warm months (Figure 3.12) than the other areas 

while temperatures are lowest in Lagos and Ogun (34 – 35°C). Oyo, Osun, Ekiti and Ondo 

experience lower temperatures in the colder months than the Ogun and Lagos states (Figure 

3.13), suggesting the coastal areas experience less temperature change throughout the 

year. 
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Figure 3.12 |Average temperature distribution around sample collection points in the 
warmest month of the study area. Numbered red dots indicate plant sample collection 
groups. 

 

Figure 3.13 |Mean temperature distribution around sample collection points in the 
coldest month of the study area. Numbered red dots indicate plant sample collection 
groups. 
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Figure 3.14 shows proximity of Ogun and Lagos samples to the Ogun River. The map 

produced using ArcGIS base maps and physical data from Natural Earth indicated only the 

river ogun (Figure 3.14a) probably because of its proximity to the sample locations but 

additional river sources are shown in Figure 3.14b (Oke et al., 2015; world, 2013). 

Soil data extracted from the Harmonized World Soil Database (FAO/IIASA/ISRIC/ISS-

CAS/JRC. 2012. Version 1.2) shows that the soils in Ogun, Ondo and Ekiti are mostly medium  

textured, Lagos are Coarse while Oyo and Osun soils are fine (Fao and Isric, 2012). Coarse 

textured and Medium textured soils are made up of loam and silt combinations with less 

than 18 per cent clay and more than 65 per cent sand; and less than 35 % (w/w) clay and 

less than 65 % (w/w) sand (the sand fraction may be as high as 82 per cent if a minimum of 

18 per cent of clay is present) respectively while, fine textured soils contain clays, silty clays, 

sandy clays, clay loams and silty clay loams with more than 35 per cent clay (Fao and Isric, 

2012). Silty soil which promotes water retention and air circulation is usually more fertile for 

plants than other types of soil. Plants do not thrive in soil that is too clayey (Moore and 

Lawrence, 2013). 
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Figure 3.14 |Proximity of sample collection points to river sources. (a) Numbered dots 
indicate plant sample collection groups. (b) Image adapted from (world, 2013) and (Oke et 
al., 2015) detailing more river sources in southwest, Nigeria. 

 

3.2.6.3 RbcL barcoding of new Alchornea spp. Samples 

The identity of the new Nigerian samples was assessed using RbcL based barcoding.  
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This suggested that these represented a separate branch to other Alchornea spp (Fig. 3.15). 

Comparisons included Alchornea trewioides, Alchornea ilicifolia, Alchornea tiliifolia, 

Alchornea laxiflora and Alchornea thozetiana. These showed some similarity with the 

Nigerian isolates but A. cordifolia, A. gladulosa and A. triplinervia were quite distant.  It 

should be noted that the bootstrap value with the closest Alchornea spp clade was a 

relatively low 63.  

3  

Figure 3.15 |Initial assessments sought to confirm sampled plant species through DNA 
barcoding. Sequence data of Alchornea spp. from our study revealing distinctive phenotypic 
identities and relationship with 5 other related Alchornea species; A. trewioides, A. tiliifolia, 
A. thozetiana, A. ilicifolia and A. laxiflora. 1-18 refer to Nigerian sample sites (see Figure 
3.10). 
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This could indicate the Nigerian samples represent a separate genetic lineage of Alchornea 

spp.  No Alchornea spp rbcL sequences from a Nigerian source was available to be used in 

phylogenetic comparison. 

Some minor genetic variation within the Nigerian samples was suggested. The phylogram 

reveals the genetic similarity amongst the samples which exhibited 4 distinct clades with the 

first clades of 9 samples supported with a weak bootstrap value of 38. The second cluster is 

made up of 6 samples with a bootstrap value of 43 shares an intra-generic relationship with 

the first cluster, supported by a bootstrap value of just 35. One sample stands alone and 

shares an intra-generic relationship with the fourth cluster made up of samples 2 samples, 

supported by bootstrap value of 43. These data indicated that wider genetic analyses than 

those suggested by RbcL sequence barcoding, for example, the use of simple sequence 

repeats (SSRs) are required to resolve the exact phylogenetic relationship of the Nigerian 

samples to Alchornea spp. 

3.2.6.4 Variation in Phytochemical Content and Activity 

Phenolic acids and flavonoids are phenolic secondary compounds of plants, which may 

respond by fluctuating concentrations to different kinds of environmental growth factors 

and stress conditions, such as enhancement in light (including UV-radiation), CO2 

concentration, temperature, soil nutrition, drought, and grazing (Deluc et al., 2009; Eichholz 

et al., 2011; Gwynn-Jones et al., 2012; Heinäaho et al., 2006; Lavola et al., 2013; Väisänen et 

al., 2013). Phytochemical screenings were carried out to explore any variation(s) in the 

phytochemical content in 3 separate extracts (dichloromethane, methanol, and aqueous) of 

Alchornea spp. leaves collected from 27 natural populations in 6 states of South-west 

Nigeria and how such variations may impart their antioxidant activity. Both the total phenol 

(TP) and total flavonoid (TF) content were quantified for 18 representative samples of the 

batch, and compared with their DPPH scavenging, I (%) and Lipid peroxidation inhibition (%) 

activities to identify sources of variation. The results are as presented below. 

The percentage yield (see sub-section 2.2.3.1, pg.54) was significantly (P<0.01) high in the 

methanol extracts suggesting the presence of mainly hydrophilic phytochemicals typical of 
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phenols and flavonoids, within the Alchornea spp. plant leaves in agreement with our 

preliminary screens. 

Table 3.2 |Percentage yield of dichloromethane, methanol and aqueous extracts of 18 
samples of Alchornea spp. collected from different locations across south western Nigeria. 
Sample number corresponds to sample group as shown in Fig. 3.11 (see Table 2.1). 

  % Yield 

Sample 
Number 

Sample 
Location 

Location 
points 

Dichloromethane 
Extract 

Methanol 
Extract 

Aqueous 
Extract 

1 Ekiti Ifaki 2.90 24.95 1.75 
2 Ekiti Omuo 2.75 30.45 1.50 
3 Ekiti Ado 4.20 23.75 1.60 
6 Ondo Akure 20.55 25.40 1.45 
7 Ondo Iju 3.55 23.80 1.20 
8 Ondo Itaogbolu 2.65 30.05 1.50 

11 Oyo Ibadan 14.05 26.90 1.25 
12 Oyo Egbeda 2.90 22.05 1.35 
13 Oyo Asejire 3.30 24.15 1.75 
16 Osun Ikire 3.20 24.75 1.80 
17 Osun Gbongan 2.75 26.60 2.95 
18 Osun Ode-omu 2.50 29.70 1.60 
20 Ogun Ogeere 2.70 25.35 1.70 
21 Ogun Sagamu 5.55 25.68 1.60 
22 Ogun Mowe 2.90 24.05 1.25 
25 Lagos Ikorodu 2.75 22.65 1.47 
26 Lagos Magodo 3.35 21.15 1.30 
27 Lagos Ojodu 4.10  21.00 1.07 

 

 

As expected, the methanol and aqueous extracts exhibited significantly higher phenolic 

content (p<0.0001) than the DCM extracts (Ghasemzadeh and Jaafar, 2011) with negative 

correlation (r = -0.219 and -0.195 respectively). This reiterates the polarity of the 

polyphenols and the extractive ability of methanol. The more content goes into methanol, 

the less the content which goes into the other solvents. Total phenol content appeared 

evenly distributed across all samples but was found to be significantly lower in Ondo (6, 7 

and 8), Osun (16 and 18), and Lagos (26 and 27) samples. 
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Figure 3.16 | Total Phenol Content (mg GAE/mg) of 18 Alchornea spp. samples comprising 
three (3) plant samples from each of the six (6) south-western states. For samples of the 
same extraction method, bars with * indicate mean values with significantly (P < 0.01) 
higher TP content than the others. Samples represented include, Dichloromethane (DCM), 
Methanol (MeOH) and Aqueous extracts of Alchornea spp. leaf samples from Ekiti (1, 2, 3), 
Ondo (6, 7, 8), Oyo (11, 12, 13), Osun (16, 17, 18), Ogun (20, 21, 22) and Lagos (25, 26, 27). 
Sample number corresponds to sample subgroup/location, as shown in Fig. 3.11 (see Table 
2.1).Typical data expressed as mean of experiments performed in quadruplicates. 
 

 

Total flavonoid content also appears to be evenly distributed across all locations but was 

found to also be significantly lower in Ondo (6, 7 and 8), Osun (16 and 18) surprisingly Oyo 

(11, 12 and 13) but not Lagos samples. As with the phenolic content, the methanol extracts 

exhibited significantly higher flavonoids content (p<0.0001) than the DCM and aqueous 

extracts (Ghasemzadeh and Jaafar, 2011) with negative correlation (r = -0.278 and -0.923 

respectively). Phenolic contents of some samples of Alchornea spp. leaves differed 

significantly apparently due to differences in growing conditions in their various growing 

locations (P < 0.05; Figures 3.16 and 3.17.The highest mean phenol content (183.48 

mgGAE/g) and mean flavonoids content (100.64 mgRE/g) were found in Ogun (20,21,22) 

samples (Figures 3.16; 3.17), whereas the lowest mean phenol (160.87; 155.11 mgGAE/g) 
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content were observed in samples from Osun and Ondo, and lowest mean flavonoid content 

(86.41; 83.86 mgRE/g) in Osun (16,17,18) and Oyo (11,12,13) samples. 

 
 
Figure 3.17 |Total Flavonoid Content (mg RE/mg) of 18 Alchornea spp. samples comprising 
three (3) plant samples from each of the Six (6) south-western states. For samples of the 
same extraction method, bars with * indicate mean values with significantly (P < 0.01) 
higher TF content than others. Samples represented include, Dichloromethane (DCM), 
Methanol (MeOH) and Aqueous extracts of Ekiti (1, 2, 3), Ondo (6, 7, 8), Oyo (11, 12, 13), 
Osun (16, 17, 18), Ogun (20, 21, 22) and Lagos (25, 26, 27). Sample number corresponds to 
sample subgroup/location, as shown in Fig. 3.11 (see Table 2.1).Typical data expressed as 
mean of experiments performed in quadruplicates.  
 
 

 

Moreover, Alchornea spp. samples from 11 (Ibadan in Oyo) had higher phenolic contents 

than any other location at 209.33 mgGAE/g. By contrast, samples from 16 (Ikire in Osun) had 

the lowest total phenolic contents (119.77 mgRE/g). These rich differences may be due to 

ecological factors, genetic factors, and the status of secondary metabolism in different 

growing locations. 

Correlation analyses between the TF and TP revealed significantly strong positive 

correlations (P< 0.05), with Pearson’s coefficient (r) values of 0.982 for the DCM extracts. 

The methanol extracts indicated some degree of direct correlation between TP and TF 
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content (r = 0.418) while on the other hand, the aqueous extracts exhibited weak negative 

correlation between TP and TF content (r = -0.110). Correlation analyses between the Total 

phenol content of the DCM extracts with both the methanol and Aqueous extracts revealed 

some degree of positive correlation (r = 0.372 and 0.414 respectively) and methanol also 

shared weak positive correlation (r=0.285) in TF and TP contents with aqueous extracts. 

Conversely, with the total flavonoids content, the DCM extracts only shares a weak positive 

correlation with methanol extract (r = 0.185) while it negatively correlates with the aqueous 

extract (r = -0.055). While the methanol extract, on the other hand shares a moderate 

positive correlation with the aqueous extract (r=0.454).  

 

 

Figure 3.18 | PCA score plots. (A) Data presented in Figure 3.16 and 3.17  for Alchornea spp. 
extracts (n= 18) samples were integrated into a single matrix and assessed for variation that 
could be linked to sample sites Ekiti (1–3, red), Ondo (6-8, turquoise), Oyo (11–13, yellow), 
Osun (16–18, lilac), Ogun (20–22,blue) and Lagos (25–26, green).  (B) PLS-DA plot confirms a 
clustering in the Lagos and Osun samples separate from Ogun and Ekiti, with Oyo and Ondo 
samples sharing general overlaps with the other samples. 
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To facilitate comparisons, all the biochemical data were conflated into a single matrix and 

assessed using multi-variate PCA. PCA score plots revealed a differentiation in the Osun 

samples from a clustering of Ogun, Oyo and Ekiti samples (Figure 3.18a). The supervised 

score plots (Figure 3.18b) confirms a differentiation in the clustering pattern of Lagos and 

Osun samples separate from Ogun and Ekiti samples.  Differentiation in the Ondo and Oyo 

samples was not obvious. To identify, the major sources of variation in Fig. 3.18, the mean 

values of each assay and site were presented in a heat map Fig. 3.19. This also indicated two 

broad groups (Ogun, Osun, Ondo, and Oyo) and (Ekiti, Lagos). However, Ogun appeared to 

be the most distinctive.  This did not appear to be relatable to any geographical parameter. 

 

Figure 3.19 | Heat map for Data presented in Figures 3.16 and 3.17 for Alchornea spp. 
extracts (n= 18) samples confirm high polyphenolic content in Ogun samples. Rows: 
samples; columns: sample groups by location; colour key indicates the relative abundance of 
the corresponding phenolic compound in each group of samples, green: Lowest, red: 
highest. 

 

3.2.6.5 Variations in Antioxidant Activity 

Antioxidant assays were carried out as a comparative study to explore any variations in 

bioactivity with respect to phytochemical content and properties of Alchornea spp. using 3 

separate extracts (dichloromethane, methanol and aqueous) of Alchornea spp. leaves 
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collected from 18 natural populations in 6 states of South-west Nigeria.  There were 

differences in the antioxidant and phytochemical contents among plants (P<0.01).  

3.2.6.5.1 DPPH Radical-Scavenging Activity  

The DPPH radical-scavenging activity of fifty-four extracts (18 each of DCM, MeOH and 

Aqueous extracts), representative of Alchornea spp. samples collected from diverse 

locations were determined and the results are shown in Figures 3.20, 3.21 and 3.22. 

Ascorbic acid was used as positive control (400 – 0.195 μg/mL; Figure 3.21). Four 

concentrations were assayed for each extract (50, 100, 200 and 400 μg/mL). All samples 

showed radical scavenging activities which were mostly concentration-dependent.  

 

Figure 3.20 |DPPH Scavenging activity (%), of dichloromethane extracts of 18 Alchornea spp. 
samples comprising three (3) plant samples from each of the six (6) south-western states. 
Apart from ascorbic acid, for samples of the same concentration, bars with * or a have a 
statistically significant mean difference at P < 0.01 and p<0.05 respectively compared with 
all other samples. Sample number corresponds to sample subgroup/location as shown in 
Fig. 3.11 (see Table 2.1). Samples represented are 1, 2, 3 (Ekiti), 6, 7, 8 (Ondo), 11, 12, 13 
(Oyo), 16, 17, 18 (Osun), 20, 21, 22 (Ogun) and 25, 26, 27 (Lagos). Typical data expressed as 
mean of experiments performed in triplicates.  
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The MeOH (7.06±0.75 – 70.46±0.52%) extracts except for samples 3, 6, 7, 8, 11 and 12 

(Ondo and Oyo samples) presented higher DPPH radical scavenging activity than other 

extracts at all concentrations. At 400 μg/mL, their activity was comparable to those of 

ascorbic acid (70.72±1.15% at 100μg/mL). Except for samples 1, 2, 20 and 25 (Ekiti, Ogun 

and Lagos samples) all aqueous samples showed low DPPH radical scavenging activity 

(4.68±0.22 – 39.53±1.22%) at concentrations equal to and lower than 200 μg/mL but all had 

significant activity at 400 μg/mL (except sample 18). Conversely, the DCM extracts exhibited 

no significant DPPH radical scavenging activity when tested even at 400 μg/mL (0.06±1.75 – 

13.10±0.84%). Taken together, samples from Ekiti, Ogun, and Lagos exhibited better DPPH 

scavenging activity than other samples. 

 

 
 
Figure 3.21 |DPPH Scavenging activity (%) of methanol extracts of 18 Alchornea spp. 
samples comprising three (3) plant samples from each of the six (6) south-western states. 
For samples of the same concentration, bars with * are significantly higher at P < 0.01 than 
the other samples. Sample number corresponds to sample subgroup/location as shown in 
Fig. 3.11 (see Table 2.1). Samples represent, 1, 2, 3 (Ekiti), 6, 7, 8 (Ondo), 11, 12, 13 (Oyo), 
16, 17, 18 (Osun), 20, 21, 22 (Ogun) and 25, 26, 27 (Lagos). Typical data expressed as mean 
of experiments performed in triplicates. 
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Figure 3.22 |DPPH Scavenging activity (%) of Aqueous extracts of 18 Alchornea spp. 
samples comprising three (3) plant samples from each of the Six (6) south-western states. 
For samples of the same concentration, bars with * have a statistically significant mean 
difference at P < 0.01, compared with other samples. Sample number corresponds to 
sample subgroup/location as shown in Fig. 3.11 (see Table 2.1). Sample numbers represent, 
1, 2, 3 (Ekiti), 6, 7, 8 (Ondo), 11, 12, 13 (Oyo), 16, 17, 18 (Osun), 20, 21, 22 (Ogun) and 25, 
26, 27 (Lagos). Typical data expressed as mean of experiments performed in triplicates. 

 

Among all samples, the highest DPPH radical scavenging activity was obtained for methanol 

extract of Alchornea spp. collected from 13 (Asejire in Oyo) with mean IC50 value of 

0.83 ± 0.04 μg/ml, followed by 17 (Gbongan in Osun; 4.09 ± 0.84 μg/ml). For the methanol 

samples, the IC50 values changed with the order: 18 (0.01 ± 1.05 μg/ml) <21 

(0.03 ± 1.11 μg/ml) <2 (0.15 ± 0.48 μg/ml) <22 (0.35 ± 2.01 μg/ml) < Ascorbic acid 

(0.46 ± 0.71 μg/ml) <17 (0.83 ± 0.84 μg/ml) <27 (0.94 ± 1.59 μg/ml) <25 (1.44 ± 0.63 μg/ml) 

<26 (1.49 ± 1.41 μg/ml) <1 (2.11 ± 0.42 μg/ml) <16 (2.87 ± 0.74 μg/ml) <13 

(4.09 ± 0.92 μg/ml) <8 (11.27 ± 1.12 μg/ml) <11 (13.50 ± 0.63 μg/ml) <3 (13.75 ± 0.49 μg/ml) 

<7 (16.08 ± 0.91 μg/ml) <6 (18.60 ± 1.18 μg/ml) <12 (25.73 ± 0.54 μg/ml) (Table 3.3). This 

indicates higher radical scavenging capacity of Ogun sample (21 and 22) than the standard, 

BHT. Compared with BHT, there was no significant difference (P < 0.05) on the antioxidant 
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activities of 17, implying that 17 could have same scavenging effect with ascorbic acid at 

effective concentration.  

3.2.6.5.2 Inhibition of Lipid Peroxidation 

Linoleic acid micelles were used as model lipid system to assess differences in Alchornea 

spp. collected from different locations on autoxidation or induced lipid peroxidation. The 

reaction mixtures contained linoleic acid (16 mM) dispersed in borate buffer (pH 9) and 

Linoleic acid peroxidation was induced with 40mM AAPH solution. Alchornea spp. at various 

concentrations (50 – 400 μg/mL) was introduced into the reaction mixture to inhibit 

peroxidation with BHT as positive control.   

 

 
Figure 3.23 |Percentage LPO Inhibition, I (%) of methanol extracts of 18 Alchornea samples 
comprising three (3) plant samples from each of the Six (6) south-western states. For 
samples of the same concentration, bars with * have a statistically significant mean 
difference at P < 0.01 compared with the other samples, while bars with b have a 
significantly (P < 0.01) lower percentage LPO inhibition than others of same concentration. 
Sample number corresponds to sample subgroup/location as shown in Fig. 3.11 (see Table 
2.1). Sample numbers represent, 1, 2, 3 (Ekiti), 6, 7, 8 (Ondo), 11, 12, 13 (Oyo), 16, 17, 18 
(Osun), 20, 21, 22 (Ogun) and 25, 26, 27 (Lagos).Typical data expressed as mean of 
experiments performed in triplicates 
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For the lipid peroxidation inhibition activity, the lowest average IC50 value (4.17 

± 1.91 μg/ml) was recorded for methanol extract of Alchornea spp. collected from 22 

(Asejire, Oyo), amongst all samples followed by 13 (Gbongan, Osun; 4.43 ± 2.33 μg/ml; Table 

3.3). Compared with ascorbic acid, there was no significant difference (P = 0.046) on the 

antioxidant activities of 22, implying the efficacy of 22 is comparable to ascorbic acid at 

effective concentration. These data indicated high antioxidant activity for Alchornea spp. 

especially with the methanolic extracts. This activity, although significantly varying amongst 

the different locations, the mean difference was not significant amongst the main sample 

groups (P<0.05; Appendix 3.7). 

 

Table 3.3 | IC50 values for Antioxidant Activity of Alchornea spp. Extracts. 

Samples IC50 (µg/mL) 

DPPH Scavenging Activity LPO Inhibition, I 

Dichloromethane Methanol Aqueous Methanol 

1 4.24±2.60 2.11±0.42 17.11±4.05 21.84±0.89 

2 38.46±1.24 0.15±0.48 13.27±2.42 25.98±2.28 
3 31.45±2.62 13.75±0.49 33.74±2.76 29.00±0.85 
6 24.80±1.54 18.60±1.18 26.90±1.64 31.05±0.40 
7 13.66±1.56 16.08±0.91 25.51±1.81 49.89±1.06 
8 28.05±1.62 11.27±1.12 29.21±2.47 58.05±0.44 
11 30.76±0.98 13.50±0.63 23.13±2.47 49.43±1.23 
12 64.22±1.45 25.73±0.54 26.06±1.61 56.03±1.23 
13 56.36±1.50 4.09±0.92 37.99±1.54 4.43±2.33 
16 72.32±0.62 2.87±0.74 31.15±3.68 10.99±1.48 
17 51.35±1.37 0.83±0.84 34.49±2.01 7.69±2.55 
18 73.12±0.70 0.01±1.05 18.11±2.18 4.55±2.43 

20 89.77±0.49 0.03x10-4±1.14 19.71±2.80 14.56±2.47 
21 90.84±0.94 0.03±1.11 37.12±2.09 18.53±3.03 
22 69.36±0.64 0.35±2.01 30.51±1.39 4.16±1.91 
25 32.36±0.60 1.44±0.63 26.65±2.55 27.88±1.54 
26 65.19±2.37 1.49±1.41 52.70±1.20 28.77±0.50 
27 68.57±0.66 0.94±1.59 37.53±3.33 24.23±0.34 

 

The PCA score plots of the combined data from the antioxidant activity of all plant samples 

reveal an overlap in Ogun, Lagos and Osun samples, separate from Ondo and Ekiti samples, 

which partially overlaps Oyo samples indicating a differentiation in Ekiti, Ondo and Oyo 
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(partial) samples. This corresponds to the clustering pattern earlier observed with the 

phytochemical contents, confirming a differentiation in the Oyo and Ekiti samples from the 

Ogun, Lagos and Osun samples in terms of both phytochemical contents and antioxidant 

activity. 

 
 
Figure 3.24 | PCA score plots.  
(A) Data presented in Figure 3.20-3.22 for Alchornea spp. extracts (n= 18) samples were 
integrated into a single matrix and assessed for variation that could be linked to sample 
sites; Ekiti (1–3, red), Ondo (6-8, turquoise), Oyo (11–13, yellow), Osun (16–18, lilac), Ogun 
(20–22, blue) and Lagos (25–26, green).  There is an overlap in Ogun, Lagos and Osun 
samples, separate from Ondo and Ekiti samples, and partially overlaps Oyo samples.  (B) 
PLS-DA plot confirms a differentiation in Ekiti, Ondo and Oyo (partial) samples. 

 

Correlation analyses between the phytochemical content (flavonoids and total phenolics) 

and antioxidant activities (DPPH and lipid peroxidation inhibition) revealed direct 

correlations significant (P< 0.05) especially between the flavonoids and DPPH scavenging 

activity, with coefficient (r) values of between 0.408 and 0.744. This indicates some 

appreciable degree of correlation between high concentrations of flavonoids and good 

antioxidant activity. 

(A) (B) 
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3.2.6.6 Metabolomics Profiling of Alchornea spp. Leaves: FIE-HRMS Data 

In this segment of work, Alchornea spp. plant samples collected from six (6) different 

geographical locations sampled per the 6 states of South-western Nigeria, were compared 

amongst each other, yielding quite interesting results. Non-targeted metabolomics by FIE-

HRMS was used for Alchornea spp. leaves metabolomic profiling.  

 

Figure 3.25 | One-way analysis of variance of Alchornea spp. metabolome on the negative 

matrix. The red circles represent important metabolite features selected by ANOVA plot 

with p value threshold 0.05. p values are -log10transformed,hence the more significant 

features (with smaller p values) are plotted higher on the graph. 

 

The MetaboAnalyst 4.0-MS peaks to pathway was used to identify the significant features 

and also map the metabolites on plant metabolism as defined by KEGG to identify the most 

significant (P<0.05) sources of variation responsible for the variance according to the PCA 

score plots. The software used the mummichog algorithm, which allows a bypass of the 

priori identification of metabolites and the biased manual assignment of spectral features to 

metabolites (Li et al., 2013b) by looking for local enrichment after plotting all possible 
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matches in the metabolic network. This method provides accurate reproduction of true 

activity, as the false matches distribute randomly (Li et al., 2013b). Initial post-hoc 

significance comparison identified 3486 significant metabolic features (Figure 3.25) which 

were matched with a KEGG ID, but only 385 metabolites were eventually annotated and 

named using KEGG database, considering the following possible adducts: [M+]+, [M+H]+, 

[M+NH4]+, [M+Na]+, [M+K]+, [M-NH2+H]+, [M-CO2H+H]+, [M-H2O+H++; *M−+−, *M−H+−, 

[M+Na−2H+−, *M+Cl +−, *M+K−2H+−. For each mass-ion (m/z) the annotation was made using 

a 5 ppm tolerance on their accurate mass. 

Both the PCA and PLS-DA score plots using the significant annotated variables revealed a 

differentiation amongst the clustering patterns of samples from all 6 locations (Figure 3.26) 

which broadly separated into two groups 1 (Ekiti, Lagos, Ogun, Ondo) and 2 (Osun, Oyo) 

suggesting the presence of distinguishing metabolites in their metabolic profiles, expressed 

at significantly different levels in each of these samples. 

 

 

Figure 3.26 | PCA (A) and PLS-DA (B) of the Ekiti, Lagos, Ogun, Ondo, Oyo and Osun 
samples. Though clustering patterns of samples show some differentiation in Oyo and Osun 
samples, the existence of further sources of variations amongst the metabolite profile of 
Ekiti, Lagos, Ogun and Ondo samples is apparent. 

(A) (B) 
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The samples from Osun differentiated from all other samples except Oyo in terms of 

metabolites, in the supervised (PLS-DA) analysis although it had earlier shown a partial 

cluster separation in the unsupervised (PCA) one. All other samples did not show much 

difference in their clustering patterns. This result corresponds with that of the 

phytochemical screening with observed differentiation in the clustering pattern of Osun 

from the other samples (Figure 3.19). 

3.2.6.6.1 Metabolomics Profile of Group 1 versus Group 2 Samples 

Data analysis was carried out on sources of variation, exactly as in the previous section 

3.3.6.6. The only difference being the analysis was restricted to two broad sample groups; 

group 1 and 2. Therefore, a t-test analysis was used for the analysis instead of ANOVA which 

selected 385 relevant variables after the threshold cut off, and the P-values were 

transformed by –log10 to increase the level of significance (Figure 3.27). 

 
Figure 3.27 | T-test of Alchornea spp. metabolome on the negative matrix. The pink circles 
represent important metabolite features selected by ANOVA plot with p value threshold 
0.05. p values are -log10 transformed, hence the more significant features (with smaller p 
values) are plotted higher on the graph. 
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Hierarchical clustering analysis (HCA) and principal component analysis (PCA) score plots 

confirmed a differentiation between the clustering patterns of both groups. The PCA 

analysis reiterated partial separation between groups 1 and 2 (Figure 3.28a) which was even 

more defined with the PLS-DA score plot (Figure 3.28b). In other words, though the 

clustering of the samples from Ogun, Lagos, Ekiti and Ondo (group 1) share some level of 

similarity in metabolite expression with Oyo and Osun samples (group 2), they are distinctly 

separate from Oyo and Osun Samples (Figure 3.28b). The differentiation observed in Ogun 

and Lagos samples from Oyo samples agrees with our earlier observations from the 

phytochemical variation. This suggests the presence of distinguishing metabolites in the 

metabolic profile of samples from all six geographical locations, the relative abundances of 

which might be expressed significantly at two separate levels (Figure 2.29).This was 

confirmed in the hierarchical clustering patterns of the metabolites which from the heat 

map indicates the expression patterns for metabolites in group 1 are approximately in direct 

contrast with expression patterns in group 2 (Figure 3.29).  

 

 

Figure 3.28 | PCA (A) and PLS-DA (B) of group 1 and 2 samples. Though samples show a 
degree of overlap as shown in the PCA, the PLS-DA indicates a distinct difference between 
the two metabolic profiles. 

 

(A) (B) 
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While the relative abundances of the first 24 metabolites are mostly high in Ogun, Lagos, 

Ekiti and Ondo samples, they are relatively low for Oyo and Osun samples.  

 

Figure 3.29 | Heat map visualization for groups 1 and 2 metabolic profiles (class 1 and 2). 
The heatmap was constructed based on top 50 significant variables. Variable differences are 
revealed between the groups. Class 1; and class 2; Oyo and Osun. Rows: metabolites; 
Columns: samples; Colour key indicates the relative abundance of the metabolite expression 
value, blue: Lowest, red: highest. 
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This difference in the expression and synthesis of secondary metabolites might be 

attributable to differences in prevailing environmental conditions in their different 

locations. 

The metabolites (sources of variation) were mapped on plant metabolism as defined by 

KEGG (reference pathway library; Arabidopsis thaliana) using MetaboAnalyst 4.0-MS peaks 

to pathway as earlier described, to identify the most significant (P<0.05) sources of variation 

responsible for the variance shown by the PCA score plots. The major sources of variation 

were narrowed down to metabolites and intermediates of 5 metabolic pathways; 

Biosynthesis of unsaturated fatty acids, glyoxalate and dicarboxylate metabolism, citric acid 

cycle, Ascorbate metabolism, aldarate metabolism, Ubiquinone, and other terpenoid-

quinone biosynthesis pathways (Figures 3.29, 3.30 and 3.31). A closer look was taken at the 

relative abundance of metabolites with significant hits (Table 3.4) from these pathways. 

 

Figure 3.30 | Pathway Analysis of 385 matched m/z features significantly (P<0.05) 
different between groups 1 and 2 samples. Colour key indicates metabolite of a particular 
pathway; red: Biosynthesis of unsaturated fatty acids, yellow: Glyoxylate and dicarboxylate 
metabolism, Blue: Citrate cycle (TCA cycle), green: Ascorbate and aldarate metabolism and 
black: Ubiquinone and other terpenoid-quinone biosynthesis. 
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Metabolite levels offer distinguishing markers that assist in understanding variances in 

samples across different areas. As displayed in Figure 3.32, hierarchical clustering patterns 

of the metabolite sources of variation indicates the metabolites are mostly upregulated for 

samples from Lagos, Ogun and Ondo, especially Lagos. In contrast, expression patterns for 

metabolites in Ekiti, Oyo and Osun show relatively lower concentrations. 

 

Table 3.4 | Pathway Analysis of 385 matched m/z features significantly (P<0.05) different 
between groups 1 and 2 samples. Colour key refers to metabolite indicated in Figure 2.33 

Pathway Names Hits M.P-val G.P-val Comb.P-val Colour 
key 

Biosynthesis of unsaturated fatty 
acids 

11 0.01446 0.0625 0.00724 
 

Glyoxylate and dicarboxylate 
metabolism 

13 0.1784 0.01852 0.02218 
 

Citrate cycle (TCA cycle) 10 0.262 0.01667 0.0281 
 

Ascorbate and aldarate 
metabolism 

6 0.06901 0.07143 0.03112 
 

Ubiquinone and other terpenoid-
quinone biosynthesis 

7 0.1529 0.0566 0.04976  

 

The difference in expression patterns may be attributable to the presence or absence of 

stressors in form of abiotic environmental factors inducing the upregulation of specific 

secondary metabolic pathways against others, in and around the different sample locations. 

Genetics also plays a major role in defining central metabolism. Hence, this might be a 

factor, as well as causes unknown. 

Abiotic stresses such caused by high light incidence (de Sousa et al., 2019), temperature (Liu 

et al., 2017; Zandalinas et al., 2018), humidity (Liu et al., 2017), water and nutrients 

availability (David-Schwartz et al., 2019; Gerhards et al., 2016), heavy metals and salinity in 

the soil (Sui et al., 2018), and biotic stresses induced by living organisms (Bai et al., 2018) 

have been demonstrated to significantly affect the content of secondary metabolites in 

plants (Khan et al., 2016; Sampaio et al., 2016b). 
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Figure 3.31 | MetPA plot of significance and impact of metabolic pathways which accounts 

for the difference between groups 1 and 2. 385 matches to KEGG plant compounds from 

3486 features significant by FDR (q=0.05) shows calculated impact of Unsaturated fatty acid 

biosynthesis, Glyoxylate and dicarboxylate metabolism, Citrate cycle (TCA cycle), Ascorbate 

and aldarate metabolism and, Ubiquinone and other terpenoid-quinone biosynthesis. The 

Integrated MS Peaks to Pathway plot summarizes the results of the Fisher’s method for 

combining mummichog and GSEA p-values. Large and red circles are considered the most 

significantly different pathways. The dark yellow circles, are pathways with greater impact. 

The blue and pink areas highlight the significant pathways based on either GSEA (pink) or 

mummichog (blue), and the purple area highlights significant pathways identified by both 

algorithms. 
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Figure 3.32 | Clustering result of significant sources of variation from all six locations 
shown as heatmap. The heatmap was constructed based on the significant sources of 
variation identified in Figure 3.31 (see table 3.4). Rows: metabolites; Columns: samples; 
Colour key indicates metabolite expression value, blue: Lowest, red: highest (distance 
measure using euclidean, and clustering algorithm using ward.D). 

 

Lower abundances of linoleic acid and its activated form, linoleoyl-CoA (important structural 

components of cell membranes) were visible in Lagos, Ogun and Ondo Alchornea samples 

(Figure 3.33) with relative accumulation of metabolites associated with fatty acid 

metabolism like octadecanoic acid, hexadecanoic acid and arachidonate. 
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Figure 3.33 | Low relative abundance of Linoleic acid and Linoleoyl-CoA, visible in Lagos, 
Ogun and Ondo Alchornea samples with relative accumulation of Octadecanoic acid. Log10 
normalisation using logarithmic transformation of data. Data represents means ± SD 
(p < 0.01). 

 

 

The glyoxylate and dicarboxylate metabolism was also observed to be a source a variation 

amongst samples with the accumulation of 2-phosphoglycolate (2PG), oxaloacetate, 

carbondioxide and cis-aconitate in Lagos and Ogun samples (Figure 3.34). The glyoxylate 

cycle, which is an alternative pathway to the tricarboxylic acid cycle (TCA) (Ahn et al., 2016; 

Chew et al., 2019) allows the synthesis of macromolecules from dicarboxylates compounds 

such as ethanol and acetate (Chew et al., 2019). In addition, low levels of cis-aconitate were 

discovered in Osun and Oyo samples (Figure 3.34).  

Also, an accumulation of 2-phosphoglycolate (2PG), a potentially toxic metabolite that 

inhibits at least two pivotal enzymes of chloroplast carbon metabolism of 2PG was observed 
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in Lagos samples. This is a common phenomenon in response to photorespiration 

impairment in plants which might be due to chemical stress in form of altered substrate 

availability (decreased carbohydrate and energy) and ROS processes (Serra et al., 2015). 

 

Figure 3.34 | Accumulation of intermediates of glyoxylate and dicarboxylate metabolism in 
Lagos, Ogun and Ondo Alchornea samples with lower abundance in cis-aconitate in Osun 
and Oyo samples. Log10 normalisation using logarithmic transformation of data. Data 
represent the means ± SD (p < 0.01). 

 

 

Figure 3.35 | Accumulation of Drought-associated stressors; High concentration of Nicotinic 
acid visible in Ekiti, Lagos, and Ondo Alchornea samples, L-Tryptophan and L-phenylalanine 
in Ogun and proline in Oyo and Osun. Log10 normalisation using logarithmic transformation 
of data. Data are means ± SD (p < 0.01). 
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Figure 3.36 | Metabolite sets enrichment overview. Summary plot for metabolite set 
enrichment analysis (MSEA) performed in MetaboAnalyst (Version 4.0, URL: 
http://www.metaboanalyst.ca) using metabolites found to be significantly altered in 
Alchornea spp samples from 6 different locations; Ogun, Lagos, Oyo, Osun, Ondo and Ekiti. 
Pathway associated metabolite sets are sorted based on fold enrichment and p-value after 
comparison between samples. Amino acid metabolism plays an important role in drought 
tolerance (You et al., 2019). 

 

Furthermore, elevated levels of some intermediates associated with Ascorbate and aldarate 

metabolism with depletion in ascorbate content was observed in Osun and Oyo samples. 

Ascorbate plays a vital role in stress perception and has been implicated in protection 

against environmental stresses including Ultraviolet (UV) radiation (Gao and Zhang, 2008), 
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high temperatures (Larkindale et al., 2005), and ozone (Conklin and Barth, 2004), among 

other processes. In addition, elevated levels of many metabolites associated with drought 

stress (Isah, 2019; Mundim and Pringle, 2018; You et al., 2019) including amino acids (e.g. 

tryptophan, phenylalanine, valine, leucine and tyrosine) and organic acids (e.g., glutaric 

acid) was also observed across the samples (Figure 3.35). These metabolites function as (i) 

enzymes, membranes and other cellular components stabilizing agents, (ii) osmolytes to 

reduce cellular dehydration; and (iii) chelating agents that sequester metals and inorganic 

ions (Guy et al., 2008). 

Overall, Alchornea spp. samples from Ogun were found to be rich in nutritional values 

compared with the others, with an accumulation of energy-generating intermediates 

involved in carbohydrates, proteins and fats metabolism to yield energy (Figure 3.37). 

 

Figure 3.37 | Accumulation of energy-generating metabolites in Ogun samples. Log10 
normalisation using logarithmic transformation of data. Data are means ± SD (p < 0.01). 
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3.3 Discussion 

Identifying the phytochemicals and bioactive components of a medicinal plant with health 

benefits is an essential step in drug and functional food development. This study has 

investigated the phenolic content and antioxidant potential, of the medicinal plant 

(Martínez et al., 2017), Alchornea spp. 

3.3.1 Identification and Phylogenetic Analysis of Sampled Plant Species from Nigeria: DNA 

Barcoding Approach 

For the determination of evolutionary relationship, the rbcL gene is generally used in plant 

DNA barcoding for its specificity at specie level (Chetia et al., 2016) and due to the well-

conserved nature of chloroplast DNA gene (cpDNA) content amongst most land plants. A 

total of 19 plant samples including; a preliminary sampling and 18 samples from 6 different 

regions of Southwest Nigeria comprising plants sampled for this study, were assessed for 

identification and classification using DNA barcoding data through chloroplast DNA gene 

sequences of rbcL (~1400 bp), to assess what species had been sampled. Our initial Nigerian 

sample and Alchornea thozetiana were found closely related with a bootstrap value 70. This 

was evident because both the species belong to Alchornea and this clade showed their 

relationship with another member of the genus Alchornea, Alchornea tiliifolia.  

Sequence data of 18 individuals from the sampling for metabolite variation studies to 

confirm the identity of sampled plants through DNA barcoding revealed distinctive 

phenotypic identities, distantly related to 5 other species of Alchornea; A. trewioides, A. 

tilifolia, A. thozetiana, A. ilicifolia and A. laxiflora. Amplification of the rbcL region, with 

universal primers yielded high PCR efficiency suggesting the universal primers; rbcL F/rbcL R, 

are suitable for use in the genus Alchornea but not to species level. The DNA barcoding 

assessment was limited by the available sequence information in the databases. Hence, the 

phylogenetic analysis of the study plants could not offer a definitive taxonomic placement. 

Sequence-based identification of species samples requires both a considerable degree of 

familiarity with the genus and access to a well-documented database. However, there is a 

paucity of an updated comprehensive compilation of promising medicinal plants from 

species-rich tropical Africa (Mahomoodally, 2013; Sosef et al., 2017) and uneven distribution 
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of information on species occurrences (KÜPer et al., 2006) constitutes a major problem for 

any sequence-based identification project of African species. However, we have observed 

and reported our plant species to be closest to Alchornea laxiflora based on botanical 

authentication at the Ekiti State University Herbarium (Appendix 3.13), which agreed with 

the identification made by samplers based on the morphological and phenotypic properties 

of the plant samples and >20 years’ experience using the plant. 

Definite determination of the taxonomic placement of these isolates would require 

additional morphological and phenotypical characterization, therefore, the species status of 

these isolates remains inconclusive. 

Samplers for the Nigerian Alchornea spp. samples, based on expertise ascertained before 

collection were able to identify the samples used in this study as being of the same 

Alchornea species although many of them could only identify the samples by its local names 

(Pepe or Ewe Iya). The local name was correlated with its botanical name along with plant 

validation at the Plant Science Department Herbarium, Ekiti State University, Ado-Ekiti, 

Nigeria (Appendix 3.13). The results indicate the use of Alchornea plant leaves, mostly as 

blood building and blood purifying tonic which is taken either as a cold infusion (juice) of 

crushed fresh leaves or hot infusion of the dry leaves. Reference was made to the 

antimicrobial property of the plant in the use of the plant as chew-sticks for its antibacterial 

effect in agreement with earlier reports (Adodo and Iwu, 2020; Akinpelu et al., 2015). 

However, despite this, the current study was able to confirm only weak antimicrobial 

activity (Table 3.1). It also enumerates other uses of the plant which are not medically 

relevant. It is evident from the survey and results that the local use of the plant 

concentrates on the leaf extracts. 

3.3.2 Phytochemical Content of Alchornea spp.; Total Phenol and Flavonoid content 

Preliminary phytochemical investigation suggests the presence of diverse phytochemicals 

across the different extracts of Alchornea spp. TLC patterns suggest chlorophylls and 

steroids were partitioned in the dichloromethane extracts while phenolic compounds, 

particularly flavonoids, were abundant in the methanol and aqueous extracts. Significantly 

high phenolic contents discovered in the methanol extracts from total phenol and total 
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flavonoid content assessment indicates Alchornea spp. leaves contain significant amounts of 

flavonoids and phenolic compounds. Both of these classes of compounds have good 

antioxidant potential and their effects on human nutrition and health are considerable (Lin 

et al., 2016; Tiwari and Husain, 2017). Previous reports have indicated a direct correlation 

between antioxidant activity of plant extracts and the presence of phenolics, flavonoids, and 

total antioxidants within the extracts (Aryal et al., 2019; Saxena et al., 2012). Antioxidants 

assessments carried out to substantiate these findings indicate the antioxidant activities of 

Alchornea spp. strongly correlates with its total flavonoid content expressed as mg RE/g 

(Figure 3.6). Phenolic compounds are produced by secretory idioblasts, hypodermis and by 

specialized cells of the epidermis and chlorenchyma of Alchornea spp. leaves (Calvo et al., 

2010). Phenolic compounds and flavonoids, with variable phenolic structures, are 

particularly effective scavengers of most oxidizing molecules and several free radicals 

(Kaurinovic and Vastag, 2019; Tungmunnithum et al., 2018). The antioxidant efficiency of 

Phenolic antioxidants has been related to the number of hydroxyl groups (-OH) in the 

molecule with conjugation and resonance effects which confer scavenging ability, as well as 

a hydrogen donor ability to reduce free radicals (Rice-Evans et al., 1996). Also, the phenolics 

can activate some antioxidant enzymes (Laura et al., 2019), act as chelators to suppress free 

radicals (especially with hydroxyl, peroxyl, super-anions, and peroxynitrile) generation. 

Oxidative stress, as a result of an imbalance between ROS formation and antioxidant 

defence systems has been implicated in many disease conditions including carcinogenesis 

(Andrisic et al., 2018), chronic inflammatory pathologies (Hussain et al., 2016), 

neurodegenerative disorders (Tarafdar and Pula, 2018) and even in the pathology of sickle 

cell anaemia (SCA) (Di Meo et al., 2019; Hannemann et al., 2018; Smith et al., 2019). In fact, 

a great proportion of the abnormalities in SCA result from the oxidative stress in RBCs 

(Hannemann et al., 2018). Sickle RBC membranes had been shown to exhibit elevated lipid 

peroxidation associated with a vitamin E deficiency (Nenov et al., 1995) a contributory 

factor to the sickling process and shortened RBC survival due to haemolysis. The 

maintenance of perfect health benefits robustly from a reduction in oxidative stress (Shi et 

al., 2016; L.-Q. Xu et al., 2017). Phyto-antioxidants have been known to play major roles in 

scavenging reactive oxygen and nitrogen species (Mishra et al., 2020; Vaiserman et al., 

2019), which are the major causes of oxidative stress in the body (Aboul-Enein and Kruk, 
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2017; Kruk and Y Aboul-Enein, 2017; Romero-Puertas et al., 2019). For instance, similar to 

their effect in thalassemia (Panachan et al., 2019) antioxidants, such as N-acetyl cysteine 

(NAC), vitamin C and vitamin E, have been shown to reduce the oxidative stress leading to 

RBC sickling (Arruda and Figueiredo, 2016; Panachan et al., 2019). Studies show NAC 

inhibited in vitro formation of dense and irreversible sickle cells, replenished intracellular 

levels of GSH and decreased vaso-occlusive episodes (Pace et al., 2003; Singh and Ballas, 

2015). Treatment of SCA patients with ascorbic acid was shown to protect their RBC against 

hydrogen peroxide-induced haemolysis in vitro (Lachant and Tanaka, 1986). Little attention 

has focused on the link between antioxidant activity of Alchornea plant extracts and SCA 

amelioration but evidence of the direct effect of antioxidants on SCA from a recent study 

reinforces the rationale behind the use of antioxidants in the treatment of SCA (Al Balushi, 

et al., 2019a). Hence, the use of natural antioxidant in the management of disorders 

associated with oxidative stress is increasingly becoming an attractive form of therapy 

(Mishra et al., 2020; Vaiserman et al., 2019). It is therefore imperative to explore this 

hypothesis in the current study which informed part of the basis for later chapters.  

Methanol and aqueous extracts of A. cordifolia leaves were found to demonstrate 

appreciable antioxidant activity with corresponding high phenolics content in concurrent in 

vitro/in vivo studies (Effo et al., 2017). Kolawole et al., also reported that ethanolic leaf 

extract of A. cordifolia exhibited high antioxidant activity and high reducing property of 

0.062 mg/ml compared to 0.042 mg/ml of Vitamin E, along with elevated total phenolic 

content, determined with tannin as standard (Kolawole et al., 2007). high antioxidant 

activities of ethanol and petroleum ether extracts of Alchornea spp. has equally been 

demonstrated (Morah and Uduagwu, 2017). As earlier stated, the observed in vitro 

antioxidant activity of Alchornea spp. extracts correlated strongly with their phenolic 

content, especially the flavonoid content. This demonstrates that the flavonoid compounds 

may have direct scavenging effect on DPPH radical and H2O2 as well as inhibitory effects on 

lipid peroxidation. Also, the apparent DPPH scavenging activity of Alchornea spp. extracts is 

in line with numerous studies on scavenging properties of flavonoids (Ajaghaku et al., 2017; 

Amid et al., 2017; David et al., 2016; Huyut et al., 2017; Jabeen et al., 2017) isolated from 

medicinal plants (Al-Snafi, 2016, 2017; Hara et al., 2018). Catechin isolated from Tremella 

fuciformis polysaccharide was shown by Liu et al., (Liu et al., 2016) to possess strong anti-
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radical activity and dihydroquercitin isolated from Opuntia ficus-indica has been shown to 

demonstrate effective antioxidant activity (Dok-Go et al., 2003). The mechanisms of action 

of flavonoids are through scavenging or chelation (Bhuiyan et al., 2017). Its effects on 

membrane permeability (Miyazaki et al., 2018) influence membrane-bound enzymes like 

ATPase and phospholipase (Ontiveros et al., 2019) which may explain the antioxidant 

mechanism of Alchornea spp. leaf extracts. Of particular importance is the hydrogen-

donating ability of flavonoids which acts to reduce reactive species (Naeimi and Alizadeh, 

2017; Rice-Evans et al., 1996). This ability is in part attributed to the 3', 4' ortho 

hydroxylated functional groups (Amid et al., 2003) and might contribute to the activity 

exhibited by the polar extracts of Alchornea spp. (Ajaghaku et al., 2017). Biologically, 

although H2O2 is widespread and poorly reactive, it is capable of direct inactivation of 

sulfhydryl (–SH) group containing enzymes (Rodacka et al., 2016). The toxicity of H2O2 is 

mainly due to its ability to produce highly reactive hydroxyl radical through the Fenton 

reaction (Ferreira Goncalves et al., 2019). The ability of methanol extracts to scavenge H2O2 

reflects their likelihood to inhibit formation of hydroxyl radical from H2O2. In addition, 

several quercetin derivatives have been isolated from Alchornea spp. (Ogundipe et al., 

2001a, Ogundipe et al., 2001b). These compounds (Figure 1.18) with several hydroxyl and 

acetyl groups could be responsible for the radical scavenging activity of the extracts. The 

scavenging of DPPH and H2O2 by the extracts demonstrated their hydrogen atom donating 

ability, a common feature of most flavonoids (Chen et al., 2017; Seyoum et al., 2006; Zheng 

et al., 2019).  

Oxidative degradation of unsaturated lipids is another deteriorating effect of free radicals 

that leads to lipid peroxidation (Al-Saiedy et al., 2020; Gao et al., 2018). Lipid peroxidation 

causes destabilization and disintegration of the cell membrane, leading to liver injury, 

atherosclerosis, kidney damage, aging, and susceptibility to cancer (Grimm et al., 2016; 

Peña-Bautista et al., 2019). The high content of unsaturated fatty acids in biological 

membranes makes them most susceptible to free radical-induced oxidative stress (Vázquez 

et al., 2019). Phenolic compounds in addition to their ability to neutralize all types of 

oxidizing radicals also act as powerful chain-breaking antioxidants (Foti et al., 2018; 

Viglianisi et al., 2019). This characteristic accounts for the role of phenolic compounds in 

mitigating membrane-dependent processes such as free radical-induced membrane lipid 
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peroxidation (Gao et al., 2018; Tsafack et al., 2018). Their structural characteristics and their 

ability to interact with membrane phospholipids and penetrate lipid bilayers make them 

effective membrane stabilizers and inhibitors of lipid peroxidation (Sadžak et al., 2019; 

Socrier et al., 2019; Strugała et al., 2016). Chemical reduction from anti-oxidants contributes 

to the chain-breaking process, an important step in inhibition of lipid peroxidation (Apak et 

al., 2016). High lipid peroxidation inhibitory activity was observed in methanol extract of 

Alchornea spp. with IC50 value as low as 4.43±2.33µg/mL (Table 3.3). The electron and/or 

hydrogen donating ability of the phenolic content of the methanol extracts of Alchornea 

spp. was demonstrated by the in vitro lipid inhibition activity. Lipid peroxidation inhibitory 

activity has also been attributed to the number of hydroxyl groups, solubility and 

hydrophobicity of the compounds (Azouzi et al., 2017; Si et al., 2018; Sopheak and Betty, 

2002). Presence of methyl groups in Alchornea spp. may be responsible for its lipid 

peroxidation inhibitory activity (Li et al., 2017). The variation in scavenging activities of the 

polar and DCM extracts are probably attributable to the differences in polarities of the 

phytochemicals (Sudjaroen et al., 2005), and also the classes of compounds extracted by the 

two variants of solvents. 

Heat stress and extreme salinity have been shown to trigger ROS production and increase 

the concentration of antioxidants in plants (Caverzan et al., 2016; Dikilitas et al., 2017; 

Zandalinas et al., 2017). These factors, especially heat stress could be responsible for the 

antioxidant activity of Alchornea spp., as this plant is predominantly localised in the tropics 

(Fahad et al., 2017). Summarily, the acceptable antioxidant activity of Alchornea spp. further 

justifies its medicinal properties. Although the apparent antioxidant properties of Alchornea 

spp. in vitro are very encouraging, further studies on in vivo activities are needed to justify 

these claims and qualify this plant as a valuable asset in the development of antioxidant 

phytotherapy. 

3.3.3 Alchornea spp.: Evidence of Weak Anti-microbial Activity 

Results of in vitro anti-microbial activity of Alchornea spp. leaf-extracts carried out on 

different species of Gram-positive and Gram-negative bacterial pathogens since recurrent 

bacterial infection is a feature of SCA, were not very promising, contrary to earlier reports 

by Akinpelu et al., (Akinpelu et al., 2015), Oloyede (Oloyede et al., 2010). For instance, 
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Akinpelu and Oloyede reported antimicrobial activity for A. laxiflora at 25mg/ml and 

40mg/ml respectively but according to Kuete (Kuete, 2010), Efferth and Kuete (Efferth and 

Kuete, 2010), MIC values above 625 μg/mL are considered weak antimicrobial activity. 

Similarly, in an investigation carried out on aqueous extract of A. cordifolia leaves, the 

extract exhibited a bacteriostatic activity with MIC value of 1500 μg/ml against Escherichia 

coli in vitro and an effective dose range of 58 - 232 g/kg body weight in vivo against E. coli-

infected rat model (Djimeli et al., 2017). Although, Ebenyi and colleagues indicated that 

aqueous and ethylacetate leaf extracts of A.  cordifolia plant exhibited strong inhibitory 

activities; bacteriocidal against Klebsiella, Staphylococcu aureaus, Pseudomonas aeruginosa 

and Streptococcus pneumonia at 50, 50, 50 (25 with aqueous) and 50 (25 with aqueous) 

µg/mL respectively but bacteriostatic to E. coli at 50 µg/mL (Ebenyi et al., 2017). Taken 

together, Alchornea spp. exhibits weak antimicrobial activity.  It also suggests that the 

ameliorative effect of Alchornea spp. extracts, when used as herbal remedy in SCA patients, 

may not be due to secondary prophylactic antimicrobial effects. 

3.3.4 Metabolite Variation in Alchornea spp. as a Consequence of Abiotic Factors 

Numerous secondary metabolites (SMs) are produced by plants to serve an array of cellular 

functions essential for physiological processes under growth conditions. Increasing evidence 

indicates stress and defence response signalling in the production of secondary metabolites. 

This implies the concentration of secondary metabolite and type produced by a plant is 

dependent on the plant species, genotype, physiology, developmental stage and 

environmental factors during growth which is suggestive of the physiological adaptive 

responses and defence mechanism employed by plants in coping with stress. The past 

decades have witnessed the application of molecular biology techniques and ‘omics tools in 

understanding the signalling processes and pathways involved in the accumulation of 

secondary metabolites. Geographical locations frequently influence the accumulation of 

these secondary metabolites in most plants. Variations of these substances may be 

observed in plants from different locations, and hence variations in their bioactivities. This 

aspect of the work combines phytochemical and metabolite variation analysis across 18 

samples of Alchornea to explore the effect of environmental factors on metabolite content. 
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Reports are citing oxidative stress in the plant tissues caused by the accumulation of salts 

(Ahmad et al., 2019) in those tissues as being responsible for the accumulation of natural 

antioxidants such as flavonoids, phenolics, carotenoids, alkaloids and vitamins in the 

affected tissues, as a defence mechanism, which in turn is then responsible for their 

enhanced antioxidant capacity (Farhangi-Abriz and Torabian, 2017; Liang et al., 2018; Shafi 

et al., 2019). This could be a factor in the heightened antioxidant capacity and 

differentiation pattern observed in Ogun samples separate from all other samples (Figures 

3.19 and 3.26). Plants living in a coastal environment sometimes experience hypersalinity 

problems (Lum and Barton, 2020), where the salinity of the ocean dispels tiny droplets of 

sodium into the air (Bhandary et al., 2018). This salt comes in contact with plants living 

closest to the ocean (Bhandary et al., 2018). It resides on the foliage and is absorbed 

through the root system. In addition, storm surges and other wind-driven events can 

inundate low-lying coastal areas, such as Lagos and Ogun, bringing about flooding with 

saltwater and elevated soil soluble salts (Sarangi and Maji, 2017). Plants of this habitat often 

have to endure and adapt to the salt toxicity, leading to the accumulation of antioxidants. A 

recent study reported a significant increase of superoxide anion and H2O2 and a decrease in 

malondialdehyde (MDA) content in salt-tolerant rice genotype, and unchanged levels of 

superoxide anion content, reduced H2O2 content and increased MDA content in salt-

sensitive genotypes exposed to salinity-stress (Vighi et al., 2017). In addition, high salinity 

was found to induce oxidative stress in the roots and leaves of maize seedlings subjected to 

75 mM and 150 mM NaCl, to emulate high soil salinity which lead to reduced ascorbate 

(ASC) and glutathione (GSH) content increase in roots, total tocopherol increase in shoots 

with decrease in roots as well as significant increase in enzymatic antioxidants (AbdElgawad 

et al., 2016). 

Plants exhibit increased synthesis of polyphenols under abiotic stress conditions (drought, 

heavy metal, salinity, high/low temperature, and ultraviolet radiations) (Kubalt, 2016), as a 

coping mechanism by activating the phenylpropanoid biosynthetic pathway (Figure 3.38) 

which results in the accumulation of phenolic compounds; phenolic acids and flavonoids 

(Sharma et al., 2019). L-phenyalanine, the substrate in the synthesis of 4-coumaroyl CoA for 

the phenylpropanoid pathway were present in the plants along with other intermediates of 

the pathway in various concentration. 
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Figure 3.38 | The phenylpropanoid biosynthetic pathway 

 

The presence of apparently low and variable amounts of bioactive metabolites in plants 

from different geographical origins is a major limiting factor to the determination of their 

therapeutic quality assessment which eventually causes challenges for quality assurance of 

medicinal plants (Dhami and Mishra, 2015). Phytochemical screenings for phytochemical 

variations in Alchornea spp. plants revealed high phenolic content in the methanol extracts 
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which was expected given the results of our preliminary screens. Although, Alchornea spp. 

samples from the coastal areas (Lagos samples; 25, 26 and 27) exhibited high phenolic 

content, they were not significantly different from many of the other samples indicating 

salt-uptake might not play a role in their antioxidant activity as earlier suggested 

(Tsydendambaev et al., 2013; Zhang et al., 2017). The results suggested that the total 

phenol correlates positively with the total flavonoid contents (Figure 3.19).  

Metabolites concentration levels offer distinguishing markers that assist in understanding 

variances in samples across different areas (Fernandez et al., 2019). As displayed in Figure 

3.32, hierarchical clustering patterns of the metabolite sources of variation indicates the 

metabolites are mostly upregulated for samples from Lagos, Ogun and Ondo, especially 

Lagos. In contrast, expression patterns for metabolites in Ekiti, Oyo and Osun show 

relatively lower concentrations. The difference in expression patterns may be attributable to 

the presence or absence of stressors in form of abiotic environmental factors inducing the 

upregulation of specific secondary metabolic pathways against others, in and around the 

different sample locations. 

Abiotic stresses such as the ones caused by light incidence (de Sousa et al., 2019), 

temperature (Liu et al., 2017; Zandalinas et al., 2018), humidity (Liu et al., 2017), water and 

nutrients availability (David-Schwartz et al., 2019; Gerhards et al., 2016), heavy metals and 

salinity in the soil (Sui et al., 2018), and biotic stresses induced by living organisms (Bai et al., 

2018) affect the content of secondary metabolites in plants (Khan et al., 2016; Sampaio et 

al., 2016b). Underlying mechanisms in the synthesis, degradation and accumulation of 

metabolites in plants is of major importance to studies directed at increasing these 

phytochemicals in medicinal plants (Nejat and Mantri, 2017; Skoneczny et al., 2018). 

Generally, under stress, plants tend to increase their enzymatic activities that synthesize 

secondary metabolism compounds to combat the effects of generated ROS (Ho et al., 2020) 

such as superoxide anion (O2
−), H2O2 and hydroxyl radical (OH•), which can promote cellular 

damage by triggering off an oxidative chain reaction (Imlay, 2003). For instance, an increase 

in phenylalanine ammonia lyase (PAL; EC 4.1.3.5) and chalcone synthase (CHS; EC 2.3.1.74) 

activities leads to increased production of flavonoids (Ellis et al., 1989; Smith and Banks, 

1986). Both enzyme system activities are altered under environmental stress conditions 
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which consequently affects the concentration of flavonoids (Dao et al., 2011; Dehghan et al., 

2014).  

Furthermore, biosynthesis of unsaturated fatty acids has been implicated in plants defence 

mechanism in response to wounding/pathogenic attack, temperature and light (Dar et al., 

2017; Hernandez et al., 2019). Although the fatty acid composition of membrane lipids is 

conserved across plant species with palmitic and linoleic acids accounting for the largest 

proportion (Upchurch, 2008), plants acclimatizing to stress have been found to respond to 

abiotic and biotic stress by modifying membrane fluidity and by releasing α-linolenic (C18:3) 

from membrane lipids (Dar et al., 2017; Hernandez et al., 2019). This membrane fluidity 

modification is mediated by changes in unsaturated fatty acid levels, a function provided in 

part by the regulated activity of fatty acid desaturases (Nozawa, 2011). Additionally, 

stearoyl-acyl carrier protein desaturase (SAD) which plays an essential role in determining 

the overall content of unsaturated fatty acids (UFA) (M. et al., 2019; Parvini et al., 2016), are 

regulated by temperature, darkness and wounding/pathogen attack (Hernández et al., 

2019; Kachroo et al., 2008). For instance, an increase in SAD genes expression was observed 

at low temperatures with Picual mesocarp which led to a modification in the UFA content of 

microsomal membrane lipids (Hernández et al., 2019). 

Low concentrations of linoleic acid and its activated form, linoleoyl-CoA (important 

structural components of cell membranes) was visible in Lagos, Ogun and Ondo Alchornea 

samples (Figure 2.35) with relative accumulation of metabolites associated with fatty acid 

metabolism like octadecanoic acid, hexadecanoic acid and arachidonate. Octadecanoic acid-

derived compounds are essential elements in modulating the synthesis of antibiotic 

compounds and are thus integral to plant defence (Kumar et al., 2018). Wounding by insects 

or microbial pathogen attack leads to an interaction of elicitors with receptors (Walley et al., 

2013), thus initiating the octadecanoic-based pathway from the C18 fatty acid linolenic acid 

to jasmonic acid, a phytohormone (Blechert et al., 1995; Tayeh et al., 2016), while increase 

in Hexadecanoic acid (palmitic acid) levels have been linked with drought conditions (Petcu 

et al., 2001; Sánchez-Martín et al., 2018). Since, downstream metabolites associated with 

biosynthesis of unsaturated fatty acid (Figure 3.39) were found to be upregulated with 

Lagos, Ogun and Ondo samples, it is tempting to speculate that abiotic stressors such as 
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wounding or pathogenic attacks may have been responsible for this response (Chen et al., 

2018; Tekale and Padul, 2017). The central role of polyunsaturated fatty acids in plants 

defence response, mainly as precursor of signal molecules such as jasmonic acid has been 

discussed extensively (Genva et al., 2019; Hernandez et al., 2019; Lim et al., 2017; Sui et al., 

2018; Walley et al., 2013) with the observation of the transient induction of fatty acid 

desaturases in response to wounding or pathogen attacks in several plants (Dar et al., 2017; 

Hernandez et al., 2019; Upchurch, 2008). Modulation of chloroplast oleic acid (C18:1) levels 

have been discovered to be pivotal to the normal expression of defence responses to 

pathogens in Arabidopsis (Upchurch, 2008). Furthermore, an increase in polyunsaturated 

fatty acids have been reported in cucumber cotyledons (Murphy and Stumpf, 1979), oat 

leaves (Ohnishi and Yamada, 1983), and Arabidopsis callus cultures (Brockman et al., 1990) 

exposed to light, an increase controlled by transcriptional (Kargiotidou et al., 2008) and 

post-translational (Collados et al., 2006) regulation. Also, changes in the ratio of saturated 

and unsaturated fatty acid components have been implicated in plant responses to salt 

stress due to the ability to regulate membrane fluidity and permeability (Tsydendambaev et 

al., 2013). 

The glyoxylate and dicarboxylate metabolism was also observed to be a source of a variation 

amongst samples with the accumulation of 2-phosphoglycolate (2PG), oxaloacetate, cis-

aconitate in Lagos and Ogun samples (Figure 3.35). The glyoxylate cycle and dicarboxylate 

metabolism have been found to be significantly enriched in the adaption to salt stress in 

tomato plants (Zhang et al., 2017). Isocitrate lyase, the key enzyme in glyoxylate cycle 

(Figure 3.36) is regulated by succinate by inhibition. Succinate and cis-aconitate were found 

to be decreased in heat-stressed plants (Li et al., 2016). Incidentally, Osun and Oyo were 

found to have low levels of cis-aconitate (Figure 3.35) and correspondingly, the prevailing 

temperature condition in these areas is higher than all other areas (Figure 3.14). 

2-phosphoglycolate (2PG) is a potentially toxic metabolite which inhibits at least two pivotal 

enzymes of chloroplast carbon metabolism; triose-phosphate isomerase (TPI), which is 

needed both in the Calvin-Benson cycle (López-Castillo et al., 2016; Michelet et al., 2013) 

(CBC; photosynthetic carbon reduction cycle of photosynthesis) and for starch synthesis 

(Chen and Thelen, 2010), and phosphofructokinase, which is a glycolytic enzyme 
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downstream of starch degradation (Yuxi et al., 2018). 2PG, which is the primary oxygenation 

product of Rubisco is detoxified and recycled by photorespiration. 

 

Figure 3.39 | Biosynthesis of polyunsaturated fatty acids; Arachidonic acid (ARA), 
Docosahexaenoic acid (DHA) and Eicosapentaenoic acid (EPA). The first step in the pathway 
is activation of linoleate by attaching a cofactor called coenzyme A. The result is linoleoyl 
CoA, which is then converted to arachidonoyl CoA by the action of two desaturases and an 
elongase (The activated steps are shown in box).Adapted from: (Calder, 2009) 
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If allowed to accumulate, it would sequester correspondingly large amounts of carbon and 

phosphorus, resulting in the draining of the CBC-metabolite pool (Flügel et al., 2017). 

Accumulation of 2PG observed in Lagos samples, is a common phenomenon in response to 

photorespiration Impairment in plants which might be due to chemical stress in form of 

altered substrate availability (decreased carbohydrate and energy) and ROS processes (Serra 

et al., 2015). 

 

 
 
Figure 3.40 | Glyoxylate cycle. Isocitrate lyase, is the key enzyme in the glyoxylate cycle and 
it is inhibited by succinate. Image: (Chegg, 2019). 

 

Furthermore, elevated levels of some intermediates associated with ascorbate and aldarate 

metabolism with depletion in ascorbate content were observed in Osun and Oyo samples. L-

Ascorbate, the most abundant antioxidant in plants (Qian et al., 2014) is an essential 

enzyme cofactor in hydroxylation and other reactions. Due to its being localized in the 

apoplast, ascorbate plays a vital role in stress perception and has been implicated in 
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protection against environmental stresses including ultraviolet (UV) radiation (Gao and 

Zhang, 2008), high temperatures (Larkindale et al., 2005), and ozone (Conklin and Barth, 

2004). Ascorbate content has been found to decrease with decreasing light intensity. 

Shading below 20% full sunlight was found to result in significantly low ascorbate content 

and poor fruit quality (Izumi et al., 1992; Ntagkas et al., 2019) while high irradiance induced 

the accumulation of ascorbate in tomato plants which was preceded by a concomitant 

increase in myo-inositol (Ntagkas et al., 2019). The gene encoding myo-inositol oxygenase 1 

in ascorbate and aldarate metabolism was found to be up-regulated in salt-treated plants 

along with other genes involved in the TCA cycle, glyoxylate and dicarboxylate metabolism 

and the pentose phosphate pathway (Zhang et al., 2017). Myo-inositol is pivotal to osmotic 

balance and Na+ transport from roots to shoots (Zhang et al., 2017). Myo-inositol oxygenase 

was also reported to be down-regulated in salt-tolerant rice (Cotsaftis et al., 2011). 

Although shading might not be a factor with the Osun and Oyo samples, it cannot be 

completely ruled out since the Alchornea spp. plant is a shrub that grows only to about 7–10 

meters and can be completely over-shaded by trees of the rainforest vegetation (forest 

canopy), with some trees reaching 46 metres (150ft) in height (Olajuyigbe, 2018). Soil 

mineral content has also been implicated in plant ascorbate content. For instance, ascorbic 

acid content was found to respond negatively to aluminum concentration but positively to 

the concentration of magnesium and phosphorus in the soil (Abanto-Rodriguez et al., 2016). 

In addition, elevated levels of many metabolites associated with drought stress (Isah, 2019; 

Mundim and Pringle, 2018; You et al., 2019) including amino acids (e.g. tryptophan, 

phenylalanine, valine, leucine and tyrosine) and organic acids (e.g. glutaric acid) was also 

observed across the samples (Figure 3.37). These metabolites function as (i) enzymes, 

membranes and other cellular components stabilizing agents, (ii) osmolytes to reduce 

cellular dehydration; and (iii) chelating agents that sequester metals and inorganic ions (Guy 

et al., 2008). 

Overall, Alchornea spp. samples from Ogun were found to be rich in nutritional values 

compared with the others, with an accumulation of energy-generating intermediates 

involved in carbohydrates, proteins and fats metabolism to yield energy (Figure 3.39).This 

also aligns with the Soil data extracted from the Harmonized World Soil Database which 
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indicates Ogun as an area of higher soil fertility along with Ondo, Ekiti, and Lagos, than Oyo 

and Osun. Medium textured soil indicated for Ogun, is usually more fertile for plants than 

other types of soil because it is made up of loam and silt combinations with less than 35 % 

(w/w) clay and less than 65 % (w/w) sand, which promotes water retention and air 

circulation (Moore and Lawrence, 2013). 

Interestingly, Ogun samples earlier exhibited quite a unique clustering pattern (Figure 3.26). 

The difference in Ogun clustering pattern to Oyo, Osun and Ekiti might be attributed to the 

proximity of the soil topography to the coastline and river bodies (Figure 3.16) as it shares 

an overlap with Lagos and Ondo though they experience a difference in annual precipitation 

patterns (Figure 3.13). Cloud shading and fog drip have been shown to influence the 

metabolism of plants of the coastal ecosystem with less water stress in summer (Baguskas 

et al., 2018; Baguskas et al., 2017), larger basal area growth (Carbone et al., 2013), and 

greater rates of sap velocity (Ritter and Regalado, 2017) as increased cloud cover resulted in 

greater total soil respiration and a larger fractional contribution from heterotrophic sources 

(Carbone et al., 2013), factors which support the incidence of high nutritional values in Ogun 

samples.  

3.4 Conclusion 

The utilisation of flow infusion electrospray mass spectrometry for metabolomics 

fingerprinting employed to demonstrate variation in metabolite expression in response to 

prevailing environmental factors has proven to be successful. Alchornea spp. samples from 6 

Nigerian geo-political zones in the south-west were comprehensively analysed for variation 

in their phytochemical composition and metabolic profile. Phylogenetic study reflects the 

evolutionary relationship of the Alchornea species based on rbcL gene sequence. 

Metabolomic profile of Alchornea spp. samples reflected a differentiation pattern in Ogun 

and Osun samples which partially aligned with variations in the phytochemical content of 

the plants. Pathway analysis identified metabolites of 5 metabolic pathways; biosynthesis of 

unsaturated fatty acids, glyoxylate and dicarboxylate metabolism, TCA cycle, ascorbate and 

aldarate metabolism, and ubiquinone and other terpenoid-quinone biosynthesis, as major 

sources of variation. The results suggest stress factors such as pathogenic attacks and 

abiotic factors such as wounding, shading, high temperatures, and salinity along the coastal 
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ecosystem might be complacent in the variance observed amongst samples. Validation of 

metabolic pathways identified as sources of variation would assist in uncovering the 

complexity of Alchornea spp. plant response to environmental factors and stress tolerance 

at the molecular level and will be useful in the enhancement of bioactive metabolite 

accumulation as well as breeding stress-tolerant Alchornea species.  
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Chapter 4. Bioactivity-guided Isolation and Purification of Anti-sickling 

Components from the Leaves of Alchornea spp. 
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4.1 Introduction 

Although the effects of VOC in SCA, particularly, vascular damage and stroke, can be 

prevented by early intervention (Manwani and Frenette, 2013b), there is often need for 

clinical management which involves episodic blood transfusions to stabilize Hb level of 

patient (Friedman et al., 2018; Piccin et al., 2019), the provision of oxygen (Piccin et al., 

2019), pain management with analgesics with nonsteroidal anti-inflammatory drugs 

(NSAIDs) such as ibuprofen and ketorolac or other non-opioid analgesics like paracetamol 

but very sparingly opioids (Lakkakula et al., 2018; Puri et al., 2018). Other treatments 

include rehydration with intravenous fluids (Carden et al., 2019; Peterfy et al., 2018), 

prophylactic-antibiotics (Rankine‐Mullings and Owusu‐Ofori, 2017; Reeves et al., 2018)and 

the use of chemical agents which interfere with the mechanism and/or kinetics of the 

sickling process (Abdulmalik, Safo, Chen, Yang, Brugnara, Ohene-Frempong, et al., 2005; 

Omar et al., 2019).  

Repeated transfusions of red blood cells can greatly decrease disease severity and 

hematopoietic stem cell transplantation can cure it (Khan and Rodgers, 2019). However, all 

such therapies are quite expensive and have attendant risk factors in terms of clinical use 

(Friedman et al., 2018; Imaga, 2010; Odunlade et al., 2017). Blood transfusion suppresses 

HbS erythropoiesis and decreases haemolysis, but it is not a practical long-term solution 

(Friedman et al., 2018), especially since asides being time consuming, the associated iron 

overload can result in liver damage without the administration of iron chelators (Odunlade 

et al., 2017; Rees et al., 2010). Haemopoeitic stem cell or bone marrow transplantation are 

offered to children with severe disease phenotype and a human leukocyte antigen (HLA)-

matched sibling donor (Kassim and Sharma, 2017) but is not considered a viable option for 

most patients either due to a lack of donors, astronomical costs, significant risks and toxicity 

involved(Hulbert and Shenoy, 2018; Imaga, 2010; Rees et al., 2010; Rotin et al., 2019). A 

major risk is graft versus host disease, a life-threatening problem where the transplanted 

cells start to attack the other cells in the body of the patient (Rotin et al., 2019). Though 

gene therapy offers another potential curative treatment, the technology is only at the 

clinical trial stage (Rotin et al., 2019).These therapies are rarely available for millions of 

patients in sub-Saharan Africa and majority of the world (Kato et al., 2018).The only drugs 
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approved by the U.S. Food and Drug Administration (FDA) for the treatment of SCA within 

the past 20 years (Agrawal et al., 2014; Platt et al., 1984) include Hydroxyurea which is also 

used to treat some forms of cancer and AIDS (Strouse and Heeney, 2012) and more recently, 

Voxelotor with a list price of $10,417 per month, or $125,000 per year (Figure 3.1)(FDA, 

2019). Voxelotor, still in phase III clinical trials in the UK and EU (NHS-SPS, 2020), is approved 

for pediatric use in 12 years and above due to attendant adverse reactions such as 

headache, diarrhoea, abdominal pain, nausea, rash, fatigue and pyrexia (in >10% of 

patients) (FDA, 2019) while Hydroxyurea on the other hand was only recently approved by 

the FDA for paediatric use (Food and Administration, 2017).  Given such issues with anti-SCA 

drugs, the management of SCA has remained mainly palliative (Elander, 2019; Gregory J. 

Kato et al., 2018). Hence the need for more affordable and assessable drugs, without 

compromising on effectiveness. 

Additionally, the blood levels of several vitamins and minerals, including vitamin A and 

carotenoids, vitamin B6, vitamin C, vitamin E, magnesium, and zinc are often low in patients 

with SCA (Marwah et al., 2002; Segal et al., 2004; Westerman et al., 2000; Zehtabchi et al., 

2004; Zemel et al., 2002). One of the effects of these low vitamin levels is a significant drop 

in blood-antioxidant status in these individuals (Blann et al., 2003). The resultant oxidative 

stress may precipitate VOC-related acute chest syndrome (Adisa et al., 2017; Klings and 

Farber, 2001b). Studies have indicated that treatment with a combination of high-dose 

antioxidants can reduce the percentage of irreversibly sickled cells (Al Balushi, et al., 2019b; 

Biswal et al., 2019; Jagpal, 2017). 

 

Figure 4.1 | Compounds Used in SCA Pharmacotherapy 

(a) Hydroxyurea 
(b) Voxelotor 
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In Sub-Saharan Africa, medicinal plants are intensely used to manage SCA though relatively 

few have been validated scientifically. Some Nigerian plants have shown an in vitro and in 

vivo anti-sickling activity. This biological activity has been linked to the presence of 

anthocyanins within the plants (Dash et al., 2013; Mpiana et al., 2010). Research on SCA 

phyto-therapy in Nigeria has led to the development of two herbal-based medicines for the 

management of SCA.  Nicosan (Hemoxin, Niprisan, or NIX-0699), a phytomedicinal extract 

which includes Sorghum bicolor leaf as one of its active ingredients, was developed by the 

National Institute for Pharmaceutical Research and Development (NIPRD), Nigeria. It 

decreased the occurrence of severe pain crises in a clinical trial conducted with SCA patients 

at a dose of 12 mg/kg/day with no apparent toxicity (Wambebe et al., 2001b) and was later 

shown to inhibit sickling both in vitro (Iyamu et al., 2002) and in vivo (Iyamu et al., 2003; 

Wambebe et al., 2001a). It also produced a leftward shift of the HbS oxygen dissociation 

curve (i.e., it increases oxygen affinity with no observed change in haemoglobin 

concentration or red blood cell dehydration) which led researchers to hypothesize that it is 

in the class of haemoglobin modifiers (Iyamu et al., 2003). Although, some of the active 

compounds present in Nicosan extracts have been identified, unfortunately, its precise 

mechanism of action is yet unconfirmed (Kapoor et al., 2018; Nathan et al., 2009). The anti-

sickling activity of Nicosan has been partially attributed to aromatic aldehydes including 5-

HMF (Imaga, 2013; Nathan et al., 2009).  Ciklavit contains an extract of Cajanus cajan, 

commonly known as the pigeon pea (Abo-Zeid et al., 2018) which is consumed in Nigeria for 

its anti-sickling effects.  Ciklavit was reported to decrease pain crises in a clinical trial of 100 

HbSS patients at a twice-daily dose of 10 mL in children and 20 mL in adults (Akinsulie et al., 

2005). The anti-sickling activity of Cajanus cajan (Akinsulie et al., 2005; Ekeke and Shode, 

1990) has been attributed to hydroxybenzoic acid derivatives (Akojie and Fung, 1992)and 

phenylalanine (Ekeke and Shode, 1990). Other plants that have gained scientific backing as 

anti-sickling agents include Carica papaya (Imaga et al., 2009b; Mojisola et al., 2008; 

Thomas and Ajani, 1987), Fagara zanthoxyloides (Sofowora et al., 1979; Sofowora and 

Isaacs, 1971), Cnidoscolus aconitifolius (Cyril-Olutayo and Agbedahunsi, 2015) and Telfairia 

occidentalis (Atabo et al., 2016b; Cyril-Olutayo et al., 2018) and Alchornea spp (Gbadamosi 

and Gbadamosi, 2015; Muanya, 2009).  
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In West African ethnomedicinal practices (Gbadamosi and Gbadamosi, 2015; Muanya, 

2009). An infusion (juice) of the leaves of Alchornea laxiflora (Benth.) Pax and K.Hoffm is 

also taken for its ability to treat the symptoms of SCA (Bamimore and Elujoba, 2018; 

Muanya, 2009). A decoction of the leaves is also taken to treat inflammatory and infectious 

diseases in Nigeria (Dzoyem and Eloff, 2015, Schmelzer, 2007, Ogundipe et al., 2001a, 

Ogundipe et al., 2001b, Akinpelu et al., 2015b). It is also a common ingredient in herbal 

antimalarial preparations (Ogundipe et al., 2001; Farombi et al., 2003). Other biological 

activities include antioxidant (Adeloye et al., 2005; Farombi et al., 2003; Schmelzer, 2007), 

antifungal (Schmelzer, 2007), hepatoprotective (Oloyede et al., 2011), anticancer (Sandjo et 

al., 2011),  anti-venom (Molander et al., 2014) and analgesic activities (Okokon et al., 2017).  

Although the use of Alchornea spp in traditional medicine is well known and herbal care 

practitioners attest to its efficacy in sickle cell management, research on its anti-sickling 

components is very limited (Buhner, 2012, 2013). Therefore, the objectives of this study 

include isolating the bioactive components present in the Nigerian Alchornea spp leaves and 

evaluating the anti-sickling activity of extract fractions/components. The identification of its 

active principle could enhance the standardization of anti-sickling recipes based on 

Alchornea spp. 
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4.2 Results 

Normal RBCs are biconcave and flexible which enables them to move freely and effortlessly 

through narrow blood vessels. It also enables them to live long to about 120 days (Dash et 

al., 2013). SCA affects the shape and flexibility of RBCs in such a way that their smooth 

transition through small human blood vessels is hampered. One of the motives for anti-

sickling drug design is to have a drug that can prevent or reverse the sickle shape phenotype 

of the RBCs. Here, the potential ability of components of Alchornea spp. leaf-extracts in 

reversing human HbSS-RBC sickling in vitro was investigated. 

Following sequential extractions of dried leaf material, a yield of 2.47, 9.65 and 8.28 per 

cent dry weight were obtained for dichloromethane (DCM), methanol (MeOH) and Aqueous 

(Aq1), while a yield of 16 per cent dry weight for the solely aqueous extraction 

(Aq2)respectively. All four fractions were evaluated for anti-sickling, antioxidant (Adeniyi et 

al., 2017) and antimicrobial activities (Chapter 3).  

4.2.1 Anti-sickling Activity of Alchornea spp Extracts 

In the preliminary set of experiments, the effect of Alchornea spp on erythrocyte sickling 

with phenylalanine and PHBA as reference compounds, was established in erythrocyte 

suspensions of SCA whole blood (Figure 4.2). The use of erythrocyte suspension eradicates 

interference from plasma components and related immunological and metabolic processes 

(Coker et al., 2006). Of all the amino acids reported in in vitro studies with anti-sickling 

effects, L-phenylalanine, have been described to be the most active (Imaga, 2013) which has 

informed its use in anti-sickling assays as a reference compound (Mehanna, 2017; Villaret et 

al., 2018) and hence, its use as reference in this study alongside PHBA (Akojie and Fung, 

1992; Moody et al., 2003).  In these experiments, the intensity of sickling was potentiated by 

low oxygen levels in the medium precipitated by the addition of Na2S2O5 which mimics the 

events that occur during sickle cell crisis. The sickling-inhibitory activities of Alchornea spp 

leaf-extracts were compared at various concentrations (2.5, 5.0 and 10 mg/mL; in PBS) and 

were found to be significantly different (P< 0.01) from each other.  
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Figure 4.2 | RBC morphology (A-D): (A) Positive control; Oxygenated HbSS red blood cells 
(HbSS-RBC). (B) Negative control; Sickled HbSS-RBC in Na2S2O5- induced hypoxia (C) HbSS-
RBC incubated with 5mg/mL MeOH extract in Na2S2O5- induced hypoxia (D) HbSS red blood 
cells incubated with 10mg/mL Alchornea spp leaf-extracts in Na2S2O5- induced hypoxia. Cells 
were severely crenated and agglutinated. The ability to agglutinate RBCs have been found in 
many plants, particularly in the Leguminosae (Deyrup-Olsen; Sharon and Lis, 2004).When 
viewed under microscope with 40×magnification, the sickled HbSS-RBCs were found to have 
elongated or spike-like shapes while normal RBCs appeared biconcave or disk-like. 

 

Normoxic sickle erythrocytes (HbSS-RBCs) show circular (biconcave) and normal shape, 

similar to the positive control, with these extracts, unlike the negative control which had 

mostly elongated (sickled) HbSS-RBCs (Figure 4.2). These effects were quantified by visual 

counting of cell types in a haemocytometer (Figure 4.3).  Appreciable sickling-inhibitory 

activities greater than 70 % were recorded at a concentration of 5 mg/mL with the MeOH 

(A) (B) 

(D) (C) 

Oxygenated HbSS-RBCs Sickled HbSS-RBCs (Induced) 

Treated Sickled HbSS-RBCs HbSS-RBCs destroyed in 10mg/mL 

methanol extract 
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and Aqueous extracts (Figures 4.2 and 4.3) relative to maximum sickling obtained.  

Increasing the concentration to 10 mg/mL appears to either abolish the inhibitory effect as 

in the aqueous samples or have counter pro-sickling effects in the case of the MeOH extract.  

The unexpected effects of high concentrations are also seen as clumping in Figure 4.2d.  

 

Figure 4.3 | Effect of Alchornea spp leaf-extracts at various concentrations on percentage 
sickling of HbSS erythrocytes in Na2S2O5-induced hypoxic condition. Data represents 
average of 3 similar results from repeat experiments. 

 

To ease comparison, the optimal anti-sickling values were extracted (Figure 4.4).  The MeOH 

(ALM) leaf-extracts of Alchornea spp exhibited higher sickling-inhibitory activity (91.41%) 

than the Aqueous (72.41 and 19.67%) and DCM (22.96%) extracts which were statistically 

significant at P<0.01. This suggests a high potential of MeOH in inhibiting RBC sickling in 

vitro and hence, most likely, in vivo. Although, the sickling-inhibition activity of both DCM 

and Aqueous2, was significantly lower than that of MeOH (P=0.004). Aqueous was 

significantly different compared with Aquoeus2 (P=0.033). This suggests that the use of 

water alone as extraction solvent does not necessarily result in a higher yield of Alchornea 

spp anti-sickling components. 
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Figure 4.4 | Effect of Alchornea spp leaf-extracts (5 mg/mL) on percentage sickling on 
incubation with erythrocytes in Na2S2O5- induced hypoxic condition. (A) Percentage 
sickling (B) Percentage sickling-inhibition. Data represents average of 3 similar results from 
repeat experiments. 

 

 
Figure 4.5 | Inhibitory effects of (A) phenylalanine and (B) PHBA on HbSS-RBC sickling. 
Data represents average of 3 similar results from repeat experiments. 
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It was also important to compare anti-sickling activities to chemicals known to have this 

property. The higher concentrations of PHBA (5mg/mL) as effective anti-sickling 

concentration, reported by (Abere et al., 2015; Adejumo et al., 2011; Imaga et al., 2010), did 

not yield any positive results (Appendix 4.2). 

4.2.1.1 In vitro Sickling-Reversibility Assay 

The ability of Alchornea spp extracts (5mg/mL) to reverse HbSS-RBC sickling was tested. In 

most cases, extracts showed relatively modest reversal activities (Figure 4.6) and this is in 

agreement with past studies (Bamimore and Elujoba, 2018). The results indicated that all 

the extracts showed a significant (P< 0.05) decrease in anti-sickling activity and the 

reduction was highest for MeOH.  The fact that MeOH and Aqueous extracts exhibited 

better reversibility activity (41.16, 10.31 and 5.52% respectively) compared to the DCM 

extract further indicated that the putative anti-sickling compound(s) were hydrophilic 

(Shahnavi et al., 2017).This is relevant as the pharmacological activities of a given medicinal 

plant are associated with the type and nature of secondary plant metabolites present.  

 

Figure 4.6 | Percentage Sickling-reversibility. The ability of Alchornea spp leaf-extracts (5 
mg/ ml) to reverse HbSS sickling, in Na2S2O5- induced conditions of low oxygen tension. 
Control refers to Sickled HbSS-RBCs while DCM, MeOH, Aqueous and Aqueous2 refer to 
HbSS-RBCs incubated with Alchornea spp leaf-extracts respectively. Data represents average 
of 3 similar results from repeat experiments. 
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4.2.1.2 Erythrocyte LeakageAssay  

The cytotoxicity of aqueous and MeOH leaf-extracts of Alchornea spp on HbSS RBCs was 

evaluated by the erythrocyte leakage assay. RBCs were seeded at a density of 4% v/v in a 96 

well plate.  RBCs incubated in 0.1% (v/v) Triton X-100 defined 100% haemolysis, while PBS 

served as the baseline. The results indicated some cytotoxic activity in both the methanol 

and aqueous extracts of Alchornea spp at 10mg/mL but the cells remained viable at lower 

concentrations with less than 2% haemolysis with MeOH (Figure 4.7). Thus, erythrocytes 

show some degree of membrane instability at high concentrations of these extracts 

resulting in haemolysis. This agreed with the observed effects of high concentrations of 

extract (Figure 4.2d; Figure 4.3).  

 

 

Figure 4.7 | Percentage Haemolysis in HbSS RBCs incubated with various concentrations of 
MeOH and Aqueous extracts of Alchornea spp leaves compared with 0.1% Triton X (positive 
control with 100% haemolysis). Typical data expressed as mean of experiments performed 
in triplicates 
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4.2.2 Isolation of the Anti-sickling Bioactives in the Alchornea spp Methanol Extract 

Having established the anti-sickling potential of Alchornea spp, a bioassay-guided 

purification process was initiated to isolate the active bioactives in Alchornea spp. The 

MeOH extract of Alchornea spp (ALM; 50 gm) which had initially been tested to have a 

significant antioxidant activity (chapter 3), and then promising anti-sickling activity, was 

selected for further purification by silica-gel column fractionation, yielding 20 fractions 

(Table 4.1).  The ability of each fraction to prevent the sickling process was tested using 2% 

w/v of N2S2O5, to induce sickling with PHBA, as a positive control (Figure 4.8). Three 

fractions from the MeOH extracts (ALM); ALM5, ALM7 and ALM8 exhibited sickling 

inhibition above 95% at a concentration of 1mg/mL.  

 

 

Table 4.1 | ALM fractions percentage yield 

ALM 
fractions 

Yield (mg) Percentage yield 
(%) 

ALM1 23 0.046 
ALM2 57 0.114 
ALM3 69 0.138 
ALM4 1612 3.224 
ALM5 96 0.192 
ALM6 1096 2.192 
ALM7 300 0.600 
ALM8 2644 5.288 
ALM9 874 1.748 
ALM10 661 1.322 
ALM11 2367 4.734 
ALM12 2622 5.244 
ALM13 2273 4.546 
ALM14 3229 6.458 
ALM15 2282 4.564 
ALM16 2391 4.782 
ALM17 2928 5.856 
ALM18 3466 6.932 
ALM19 3384 6.768 
ALM20 7989 15.978 
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Four other fractions; ALM4 (76.91±9.49 %), ALM6 (68.94±0.38 %), ALM9 (68.49±3.44 %) and 

ALM13 (65.80±5.23 %) had above 50 % sickling inhibition.  These data suggest that fractions 

ALM7 (96.47±2.82%) and ALM8 (96.68±2.65%) contain most of the anti-sickling principles of 

the methanol extract (Ibrahim et al., 2007; Mpiana et al., 2013; Mpiana et al., 2010).  If it is 

assumed that fractionation was separating different chemical groups, it was hypothesised 

that ALM7 and 8 contained similar chemicals but the ALM13 with weaker anti-sickling 

activity could contain a distinctive set of chemicals. Unfortunately, due to time pressures, 

only ALM7 and ALM8 were further investigated.   These fractions were selected for further 

studies via TLC, ultra-performance liquid chromatography-mass spectrometry, guided by 

anti-sickling assays as the next step to identifying and characterizing the ALM extract 

of Alchornea spp leaves.  

 

Figure 4.8 | Effect of ALM fractions (1mg/mL) on erythrocytes-sickling ex vivo in Na2S2O5- 
induced conditions of low oxygen tension. Data represents average of 3 similar results from 
repeat experiments. 

 

4.2.2.1 Antioxidant activity may not be a major feature of anti-sickling Activity 

Past studies have implied a direct link between the antioxidant and anti-sickling activities of 

plant extracts (Pauline et al., 2013, Mpiana et al., 2010b, Amujoyegbe et al., 2016). Indeed, 
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treatments with a combination of high-doses of antioxidants have been suggested by earlier 

studies to reduce the percentage of irreversibly sickled cells (Al Balushi et al., 2019b, Biswal 

et al., 2019, Jagpal, 2017, Pauline et al., 2013, Mpiana et al., 2010b, Amujoyegbe et al., 

2016).  

In line with this the ALM extract of Alchornea spp leaves had been shown to demonstrate 

antioxidant activity on lipid peroxidation of exogenous linoleic acid in-vitro, and the 

reduction of 1, 1-diphenyl-2-picrylhydrazyl (DPPH) to the yellow coloured 

diphenylpicrylhydrazine (chapter 3). To further test this hypothesis, the antioxidant capacity 

of the ALM fractions, using the DPPH free radical scavenging assay, were investigated in an 

attempt to correlate anti-oxidant and anti-sickling properties.  

 

 

Figure 4.9 | DPPH Scavenging activity (%) of methanol fractions of Alchornea spp leaves. 
For the same concentration, bars with * are significantly (p<0.01) lower than others within 
the same concentration. Typical data expressed as mean of experiments performed in 
triplicates. 
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The extracts generally demonstrated anti-oxidant activities (Figure 4.9) but this seemed to 

be prominent in all fractions from ALM5 with no significant differences. Pearson’s co-

efficient of correlation, indicates no correlation between the DPPH scavenging activity and 

anti-sickling activity (r=0.170; P>0.05) of the samples. To further assess this, the anti-oxidant 

and anti-sickling properties of each fraction were pooled into a single matrix and assessed 

using multi-variate approaches.  PCA score plots showed differentiation in the clustering 

patterns in which fractions with effective anti-sickling activity share only a partial 

relationship with all other fractions bearing in mind all fractions possess some level of 

antioxidant activity (Figure 4.10). 

 

Figure 4.10 | PCA score plots of data expressed in Figures 4.8 and 4.9. (a) Scatter plot 
showing the distribution of methanol fractions of Alchornea spp (n= 19) colour-labelled by 
bio-activity; Antioxidant activity (red), Anti-sickling activity (ALM4, 5, 6, 7, 8, 9 and 13; 
green), both anti-sickling and antioxidant activity (blue) and minimal bioactivity for both 
anti-sickling and DPPH scavenging activities, based on the bioactivity of the fractions (b) PLS-
DA plots confirm no relationship between DPPH scavenging and sickling inhibition (%) 
activities with only a few fractions showing positive correlations between the two. 

 

The supervised score plots confirmed a distinct separation in the anti-sickling activity from 

the antioxidant activity of the methanol extract fractions. This was also shown by 
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hierarchical clustering as heatmap which indicated samples with significant anti-sickling 

activity had low or no antioxidant activity. 

 

Figure 4.11 | Clustering result of fractions of methanol extract of Alchornea spp bioactivity 
shown as heatmap. The heatmap was constructed based on a pooled matrix of the sickling-
inhibition and DPPH scavenging activities of Alchornea methanol extract fractions, shown in 
Figures 4.9 and 4.10. Rows: antioxidant and anti-sickling activities; Columns: samples; Colour 
key indicates activity in percentage, green: Lowest, red: highest. 

 

Only two fractions; 6 and 13 were able to demonstrate both significant antioxidant and anti-

sickling activities. Samples 5, 7 and 8 also exhibited both antioxidant and anti-sickling 

activities, the antioxidant activity was below 55% inhibition at the highest concentration of 

400 µg/mL. Other samples with anti-sickling activity had minimal or no antioxidant activity. 

4.2.2.2 Purification of Fraction ALM7  

As stated earlier, methanol fractions 7 and 8 were combined (ALM7) for separation on a 

silica gel-packed chromatographic column (70–200 mesh), eluted with a solvent gradient of 

increasing polarity; ethyl acetate (0–100%) in hexane and then methanol (0–50%) in ethyl 

acetate to yield 23 sub-fractions (ALM7A-ALM7W; Table 4.2). This step was repeated several 

times to increase the yield of subsequent fractions or compounds. 

The sickling-inhibitory activity of ALM 7 sub-fractions were compared at a concentration 

range of 0.5 – 0.0625 mg/mL (500 and 62.5 µg/mL; Figure 4.12).  Sickling-inhibiting activities 

greater than 70 % were observed at concentrations greater than 0.25 mg/mL in sub-
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fractions ALM7N, ALM7Q, ALM7T and ALM7V.  These exhibited a significantly higher (P< 

0.01) sickling-inhibitory activity than fractions ALM7D - ALM7M. This suggests that 

fractionation was able to separate similar chemical groups with anti-sickling effect into 2 

main groups; ALM7N - ALM7T with anti-sickling activity and ALM7D – ALM7M with minimal 

and no anti-sickling activity. At 500 µg/mL, significantly high sickling-inhibition activity in 

ALM7V (93.69±2.26) was closely followed by that of ALM7T (84.33±1.01). These fractions 

were selected for further investigations via TLC, ultra-performance liquid chromatography-

mass spectrometry, guided by anti-sickling assays as the next step to identifying and 

characterizing the methanol extract of Alchornea spp leaves.  

Table 4.2 | Percentage yield of ALM7 fractions 

 yield (mg) % Yield 

ALM7A 3.6 0.45 
ALM7B 1.2 0.15 
ALM7C 1 0.13 
ALM7D 2 0.25 
ALM7E 2.8 0.35 
ALM7F 3.6 0.45 

ALM7G 3.3 0.41 
ALM7H 4.55 0.57 
ALM7I 4.8 0.60 
ALM7J 6 0.75 
ALM7K 5.9 0.74 
ALM7L 4.8 0.60 
ALM7M 2.7 0.34 
ALM7N 2.8 0.35 
ALM7O 12.8 1.60 
ALM7P 39.55 4.94 
ALM7Q 30.8 3.85 

ALM7R 111.1 13.89 
ALM7S 13.6 1.70 
ALM7T 23.9 2.99 
ALM7U 176.3 22.04 
ALM7V 81 10.13 
ALM7W 217.5 27.19 
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Figure 4.12 | Effect of ALM7 fractions (500 – 62.5 µg/mL) on erythrocytes-sickling in vitro in 
Na2S2O5- induced hypoxic condition. For same concentration, bars with * are significantly 
(p<0.01) lower than others within the same concentration. Data represents average of 3 
similar results from repeat experiments. 

 

4.2.2.3 Purification of Sub-Fractions ALM7T and ALM7V 

Sub-fractions ALM7T (2.99% yield of dry weight) and ALM7V (10.13% yield of dry weight) 

were further purified by preparative HPLC eluted with a gradient of increasing acetonitrile 

(10–100% containing 0.1% TFA) in H2O to give 19 peaks; ALM7T1- ALM7T8 and ALM7V1- 

ALM7V11 respectively (Appendix 3.1).  

All 19 peaks were tested using the sickling-inhibitory activity assays and were incubated at 

various concentrations (0.0625 mg/mL – 1.0 mg/mL) in Na2S2O5-induced low oxygen 

tension. The ALM7V peaks exhibited no sickling-inhibiting activity across the various 

concentrations except ALM7V11.  This is shown morphologically in Figure 4.13. A lot of 

clumping was observed in RBCs incubated with the components at 1mg/mL (1000 µg/mL) 

concentration suggesting the high concentration was probably cytotoxic on the cells. 
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Figure 4.13 | Effect of ALM7V11 and ALM7T5 (800 – 25 µg/mL) on erythrocytes-sickling in 

vitro, in Na2S2O5- induced hypoxia. Sickled cells arrowed. Original magnification ×400. 

 

(A) HbAA (B) HbSS normoxic 

(sickled cell arrowed) 

(C) HbSS hypoxic (hyp) 

(D)HbSS-hyp+ALM7V11 

(0.5 mg/mL) 

(E)HbSS hyp+ALM7V11 

(0.25 mg/mL) 

(F) HbSS hyp +ALM7V11 

(0.05 mg/mL) 

(G)HbSS-hyp+ALM7T5 

(0.4 mg/mL) 

(H) HbSS-hyp+ALM7T5 

(0.2 mg/mL) 

(I) HbSS-hyp+ALM7T5 

(0.05 mg/mL) 
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Quantification of the anti-sickling activity indicated greater than 80% sickling-inhibition 

activity, both at 0.5 and 0.25 mg/mL (Figures 4.14). This activity was significantly higher than 

that of all other components and PHBA (49.18±4.87; Figure 4.4b).  

 

Figure 4.14 | Effect of ALM7V components (500 – 62.5 µg/mL) on erythrocytes-sickling in 
vitro in Na2S2O5- induced hypoxia. Data represented as mean and SD obtained from three 
similar results, from repeat experiments. 

 

ALM7T components (Figure 4.15) were also found to exhibit no appreciable sickling-

inhibiting activity across the various concentrations except ALM7T5 which recorded highly 

significant sickling-inhibition activities, greater than 70% both at 0.8 and 0.4 mg/mL (Figures 

4.13G and 4.13H). This activity, though significantly different from that of all other 

components and PHBA (49.18±4.87; Figure 4.5b). The effectiveness of ALM7T5 exhibited a 

clear concentration dependence (Figure 4.15).   

The decreased sickling might be related or not with increased oxygen affinity of 

haemoglobin S. In contrast, percentage sickling in all other ALM7 sub-fractions ranged from 

50% to as high as 100% under hypoxic conditions. Taken together, both ALM7V11 and 
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ALM7T5 demonstrate potent anti‐sickling activity in erythrocytes suspension at 

concentrations as low as 50µg/mL (Figures 4.14, 4.15). These observations support the 

hypothesis that ALM7V11 and ALM7T5 may inhibit sickling in vivo. 

 

Figure 4.15 | Effect of ALM7V components (800 – 25 µg/mL) on erythrocytes-sickling ex vivo 
in Na2S2O5- induced hypoxia. Data represented as mean and SD obtained from three similar 
results, from repeat experiments. 

 

4.2.3 Structural Elucidation of Alchornea spp Anti-sickling bioactives 

4.2.3.1 Compounds 1 (ALM7V11) and 2 (ALM7T5) 

Compound 1 (15 mg) was isolated from fraction 7V by preparative HPLC eluted with a 

gradient of increasing acetonitrile (10–100% containing 0.1% TFA) in H2O. Compound 1 was 

identified as quercitrin (Figure 4.16), a flavonol glycoside (Zhong et al., 1997) based on 

HREIMS and NMR analysis.  

Yellow powder; m/z 449.10843 [M+H]+ (calcd. For C21H20O11, 449.10056). 1H-NMR (500MHz, 

MeOD): δ 0.95 (3H, d, J=6.0 Hz), 3.32 (1H, m), 3.43 (1H, m), 3.76 (1, dd, J=3.0 and 3.0 Hz), 

4.23 (1H, s), 5.36 (1H, s), 6.20 (1H, d, J=1.8 Hz), 6.37 (1H, d, J=1.8 Hz), 6.91 (1H, d, J=8.4 Hz), 
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7.30 (1H, dd, J=8.4 and 2.1 Hz), 7.34 (1H, d, J=2.0 Hz) ppm. 13C-NMR (100 MHz, MeOD): δ 

17.70, 71.99, 72.08, 72.27, 73.40, 94.81, 99.91, 103.62, 106.03, 116.47, 117.10, 122.97, 

123.13, 136.34, 146.45, 149.82, 158.59, 159.37, 163.25, 165.87, 179.72 ppm. The 

spectroscopic data is in agreement with previous studies (Jang et al., 2011; Zhong et al., 

1997). 

 

Figure 4.16 | Quercitrin. 

Compound 2 (5mg) was isolated from fraction 7T by preparative HPLC eluted with a gradient 

of increasing acetonitrile (10–100% containing 0.1% TFA) in H2O. Compound 2 was also 

identified as quercetin-3-rhamnoside based on HREIMS and NMR analysis (Figure 4.16) 

which is synonym for Quercitrin. Other synonyms include Quercetrin and Quercitroside 

(Database, 2020). 

Yellow powder; m/z 447.09363 [M+H]+ (calcd. For C21H20O11, 448.100561). 1H-NMR 

(500MHz, MeOD): δ 0.95 (3H, d, J=6.0 Hz), 3.32 (1H, m), 3.43 (1H, m), 3.76 (1, dd, J=3.0 and 

3.0 Hz), 4.23 (1H, s), 5.36 (1H, s), 6.20 (1H, d, J=1.8 Hz), 6.37 (1H, d, J=1.8 Hz), 6.91 (1H, d, 

J=8.4 Hz), 7.30 (1H, dd, J=8.4 and 2.1 Hz), 7.34 (1H, d, J=2.0 Hz) ppm. 13C-NMR (100 MHz, 

MeOD): δ 17.67, 41.90, 71.96, 72.05, 72.24, 73.38, 94.79, 99.88, 103.58, 106.00, 116.45, 

117.07, 122.95, 123.10, 136.31, 146.42, 149.79, 158.56, 159.35, 163.22, 165.83, 179.70 

ppm. The spectroscopic data is in agreement with previous studies (Jang et al., 2011; Zhong 

et al., 1997). 
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4.3 Discussion 

The preliminary set of experiments established the anti-sickling effect of Alchornea spp on 

erythrocyte sickling using SCA whole blood suspensions (HbSS-RBC) with phenylalanine and 

PHBA as reference compounds (Figure 4.2). This study only concentrated on the plant leaves 

commonly used by the locals in the collection area. The use of erythrocyte suspension 

removes interference from plasma components and related immunological and metabolic 

processes (Coker et al., 2006). Of all the amino acids reported in in vitro studies with anti-

sickling effects, L-phenylalanine, have been described to be the most active (Imaga, 2013) 

which has informed its use in anti-sickling assays as a reference compound (Mehanna, 2017; 

Villaret et al., 2018) and hence, its use as reference in this study alongside PHBA (Akojie and 

Fung, 1992; Moody et al., 2003).  In these experiments, the intensity of sickling was 

potentiated by low oxygen levels in the medium, precipitated by the addition of Na2S2O5(Le 

et al., 2019) which mimics the event that precipitates sickle cell crisis. Oxygenated HbSS-

RBCs and HbSS-RBCs incubated with Alchornea spp leaf-extracts show circular (biconcave) 

and normal shape (Zhang and Ou-Yang, 2017), similar to the positive control (HbAA-RBC). 

Conversely, the negative control had mostly elongated (sickled) red cells (Figure 4.2).  The 

sickling-inhibitory activity of Alchornea spp leaf-extracts compared at various concentrations 

(2.5, 5.0 and 10 mg/mL; in PBS) were found to be significant with appreciable sickling-

inhibitory activities with the methanol and Aqueous extracts (5 mg/mL; Figures 4.2 and 4.3) 

relative to maximum sickling obtained.  Higher concentrations (10 mg/mL) of methanol and 

Aqueous extracts though appear to either abolish the inhibitory effect as in the aqueous 

samples or have counter pro-sickling effects in the case of the MeOH extract.   

The MeOH (ALM) leaf-extracts of Alchornea spp exhibited higher sickling-inhibitory activity 

(91.41%) than the Aqueous (72.41 and 19.67%) and DCM (22.96%) extracts which were 

statistically significant at P<0.01. This suggests a high potential of MeOH in inhibiting RBC 

sickling in vitro and hence, most likely, in vivo. However, extracts that are inactive in vitro 

may have properties similar to pro-drugs which are administered in an inactive form; hence 

their metabolites could be active in vivo (Lino and Deogracious, 2006). Higher activity in 

methanol extracts was not surprising, given that most bioactive components in plant matter 

are saturated organic molecules, which are non-polar. For instance, the successive isolation 
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and purification of bioactive compounds from the stem bark of Jatropha podagrica, a widely 

known medicinal plant with water, hexane and ethylacetate showed ethyl acetate extract 

exhibited the strongest antioxidant activity assessed by 2,2-diphenyl-1-picrylhydrazyl 

(DPPH), 2,20-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging, 

and ferric reducing antioxidant power (FRAP) assays (IC50 = 46.7, 66.0, and 492.6, 

respectively) (Minh et al., 2019).  Additionally, despite the water being a more polar solvent 

than methanol, the phytochemical profile of an extract determines polarity of the 

compounds being extracted in a given solvent (Altemimi et al., 2017; Truong et al., 2019). 

Hence, for active lipophilic constituents that do not extract into a water extract, methanol 

extraction would provide a more consistent bioactivity profile compared to those extracted 

in water (Ngo et al., 2017; Thouri et al., 2017; Truong et al., 2019). Investigations on 

Alchornea extracts with strictly water as used by the locals did not yield better results than 

the methanol extracts. This suggests that the use of water alone as extraction solvent does 

not necessarily result in a higher yield of Alchornea spp anti-sickling components (Truong et 

al., 2019). Hence, aqueous extraction might be popular, but it is not necessarily the most 

effective method. The ease of use and handling has contributed to making water the most 

used solvent for bioactive compounds in traditional remedy preparations (Mudzengi et al., 

2017).  

Active components of medicinal plants and naturally occurring compounds, such as anti-

sickling agents, which improve the health of SCA individuals are rich in aromatic amino acids 

(Sarakatsianos et al., 2020), phenolic compounds (Chaudhari et al., 2019; Sytar et al., 2018), 

and antioxidant nutrients (Abraham et al., 1991b, Fenton-Navarro et al., 2019) which are 

thought to be responsible for their observed anti-sickling action (Al Balushi et al., 2019b, 

Biswal et al., 2019, Jagpal, 2017, Pauline et al., 2013, Imaga et al., 2011). A herbal 

preparation of Cajanus cajan was found to contain phenylalanine, carjaminose, and 

hydroxybenzoic acid as active constituents and are thought to be the reason for its anti-

sickling effect (Onah et al., 2002). Significantly (p˂0.05) higher activities of Alchornea leaf-

extracts compared with any concentration of phenylalanine and PHBA at their respective 

active concentrations (Figure 4.5) in this study, suggests these components may only be 

partly responsible for the anti-sickling effect observed in Cajanus cajan. 
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Furthermore, the efficacy of plant extracts can be affected by many factors (Gahukar, 2014; 

Olivares-Vicente et al., 2018). For instance, differences in combinations of secondary 

metabolites such as phenolic compounds, tannins, alkaloids and steroids in different plant 

species determine the uniqueness of their phytochemistry (Das and Gezici, 2018; Suresh and 

Abraham, 2020). These metabolites are also deposited in varying proportions in different 

parts of an individual plant (Pan et al., 2016; Sampaio et al., 2016b). Hence, higher 

concentrations would be expected in leaves than other parts, as leaves are responsible for 

phytochemical production (Deborde et al., 2017; Lunn, 2007; Martinoia et al., 2007). 

Differences in solvents used for extraction most likely contributed to observed variations in 

anti-sickling activity (Truong et al., 2019). Heterogeneity in the composition of compounds 

in the plant extracts can also lower their bioactivity (Ligor et al., 2018; Sasidharan et al., 

2011), resulting in the plant extracts possessing little of the active ingredient as in the case 

of the DCM extract. The phytochemical screening of Alchornea spp extracts revealed 

polyphenols such as phenolic acids and flavonoids. The anti-sickling activity could be linked 

to their ability either to inhibit in vitro polymerisation of haemoglobin (Mehanna, 2017) or 

to some structural modification linked to the environment of haemoglobin by the extracts 

(Pauline et al., 2013). 

The ability of Alchornea spp extracts (5mg/mL) to reverse HbSS-RBC sickling was 

investigated with relatively modest reversal activities (Figure 4.6), which was in agreement 

with past studies (Bamimore and Elujoba, 2018). Several studies have established that the 

capability of a biomolecule to prevent in vitro polymerisation depends on one or 

combinations of the following options: (a) The tendency and efficiency to bind to the 

complimentary contact region/site of deoxyHbS monomers (Eaton and Bunn, 2017; 

Manavalan et al., 1992; Pauline et al., 2013); (b) Modification of amino acid residues that 

contribute to the three-dimensional structures of HbS contact region and other critical sites 

(Oder et al., 2016; Olubiyi et al., 2019; Vekilov, 2007); (c) Stabilization of the R (relaxed) 

state of HbS molecule (Eaton and Bunn, 2017; Lehrer-Graiwer et al., 2015). This could 

explain the ability of Alchornea spp polar extracts to strongly inhibit RBC sickling in vitro 

while exhibiting minimal reversibility activity. Additionally, higher reversibility activity of the 

polar extracts compared to the DCM extract further reinforces the theory that the putative 

anti-sickling compound(s) were hydrophilic (Shahnavi et al., 2017).  This is relevant as the 
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pharmacological activities of a given medicinal plant are associated with the type and nature 

of secondary plant metabolites present (Ganzera and Sturm, 2018; Kutama et al., 2018; Li et 

al., 2017). Previous investigations have linked anti-sickling activity of medicinal plants to 

saponins and flavonoids (Ibrahim et al., 2007), anthraquinones, steroidal and cardiac 

glycosides (Moody et al., 2003) all of which are readily extracted with water or methanol.  

4.3.1 Erythrocyte Leakage 

The survival of the red cell in vivo depends upon its ability to preserve its size, shape and 

deformability within rather narrow confines (Mohandas and Gallagher, 2008b), despite the 

chemical variations and the continuous physical abuse encountered in circulation (Stanton, 

2012). Investigations on erythrocyte leakage indicated some cytotoxic activity in both the 

methanol and aqueous extracts of Alchornea at 10mg/mL but the cells remained viable at 

lower concentrations with less than 2% haemolysis with Alchornea methanol extract (Figure 

4.7). Thus, erythrocytes show some degree of membrane instability at high concentrations 

of these extracts resulting in haemolysis (Zohra and Fawzia, 2014) in agreement with the 

observed effects of high concentrations of extract (Figure 4.2d; Figure 4.3). Matured red 

cells preserve their morphology and withstand wear through energy derived from the 

metabolism of glucose (Carelli-Alinovi et al., 2019) which in this regard, serves 2 functions; 

generation of the high energy compound, adenosine triphosphate (ATP) (Daud et al., 2016) 

and maintenance of oxidation-reduction homeostasis through the measured formation of 

reduced pyridine nucleotides (Wang et al., 2019; Xiao et al., 2016). This regulation is to a 

large extent dependent upon membrane permeability and the active transport of cations 

(Pandey and Rizvi, 2011; Zago et al., 2000)and might be responsible for the effectiveness of 

Alchornea spp methanol extracts at stabilizing RBC membrane at lower concentrations. 

4.3.2 Isolation of the Anti-sickling Bioactives in the Alchornea spp Methanol Extract 

Since plant extracts usually occur as a combination of various types of bioactive compounds 

or phytochemicals with different polarities, their separation is imperative to bioactivity 

optimization (Sasidharan et al., 2011). Having established the anti-sickling potential of 

Alchornea spp, a bioassay-guided purification process was initiated to isolate the active 

bioactives in Alchornea spp (de la Luz Cádiz-Gurrea et al., 2018; Dehghan et al., 2018). The 
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methanol extract of Alchornea spp with significant antioxidant (chapter 3) and anti-sickling 

activities was selected for further purification by silica-gel column fractionation.  Hydrophilic 

compounds are advantageous as either drug-leads or active compounds in a leaf infusion as 

they are less readily distributed in body tissues than lipophilic compounds (Smart and 

Hodgson, 2018; Timbrell, 1999). 

Sickling inhibition activity at low oxygen tension induced by 2% w/v of N2S2O5 identified 

three fractions from the methanol extract (ALM); ALM5, ALM7 and ALM8 with sickling 

inhibition above 95% at 1mg/mL and the probability of high sequestration of the anti-

sickling principles of the methanol extract (Ibrahim et al., 2007, Mpiana et al., 2010b, 

Mpiana et al., 2013).   

4.3.2.1 Correlation between Antioxidant and Anti-Sickling Activities 

Past studies have implied a direct link between the antioxidant and anti-sickling activities of 

plant extracts (Pauline et al., 2013, Mpiana et al., 2010b, Amujoyegbe et al., 2016). Indeed, 

treatments with a combination of high-dosed of antioxidants have been suggested by earlier 

studies to reduce the percentage of irreversibly sickled cells (Al Balushi et al., 2019b, Biswal 

et al., 2019, Jagpal, 2017, Pauline et al., 2013, Mpiana et al., 2010b, Amujoyegbe et al., 

2016). A study carried out on Parquetina nigrescens and Carica papaya L. (Caricaceae) 

extracts (Imaga et al., 2010), previously reported with anti-sickling properties (Imaga et al., 

2009a) showed these extracts contain flavonoids and the antioxidant vitamins A and C, 

components consistent with antioxidant activity (Burton and Traber, 1990; Stahl and Sies, 

2003) and anti-sickling amino acids (Ogoda Onah et al., 2002). Additionally, the oxidative 

conditions within HbSS-RBCs can be a source of toxic reactive oxygen species (ROS) 

(Mahaseth et al., 2005) and NADPH oxidase subunits and mitochondria that are retained by 

mature HbSS-RBCs have been identified as internal sources for ROS generation (George et 

al., 2013; Jagadeeswaran et al., 2017). This extra oxidative burden within HbSS-RBCs leads 

to Hb structural instability, accelerated autoxidation, and haem loss (Hebbel et al., 1988; 

Kassa et al., 2015). Hb oxidation side reactions within HbSS-RBCs and RBC-derived 

microparticles (MPs) and the release of free Hb/haem further contribute to the complex 

disease pathophysiology (Alayash, 2018; Jana et al., 2018). Specifically, Hb can participate 

(inside and outside RBCs) in pseudoenzymatic radical side reactions which include the 
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formation of a persistent and highly oxidizing ferryl state (HbFe4+) as part of this 

pseudoperoxidative cycle. In addition to targeting its β subunits (specifically the hotspot 

βCys93), ferrylHb and its associated radical (HbFe4+) actively interact with other biological 

molecules (Kassa et al., 2015). 

In line with this the ALM extract of Alchornea spp leaves had been shown to demonstrate 

antioxidant activity on lipid peroxidation of exogenous linoleic acid in-vitro, and the 

reduction of 2,2-diphenyl-2-picrylhydrazyl (DPPH) to the yellow coloured 

diphenylpicrylhydrazine (chapter 3).  Alchornea spp may be a promising therapeutic agent in 

inhibiting lipid peroxidation of phospholipids bilayers of cellular and subcellular membranes, 

such as those found in erythrocytes which are major targets for free-radical attacks.  In this 

context, it could be relevant that anti-oxidant poly hydroxyl hydrophilic constituents such as 

quercetin, quercetin-3-O-b-D-glycopyranoside (Oloyede et al., 2011), laxiflorin glycoside 

(Adeloye et al., 2005), alchornealaxine (Tapondjou et al., 2016), quercetin-7,4’-disulphate, 

quercetin- 3’,4’-disulphate, quercetin-3,4’-diacetate, rutin and quercitrin  have been isolated  

from A. laxiflora plant . Ellagic acid, a dimeric derivative of gallic acid, which is reported to 

be present in the plant (Siwe Noundou et al., 2018) has been known to exhibit antioxidant 

property both in vitro and in vivo and also possess immunomodulatory and anti-

inflammatory activities (NamKoong et al., 2012; Sobhani et al., 2020), similar to p-

hydroxybenzoic acid earlier reported to be the active anti-sickling principles of Z. 

xanthoxyloides Waterman (Ouattara et al., 2009). The primary β-globin gene mutation that 

causes SCA has significant pathophysiological consequences (Steinberg, 2016) that result in 

the induction of inflammatory processes along with haemolytic events that ultimately lead 

to VOC (da Silva et al., 2017). Given these indications as well as the pivotal role 

inflammation plays in SCA pathophysiology and the fact that inflammatory response cells 

produce oxygen free radicals which cause DNA damage (Sundd et al., 2019; Zhang et al., 

2016), countering aspects or specific molecules of the inflammatory processes may be a 

productive therapeutic approach (McFarlane et al., 2017; Owusu-Ansah et al., 2016).  

To test this hypothesis, the antioxidant capacity of the ALM fractions, using the DPPH free 

radical scavenging assay, were investigated in an attempt to correlate anti-oxidant and anti-

sickling properties. The extracts generally demonstrated significant anti-oxidant activities 
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(Figure 4.9) in all fractions from ALM5 with no significant differences. However, Pearson’s 

co-efficient of correlation, indicated no correlation between the DPPH scavenging activity 

and anti-sickling activity (r=0.170; P<0.05) of the samples.  Additionally, multivariate 

approach using PCA score plots showed a differentiation in the clustering patterns in which 

fractions with effective anti-sickling activity shared only a partial overlap with all other 

fractions bearing in mind all fractions possess some level of antioxidant activity (Figure 

4.10). However, given the role of oxidative stress in SCA, the detected anti-oxidant 

bioactives could contribute to a cocktail of effects involving Alchornea extracts.  

4.3.2.2 Purification of Fraction ALM7  

Purification of the compound of interest using chromatographic techniques is the process of 

separating or extracting the target compound from other (possibly structurally related) 

compounds or contaminants (Fujito et al., 2017; Sasidharan et al., 2011). Methanol fractions 

7 and 8 were pooled (ALM7) for further investigations based on the assumption that ALM7 

and 8 contained similar chemicals as fractionation separates different chemical groups 

(Peltier et al., 2018).  

With high-performance liquid chromatography (HPLC), each compound usually has a 

characteristic peak under certain chromatographic conditions (Gilar et al., 2004; Zisi et al., 

2019). These conditions, such as the proper mobile phase, flow rate, suitable detectors and 

columns were optimized for the target compounds (Fujito et al., 2017); ALM7V11 and 

ALM7T5 from active subfractions ALM7V and ALM7T. The combination of HPLC and MS 

facilitates rapid and accurate identification of chemical compounds in medicinal herbs, 

especially when a pure standard is unavailable (Ye et al., 2007). Both ALM7V11 and ALM7T5 

demonstrate potent anti‐sickling activity in erythrocytes suspension at concentrations as 

low as 50µg/mL (Figure 4.14; 4.15). The decreased sickling might be related or not with 

increased oxygen affinity of haemoglobin S. These observations support the hypothesis that 

ALM7V11 and ALM7T5 may inhibit sickling in vivo. 
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4.3.3 Structural Elucidation of the Nigerian Alchornea spp Anti-sickling bioactives 

Compounds 1 (ALM7V11) and 2 were identified as quercitrin and quercetin-3-rhamnoside 

(Figure 4.16) respectively based on HREIMS and NMR analysis in agreement with previous 

studies (Jang et al., 2011; Zhong et al., 1997). Quercetin-3-rhamnoside is a synonym for 

Quercitrin (Database, 2020). Other synonyms include Quercetrin and Quercitroside. 

Quercitrin is a quercetin O-glycoside meaning quercetin substituted by an alpha-L-

rhamnosyl moiety at position 3 via a glycosidic linkage (Database, 2020). Due to the 

considerable therapeutic values of this tetrahydroxyflavone, intensive investigations of 

quercitrin have documented its role as an antioxidant (Hasan et al., 2006; X. Li et al., 2016; 

Zhang et al., 2014), antidiarrhoeic (Galvez et al., 1993), an antileishmanial agent (da Silva, do 

Carmo Maquiaveli, et al., 2012), antibacterial (Arima et al., 2002; Nostro et al., 2016; 

Rodríguez-Pérez et al., 2016), a carbonyl reductase (NADPH; EC 1.1.1.184) inhibitor 

(Imamura et al., 2000; Moschini et al., 2017), an aldehyde reductase (EC 1.1.1.21) inhibitor 

(Quilantang et al., 2018) and a tyrosinase (EC 1.14.18.1) inhibitor (Solimine et al., 2016). A 

study conducted with quercitrin (quercetin-3-O-rhamnoside), a monosaccharide derivative 

as well as conjugate acid of a quercitrin-7-olate and isoquercitrin (quercetin-3-O-glucoside) 

as model compounds to investigate the role of the 6″-OH group in several antioxidant 

pathways, including Fe2+-binding, hydrogen-donating (H-donating), and electron-transfer 

(ET) revealed that quercitrin and isoquercitrin both exhibited dose-dependent antioxidant 

activities (Li et al., 2016). 

In vitro anti-sickling activity of quercetin (Yembeau et al., 2018) and isoquercitrin (Syed, 

Doshi, Dhavale, et al., 2019) has also been mentioned but nothing about quercitrin. 

Isoquercitrin was found to show a significant decrease in HbS polymerisation rate as well as 

sickling of RBCs through hydrogen and hydrophobic interaction with HbS which interfered 

with a hydrophobic microenvironment of β6Val leading to the inhibition of HbS 

polymerisation (Syed, et al., 2019).  

Anti-sickling agents have been reported to prolong delay time of Hb polymerisation as part 

of their mode of actions (Iyamu et al., 2002). Polymerisation of deoxygenated haemoglobin 

S (HbS), which leads to sickling and destruction of RBCs and end‐organ damage is the 
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principal factor in the pathophysiology of SCA. Pharmacologically increasing the proportion 

of oxygenated HbS in RBCs may inhibit polymerisation, prevent sickling and provide long 

term disease modification (Noguchi et al., 1988).It is therefore not surprising that most 

studies conducted on finding a treatment have focused on the design of small anti-sickling 

molecular agents that can permeate RBCs and directly inhibit polymerisation(Eaton and 

Bunn, 2017).An array of allosteric modulators that increase the affinity of haemoglobin S for 

oxygen (HbS‐O2 affinity) have been identified (Safo and Kato, 2014), including aromatic 

aldehydes (Figure 4.16) such as 5‐hydroxymethylfurfural (5‐HMF)(Abdulmalik, et al., 2005), 

tucaresol (Arya et al., 1996), 5-[2-formyl-3-hydroxypenoxyl] pentanoic acid (BW12C) 

(Beddell et al., 1984) and Voxelotor (GBT440; Figure 4.17d) (Oksenberg, et al., 2016). These 

molecules were able to bind Hb reversibly and preferentially stabilize the Relaxed (R) state 

(oxyHb) in relation to the Tense (T) state (deoxyHb). This demonstrated that increased 

HbS‐O2 affinity can inhibit RBC sickling in vitro and reduce haemolysis in vivo in SCA patients 

(Oksenberg, et al., 2016). Thus, the anti-sickling activities of both ALM7T5 and ALM7V11 

could be linked to their ability to either inhibit in vitro polymerisation of haemoglobin or to 

some structural modification such as at the cell membrane (Mehanna, 2001). 

Sickling and unsickling episodes cause damage to the cell membrane, decreasing the 

elasticity of the RBC and its ability to return to a normal biconcave disc shape when 

normoxic conditions are restored (unsickling) (Rees et al., 2010).  

One therapeutic approach involves the application of a compound that can interact with the 

RBC membrane to retain its deformability (Mehanna, 2001).  The next chapter investigates 

the ability of Quercitrin to delay HbSS polymerisation and prolong the delay time as a 

mechanism at attenuating HbSS-RBC sickling, to enable its classification based on target 

modified. 
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Figure 4.17 |Aromatic aldehydes that function as allosteric modulators to increase the 
affinity of haemoglobin S for oxygen 

 

 

4.4 Conclusion 

The results of this study scientifically validate the in vitro potential of the Nigerian Alchornea 

spp in the management of sickle cell anaemia which presents a rational explanation for its 

use in African traditional medicine for its anti-sickling properties against sickle cell anaemia. 

Components; ALM7T5 and ALM7V11, isolated from this plant could be the main active 

compounds. Both the crude methanol extract and resultant fractions of Alchornea spp 

leaves demonstrated note-worthy anti-sickling activity (above 70%) prompting the isolation 

of active principles which resulted in the isolation and characterization of the flavonol 

glycoside, Quercitrin which is a derivative of the flavonoid, quercetin. This compound, 

quercitrin (ALM7T5) demonstrates impressive anti-sickling activity. To the best of our 

knowledge, this is the first time this report of this property for quercetin.  

(d) Voxelotor 

(a) 5‐hydroxymethylfurfural (b) Tucaresol  

(c) 5-[2-formyl-3-hydroxypenoxyl] pentanoic acid  
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Chapter 5. Quercitrin Purified from the Leaves of Nigerian Alchornea 

spp. Inhibits Hbs Polymerisation and Red Blood Cell Sickling In Vitro. 
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5.1 Introduction 

In RBCs, haemoglobin exists as a tetrameric protein with two alpha- and two beta-chains. 

SCA is due to the replacement of glutamic acid located in the sixth position of both β-chain 

of haemoglobin by valine (glutamic acid → valine; Figure 5.1) (Mpiana et al., 2013; Pauling, 

Itano, Singer, et al., 1949). This amino acid substitution not only alters the affinity of 

haemoglobin for oxygen considerably but also its solubility in low oxygen pressure 

conditions leading to its polymerisation in the deoxygenated state (deoxyHbS) into long 

fibres that decrease RBC membrane deformability. These form as Val6 interacts 

hydrophobically with Phe85 and Leu88 of the other haemoglobin molecules (i.e., beta-2 of 

the first Hb molecule interact with beta-1 of the second Hb molecule) to results in the 

characteristic rigid, sickle-shaped, defective RBC (Nagel et al., 1979). This sickling is the basis 

of the many symptoms of the ailment (Tshilanda, et al., 2014) as distortion of the RBC leads 

to obstruction of blood flow in the microvasculature. While sickling and unsickling episodes 

compromise red cell deformability (Rees et al., 2010) resulting in haemolysis. It would be 

recalled that polymerisation of the HbS also increases membrane permeability for Calcium 

(Ca2+) and Sodium (Na+) ions which leads to sickle RBCs dehydration (Driscoll, 2007; Fosdal 

and Wojner-Alexandrov, 2007). Deoxygenation of sickle red cells also stimulates K-Cl 

cotransport in isotonic solutions at pH 7.4 (Odievre et al., 2011). 

HbS polymerisation is believed to contribute significantly to the molecular pathogenesis 

associated with acute and chronic manifestations of SCA. It is therefore not surprising that 

most anti-sickling strategies proposed to counter or to minimize sickling of haemoglobin S 

RBCs (HbSS-RBC) have focused on the design of small anti-sickling molecular agents that can 

permeate RBCs and directly inhibit HbS polymerisation (Al-Khatti et al., 1988; Eaton and 

Bunn, 2017; Ley, 1991; Perrine et al., 1993). A particularly promising approach is inducing 

the synthesis of non-polymerizing foetal Hb (HbF). Cytostatic drugs, in particular 

hydroxyurea, and also other agents such as erythropoietin, butyrate and its analogues have 

been shown to induce HbF production (Saleh and Hillen, 1997). Only hydroxyurea has 

shown significant clinical effects in terms of reduction of pain-crises, chest syndrome and 

transfusions in sickle-cell patients (Charache et al., 1992; Fibach et al., 1993; Oksenberg, et 

al., 2016). Despite its wide acceptance, hydroxyurea is moderately toxic especially when 
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administered long term (Oyewole et al., 2008). Its limitations include its ability to suppress 

the bone marrow (myelosuppression) and possible carcinogenicity. Also, not all patients 

experience clinical amelioration (Saleh and Hillen, 1997). In a multicentre clinical trial study, 

only about 44% of patients on HU therapy had an annual reduction in the rate of painful 

episodes and some patients did not respond to HU therapy (Charache, et al., 1995; Saleh 

and Hillen, 1997). 

 

Figure 5.1 | The replacement of glutamate with the hydrophobic valine results in a change 
in the amino acid sequence which causes haemoglobin molecules to polymerize at low 
oxygen tension. RBCs sickle as a result and get stuck in small blood vessels. 

 

Another successful approach has been the designs of chemical adduct-forming drugs that 

interact directly with HbS. These aim to block intermolecular contacts on the tetramer, 

reducing its tendency to polymerize. Further, these could increase the affinity of HbS for 

oxygen and stabilizes oxyhaemoglobin, causing a reversible left-shift of the oxygen 

equilibrium curve (OEC) (Safo and Kato, 2014). A large number of compounds have been 

suggested to have these properties including 5-[2-formyl-3-hydroxypenoxyl] pentanoic acid 

(BW12C) (Fitzharris et al., 1985) and tucaresol (Rolan et al., 1995). Until recently, the most 

promising was 5‐hydroxymethyl‐2‐furfural (5HMF or Aes‐103) (Abdulmalik, et al., 2005) but 

none progressed to phase 3 clinical trials before voxelotor (GBT440) developed by Global 

Normal Red blood 

cell 

Sickled Red blood 

cell 
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Blood Therapeutics (Dufu et al., 2016; Howard et al., 2019; Lehrer-Graiwer et al., 2015; 

Metcalf et al., 2017; Oksenberg, et al., 2016). Voxelotor increased the HbS O2 affinity, had 

excellent pharmacokinetic properties, reduced in vivo sickling, and is currently in phase 3 

clinical trials in the UK (NHS-SPS, 2020) although it has been recently approved by the FDA 

(FDA, 2019).Voxelotor comes with attendant adverse reactions such as headache, 

diarrhoea, abdominal pain, nausea, rash, fatigue and pyrexia (in >10% of patients) (FDA, 

2019). GBT1118 is a structural analogue of voxelotor with similar pharmacological 

properties (Dufu et al., 2017). An additional compound with potential was the clotrimazole -

1 analogue, Senicapoc (ICA-17043) (Ataga et al., 2008) which aimed to preventing the 

dehydration of red blood cells and stopping the polymerisation of HbS. Senicapoc inhibits 

activity of the Gardos channel in vitro and thereby reduces solute loss and shrinkage (Ataga 

and Stocker, 2009). In SCA patients in vivo, Senicapoc was also effective in increasing RBC 

hydration. However, episodes of pain were not reduced and so this drug-lead was 

discontinued (Ataga et al., 2011). Other approaches include the use of oxygen, carbon 

monoxide, and sodium nitrite to reduce the amount of deoxy‐HbS (Beutler, 1961, 1975; 

Laszlo et al., 1969) but these did not yield the much‐needed beneficial effects with the 

reduction of painful crises being considered as the criterion for successful treatment 

(Hebbel, 1994), reducing 2,3-diphosphoglycerate and HbS concentrations (Eaton and Bunn, 

2017).  

Isolation, purification and characterization of active components from many plants used 

ethno-medically in the treatment of SCA with established anti-sickling activity, through 

bioactivity-guided purification have yielded compounds such as phenylalanine and p-

hydroxy benzoic acid from Cajanus cajan (Akojie and Fung, 1992), zanthoxylol (Sofowora et 

al., 1975), betulinic acid (Tshibangu, 2010), divanilloylquinic acids from Fagara 

zanthoxyloides Lam. (Rutaceae) (Ouattara et al., 2009), butyl stearate from Ocimum 

basilicum (Tshilanda, et al., 2014) and Ursolic Acid from Ocimum gratissimumL. (Lamiaceae) 

(Tshilanda et al., 2015), which have all shown interesting activity against SCA in vitro. 

The last chapter (chapter 4) reported that quercitrin, a flavonol glycoside (Zhong et al., 

1997) extracted from the methanol extract of Nigerian Alchornea spp was able to prevent 

sickling in RBCs in vitro. Quercitrin (quercetin 3-O-alpha-L-rhamnopyrano-side; Figure 4.17) 
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is a quercetin O-glycoside, with quercetin substituted by an alpha-L-rhamnosyl moiety at 

position 3 via a glycosidic linkage. It is a plant metabolite present in the bark of Quercus 

tinctoria Bart., Fagaceae, and other plants which has demonstrated potent antioxidant 

(Bose et al., 2013; Yamazaki et al., 2007; Yin et al., 2013), antiapoptotic, (Sánchez de Medina 

et al., 1996; Yin et al., 2013),  anti-leishmanial (da Silva, Maquiaveli, et al., 2012; Wagner et 

al., 2006) with a low toxicity profile (IC50 approximately 1mg/mL) (Muzitano et al., 2006), 

anti-diarrhoeal (Galvez et al., 1993), anti-nociceptive (Gadotti et al., 2005) and anti-

inflammatory activities (Camuesco et al., 2004; Gadotti et al., 2005; Muzitano et al., 2006). 

Quercitrin along with rutoside, has been shown to exert intestinal anti‐inflammatory effects 

in experimental models of rat colitis (Camuesco et al., 2004; Cruz et al., 1998). Quercitrin 

was also reported to exert a beneficial effect in experimental colonic inflammation (Cruz et 

al., 1998; de Medina et al., 1996; De Medina et al., 2002; Galvez et al., 1997). Furthermore, 

quercitrin from Kalanchoe pinnata, was demonstrated to be a potent anti-leishmanial 

compound (IC50 ≈ 1 μg/mL) on intracellular Leishmania amazonensis amastigotes with a low 

toxicity profile, the first time anti-leishmanial activity was demonstrated for a flavonoid 

glycoside (Sánchez de Medina et al., 1996). Comalada et al., suggested that quercitrin is 

released to perform its anti‐inflammatory effect which is mediated through the inhibition of 

the NF‐κB pathway (Comalada et al., 2005). Quercitrin alongside quercetin from Houttuynia 

cordata has also been reported to have antiviral activity. It was found to be potent against 

dengue virus type 2 (DENV-2) but not the murine coronavirus (mouse hepatitis virus; MHV) 

in Mus musculus (mouse) liver epithelial cell line (Chiow et al., 2016). Quercitrin is a yellow 

crystalline powder, melting at 182-185°C, which has the same solubility characteristics as 

quercetin. It has been demonstrated to be an inhibitor of carbonyl reductase (EC 1.1.1.184), 

aldehyde reductase (EC 1.1.1.21) and tyrosinase (EC 1.14.18.1). It is also a monosaccharide 

derivative, a tetrahydroxyflavone, an alpha-L-rhamnoside and a conjugate acid of a 

quercitrin-7-olate. Quercitrin, isolated from Euphorbia hirta, showed antidiarrhoeic activity 

at doses of 50 mg/ kg, against castor oil‐ and PGE2‐induced diarrhoea in mice (Gálvez et al., 

1993) and the antidiarrhoeic activity was thought to be due to its aglycone, quercetin, which 

is released by the glycoside in the intestine (Gálvez et al., 1993). 

Other plants containing quercitrin as well as other flavonoids which exhibit anti-sickling 

activity are fagara zanthoxyloides (Tine et al., 2017), Alchornea cordifolia (Manga et al., 
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2004), Alchornea laxiflora (Bamimore and Elujoba, 2018, Schmelzer and Gurib-Fakim, 

2008a),  Centella asiatica (Jhansi and Kola, 2019, Yasurin et al., 2016, Mpiana et al., 2010a), 

Telfairia occidentals (Ademiluyi et al., 2019; Atabo et al., 2016a), Moringa oleifera (Atabo et 

al., 2016a; Jimoh, 2018) and Calliandra portoricensis (Akah and Nwaiwu, 1988; Amujoyegbe 

et al., 2014). 

5.1.1 Quercitrin as an Antioxidant 

Although nothing is known about the anti-sickling activity of quercitrin, its pharmacological 

activity as an antioxidant has been extensively studied. Several studies reiterate the potent 

antioxidant activity of quercitrin (Bose et al., 2013; Wagner et al., 2006; Yamazaki et al., 

2007; Yin et al., 2013). Quercitrin isolated from Ixora coccinea leaves (Bose et al., 2013) and 

Zanthoxylum piperitum (18 μM) (Yamazaki et al., 2007) strongly scavenged DPPH free 

radicals and also nitric oxide free radicals (Bose et al., 2013) with very low IC50 value. 

Wagner et al., was able to show that quercitrin exhibits both a scavenger and antioxidant 

role, probably mediated via different mechanisms, which may involve the negative 

modulation of the Fenton reaction and NMDA receptor (Wagner et al., 2006). It was also 

able to prevent the formation of TBARS and was discovered to be more effective against 

potassium ferricyanide ([Fe(CN)6]3−, IC50 = 2.5 μg/ml), than quinolinic acid (QA, 

IC50 = 6 μg/ml) and sodium nitroprusside (SNP, IC50 = 5.88 μg/ml) than Fe2+ (Fe2+, 

IC50 = 14.81 μg/ml), Fe2+ plus EDTA (Fe2+ plus EDTA, IC50 = 48.15 μg/ml) (Wagner et al., 

2006). Additionally, quercitrin has been shown to decrease ROS generation induced by UVB 

irradiation in JB6 cells both in vitro and in vivo (Yin et al., 2013). 

This chapter aims to further characterise the anti-sickling activity of quercitrin to possibly 

reflect the reversal of RBC sickling under hypoxic conditions in vitro, RBC membrane 

stabilization and inhibition of Hb polymerisation. 

5.2 Results 

5.2.1 Quercitrin from Alchornea spp Exhibits in vitro Anti-sickling Activity 

Anti-sickling drug design typically aims to produce a drug that can prevent or reverse the 

sickle shape phenotype of the RBCs usually by increasing HbS solubility and inhibiting HbS 
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polymerisation. Here, the ability of quercitrin in preventing or reversing human HbSS-RBC 

sickling in vitro was investigated. 

5.2.1.1 In vitro sickling-inhibition Activity  

The effect of quercitrin on erythrocyte sickling with phenylalanine (Imaga, 2013; Mehanna, 

2017; Villaret et al., 2018) and p-hydroxybenzoic acid (PHBA) (Akojie and Fung, 1992; Moody 

et al., 2003) as reference compounds, was established in erythrocyte suspensions, prepared 

from HbSS whole blood (Figure 5.3). The use of erythrocyte suspension eradicates 

interference from plasma components and related immunological and metabolic processes 

(Coker et al., 2006). In these experiments, sickling intensity was potentiated by hypoxia 

precipitated by the addition of Na2S2O5, mimicking the events that occur during a sickle cell 

crisis episode. The sickling-inhibitory activity of quercitrin was compared at various 

concentrations (800 – 25 µg/mL; in phosphate-buffered saline; PBS) and was found to be 

concentration-dependent. HbSS-RBCs show circular (biconcave) and normal shape, similar 

to the positive control, with these extracts, unlike the negative control which had mostly 

elongated (sickled) HbSS-RBCs (Figure 5.2). Appreciable inhibition of sickling of around 70 % 

was observed at 400 and 800µg/mL relative to maximum sickling obtained (Figures 5.2; 5.3) 

after a 3 h incubation period.  

Although the sickling-inhibitory activity of quercitrin was significantly (P< 0.01) higher than 

that of PHBA, it was at much higher concentrations.  Indeed, it was apparent that the 

activities of quercitrin and a PHBA were similar at equivalent concentrations.  However, one 

advantage of quercitrin was that if concentrations of PHBA exceeded 86µg/mL, HbSS-RBCs 

clumped (see Appendix 4.2) possibly suggesting the toxicity. Therefore, the low anti-sickling 

observed with PHBA (<50%; 10.92±1.27% - 46.85±2.80%) within its active concentration 

range (5 - 86µg/mL) would likely be the best that can be achieved. Phenylalanine exhibited 

very low sickling-inhibition activity (2.11±2.64 - 13.40±4.78%) and at much higher 

concentrations (0.41mg/mL – 6.61mg/mL) than quercitrin. These results show quercitrin 

demonstrates potent anti‐sickling activity in erythrocyte suspension, a property which holds 

significant benefits in whole blood and in vivo. 



181 | P a g e  
 

 

Figure 5.2 | (a) Positive control; NormoxicHbSS red blood cells (HbSS-RBC). (b) Negative 
control; Sickled HbSS-RBC in low oxygen tension induced by Na2S2O5 (c) HbSS-RBC incubated 
with 400µg/mL quercitrin atlow oxygen tension induced by Na2S2O5.When viewed under 
microscope at 400×magnification, the sickled HbSS-RBCs were found to have, elongated or 
spike-like shapes while normal RBCs appeared biconcave or disk-like. 
 
 

 

Figure 5.3 | In vitro anti-sickling effect of Quercitrin (800 – 25 µg/mL concentrations) on 
erythrocytes-sickling at low oxygen tension induced by Na2S2O5 after a total of 3 hours 
incubation period. Quercitrin was able to inhibit HbSS sickling by 100% at 400 µg/mL. 
Phenylalanine and PHBA exhibited minimal and marginal sickling-inhibition activities 
respectively on RBC suspensions incubated under the same conditions. Data represented as 
mean and SD, obtained from three similar results from repeat experiments. 

The mechanism for the anti-sickling property of quercitrin could be by direct modification of 

the HbS tetramer to inhibit polymerisation (Oder et al., 2016, Eaton and Bunn, 2017, 

Nakagawa et al., 2014a) or interaction with the HbS-RBC membrane to enhance 

deformability and hence retain normal cell morphology (Mehanna, 2001).  
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5.2.1.2 In vitro sickling-reversibility Activity 

The ability of quercitrin to reverse HbSS-RBC sickling in vitro was tested (800 – 25 µg/mL). 

Compared to PHBA, quercitrin could only reverse sickling at much higher concentrations 

(Figure 5.4). Quercitrin was able to reverse sickling in erythrocytes incubated in Na2S2O5-

induced hypoxia after a 4-hour incubation period with the reversibility activity at its highest 

(41.79±4.77) at 800µg/mL and lowest (18.07±1.23) at 50µg/mL. This suggests quercitrin was 

able to modify sickled HbSS RBCs containing already polymerized HbS and consequently 

reverse sickling. It is also an indication that whatever the mode of action of quercetin, it is 

not only preventive but probably also marginally curative. A property that could be 

beneficial in reducing the number of circulating sickled erythrocytes in vivo by reversing 

sickling of sickled cells.   

 

Figure 5.4 | Reversibility Effects of Quercitrin on HbSS sickling in vitro, at low oxygen 
tension induced by Na2S2O5 after a total 5 hour-incubation period. Quercitrin exhibits 
marginal reversibility activity comparable to the activity of PHBA at much lower 
concentrations. Data represented as mean and SD, obtained from 3 similar results from 
repeat experiments. 

Quercitrin exhibited a significant (P< 0.05) drop in anti-sickling activity, this activity was 

comparable to the reversibility activity (41.00±5.54 – 11.58±3.93) of PHBA at 86 - 5µg/mL. 
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However, as sickled red blood cells could be restored to the normal morphology (Oder, 

2016) quercitrin was able to permeate HbSS-RBC membrane or interact molecularly with the 

RBCs under hypoxic conditions to give a more stable conformation. 

5.2.2 In vitro sickling-inhibition Activity of Quercitrin versus Quercetin 

The pharmacological activities of a given bioactive compound are dependent on its chemical 

structure (Heim et al., 2012). Previous investigations have credited the biological activity of 

quercitrin to the aglycone, quercetin (Shen et al., 2003; Xiao, 2017) but the possibility of the 

glycosidic residue being crucial for glycoside activity has also been exerted (Křen, 2008; Xiao, 

2017).  It was, therefore, important to compare quercetin and quercitrin anti-sickling 

properties (Ambrose et al., 1952), as quercitrin is the glycosylated form of quercetin (the 

most ubiquitous flavonoid in nature; Figure 5.5). 

 

Figure 5.5 | Inhibitory Effects of Quercetin on HbSS sickling in vitro, at low oxygen tension 
induced by Na2S2O5 after a 3-hour-incubation period. Quercetin was only able to achieve a 
minimal inhibition of sickling in comparison with quercitrin. Data represented as mean and 
SD and were obtained from three similar results, from repeat experiments. 

The results showed significantly (p<0.01) higher anti-sickling activity (93.06±1.56 – 

36.87±1.90 %) in quercitrin than quercetin (11.81±0.98 – -1.14±0.96 %), suggesting that 

quercitrin, but not quercetin, was able to decrease erythrocyte sickling.   This was contrary 
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to previous reports that suggest that quercetin could be an effective anti-sickling agent 

(Muhammad et al., 2019).  

5.2.3 In vitro Antipolymerisation (anti-HbS Gelation) activity 

The mechanism for the anti-sickling property of quercitrin could be due to its ability to 

inhibit the polymerisation of deoxygenated HbS tetramers (deoxyHb) (Chikezie, 2011). To 

test this hypothesis, quercitrin was investigated for anti-HbS gelation activity using 

deoxygenated HbS haemolysate both in the presence and absence of quercitrin. Deoxy HbS 

haemolysate (with Na2S2O5- and phosphate buffer-incubation) without quercitrin treatment 

served as positive control while deoxygenated haemolysate from normal red blood cells 

containing haemoglobin A (HbA haemolysate; HbAA) and oxygenated (without Na2S2O5- and 

phosphate buffer-incubation) HbS haemolysate (HbSS) not treated with quercitrin served as 

negative controls.  

The results obtained from anti-HbS gelation experiment (Figures 5.6, 5.7, 5.8 and 5.9; Table 

5.1) below show the effect of quercitrin, its aglycone, quercetin and the reference 

compounds phenylalanine and PHBA on HbS haemolysate in high phosphate buffer 

concentration (1.5M). This concentration optimizes sickle haemoglobin polymerisation even 

at very low concentrations.  

While both HbAA and HbSS remained non-polymerised, the positive control at low oxygen 

tension was polymerised and considered 100% polymerisation as it contained no anti-

sickling agents to halt or slow down the polymerisation process. Quercitrin was found to 

delay the polymerisation and flatten out the polymerisation curve to the right, in a 

concentration-dependent manner, over a concentration range of 0.25 - 4µg/mL (Figure 5.6).  

The effect of quercitrin on the % polymerisation showed significant differences between the 

control and increasing concentrations of quercitrin measured by one-way ANOVA at p>0.01. 

This indicated that quercitrin can interact with haemoglobin molecules and cause inhibition 

of the polymerisation process.  

In separate reactions, the standard PHBA, quercitrin aglycone and quercetin were assayed 

under the same experimental conditions. Within the experimental time (t = 20 minutes), 
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there were varying degrees of polymerisation at different concentrations and at different 

rates of polymerisation. By the end of the 20-minute incubation period, 4 µg/mL of 

quercitrin (Figure 5.6) produced a significant (p<0.01) decrease in percentage 

polymerisation from 100% in positive control to 0% (-0.43±2.87%) and a decrease in 

polymerisation rate from 5.20±0.12 (in the positive control) to 0% (0.00±0.09%) per minute 

(Table 5.2) which was comparable to PHBA (-6.79±3.03%) at 4 µg/mL, also at 0% 

(0.00±0.10%) (Figure 5.7; Tables 5.1 and 5.2).  

 

 

Figure 5.6 | Inhibitory Effects of Quercitrin on HbS Polymerisation, in vitro. Quercitrin 
inhibits HbS polymerisation compared with the positive control; hypoxic HbS without 
quercitrin. Hypoxic HbA (HbAh) was also not polymerised as well as normoxic HbS (HbS); HbS 
not subjected to deoxygenation. This represents data obtained from three typical 
independent experiments performed in quadruplates. 

 

Polymerisation rate refers to mean increase in percentage polymerisation per minute of the 

incubation period. While 0.25 µg/mL of quercitrin was still able to keep percentage 

polymerisation at -4.17±2.36 %, at 0.00±0.07 % polymerisation rate, percentage 

polymerisation for PHBA rose significantly (p<0.01) to 37.23±2.01 %, at 1.82±1.26 % rate of 

polymerisation. 
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Taken together, these data indicate that quercitrin is a potent inhibitor of in vitro HbS 

polymerisation consistent with its ability to inhibit in vitro HbSS-RBC sickling. The results 

suggest that quercitrin may inhibit in vitro HbSS-RBC sickling by molecular level interaction 

with HbS which delays in vitro HbS polymerisation. These observations further support the 

hypothesis that quercitrin may delay in vivo HbS polymerisation, and hence inhibit sickling 

in vivo. 

 

Figure 5.7 | Inhibitory Effects of PHBA on HbS Polymerisation. PHBA inhibits HbS 
polymerisation compared with the positive control; hypoxic HbS without PHBA treatment. 
Activity was concentration dependent with some level of polymerisation at 0.25ug/mL at 20 
minutes. HbA hypoxic (HbAh) was also not polymerised as well as HbS normoxic (HbS); i.e. 
HbS not subjected to deoxygenation. This represents data obtained from three typical 
independent experiments performed in quadruplates. 

 

5.2.3.1 Inhibitory Effects of Quercetin on HbS Polymerisation versus Quercitrin 

Shen et al., noted that when the glycosylated forms of quercetin are assayed, there is 

usually a loss or reduction of biological activity in comparison with those obtained with the 

aglycone, due to the presence of the sugar moiety in their flavonoid structure (Shen et al., 

2003) but contrary to these report, both glycosides, quercitrin and rutoside, have been 

shown to exert intestinal anti‐inflammatory effects in experimental models of rat colitis 
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(Camuesco et al., 2004; Cruz et al., 1998), whereas no clear effects were demonstrated for 

the aglycone form (Comalada et al., 2005).  

 

 

Figure 5.8 | Inhibitory Effects of Quercetin on HbS Polymerisation. Quercetin showed no 
inhibition of HbS polymerisation with absorbance of polymerised HbS similar to the positive 
control; hypoxic HbS without treatment, at all assay concentrations. Hypoxic HbA (HbAh) 
was not polymerised as well as Normoxic HbS (HbS); i.e. HbS not subjected to 
deoxygenation. This represents data obtained from three typical independent experiments 
performed in quadruples. 

 

To explore a connection between both the antioxidant and anti-sickling activities of 

quercitrin, the following compounds were tested for anti-polymerisation activities; 

quercetin, the flavonoid parent compound of quercitrin and a known antioxidant, and 

ascorbic acid. With quercetin (Figure 5.8), percentage polymerisation were persistently high 

(80.32±2.41 – 119.97±7.24 %) with 4.17±0.07 – 6.23±0.22 % polymerisation rates, 

independent of concentration. This may suggest counter pro-polymerisation effects of 

quercetin but the difference in percentage polymerisation relative to control was not 

significant (p=0.87). On the other hand, ascorbic acid (Figure 5.9) only exhibited marginal 
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anti-polymerisation activity (21.63±9.66 %) at 5mM (0.88 mg/mL), at 1.34±0.35 % 

polymerisation rate which was significantly (p=0.013) lower than quercitrin at 0.25 µg/mL. 

The defining feature of quercitrin which sets it apart from quercetin is the substitution by an 

alpha-L-rhamnosyl moiety at position 3 via a glycosidic linkage. Both antipolymerisation and 

anti-sickling effect were significantly reduced in quercetin which lacked this (Figure 5.8). The 

results suggest the sugar moiety may be critical to the biological activity of quercitrin in this 

case.    

 

 

Figure 5.9 | Inhibitory Effects of Ascorbic acid on HbS Polymerisation. Ascorbic acid 
marginally inhibits HbS polymerisation compared with the positive control; deoxyHbS 
without treatment. Polymerisation drops at 480 seconds but continues to increase again at 
690 seconds (12 minutes). Hypoxic HbA (HbA) was not polymerised as well as Normoxic HbS 
(HbS); i.e. HbS not subjected to deoxygenation. This represents data obtained from three 
typical independent experiments performed in quadruples. 

Since both ascorbic acid and quercetin are potent antioxidants (J. Liu et al., 2018; Suliborska 

et al., 2019; Zheng et al., 2017), their inability to prevent HbS gelling only implies anti-

polymerisation activity is not dependent on inherent antioxidant activity. This suggests that, 

although antioxidant activity may help mitigate the putative effect of oxidative stress in RBC 

sickling, it is not involved in direct inhibition of HbS polymerisation. 
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Table 5.1 | Percentage polymerisation in HbS incubated with Quercitrin and the Control 
Compounds in Na2S2O5-Induced hypoxic condition.  
Ascorbic acid, a standard antioxidant only marginally reduced % polymerisation and at 
significantly higher concentrations than quercitrin suggesting non-dependency of HbS 
polymerisation inhibition on antioxidant activity. 
 

Compounds % Polymerisation at various Concentration 

4µg/mL 2 µg/mL 1 µg/mL 0.5 µg/mL 0.25 µg/mL 

Quercitrin -0.43±2.87 -7.04±4.72 -5.60±0.98 0.72±1.27 -4.17±2.36 
PHBA -6.79±3.03 -2.45±5.96 2.04±4.05 16.03±8.76 37.23±2.01b 
Quercetin 80.32±2.41 97.74±10.58 89.58±10.90 119.97±7.24 114.34±6.02 
 880µg/mL 660µg/mL 440µg/mL 180µg/mL 88µg/mL 
Ascorbic 
acid 

21.63±9.66 49.44±9.78 57.25±13.08 64.68±7.35 69.07±17.00 

Means within a row with a superscript differ (p<0.05). Data expressed as mean and SEM of 
experiments performed in quadruplicates 

 

Table 5.2 | Rate of polymerisation of HbS incubated with Quercitrin and the Control 

Compounds in Na2S2O5-Induced hypoxic condition i.e. mean increase in percentage 

polymerisation per every minute of the incubation period 

Compounds Rate of Polymerisation at various Concentration 

4µg/mL 2 µg/mL 1 µg/mL 0.5 µg/mL 0.25 µg/mL 

Control 5.20±0.12 5.20±0.12 5.20±0.12 5.20±0.12 5.20±0.12 
Quercitrin 0.00±0.09 0.00±0.14 0.00±0.03 0.04±0.04 0.00±0.07 
PHBA 0.00±0.10 0.00±0.19 0.11±0.16 0.88±0.45 1.82±1.26 
Quercetin 4.17±0.07 5.08±0.32 4.65±0.33 6.23±0.22 5.94±0.18 
 880µg/mL 660µg/mL 440µg/mL 180µg/mL 88µg/mL 
Ascorbic 
acid 

1.34±0.35 3.07±0.35 3.55±0.47 4.02±0.26 4.29±0.61 

Means within a row with a superscript differ (p<0.05). Data expressed as mean and SEM of 
experiments performed in quadruple. 

 

5.2.4 Antioxidant Assay: DPPH Radical Scavenging Activity Approach 

Past studies have implied a direct link between the antioxidant and anti-sickling properties 

(Pauline et al., 2013, Mpiana et al., 2010b, Amujoyegbe et al., 2016). To this end, the 

antioxidant capacity of quercitrin, using the DPPH free radical scavenging assay, was 

investigated to examine if; 1. It bears any relations with the anti-sickling property as implied 
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in the literature (Pauline et al., 2013, Mpiana et al., 2010b, Amujoyegbe et al., 2016) and 2. 

If quercitrin possesses an ancillary property as an antioxidant or anti-inflammatory agent. 

Quercitrin was screened for DPPH radical scavenging activity at a concentration range of 

3.125 – 400 µg/mL and the results of the screening are as shown in Figure 5.10. 

 
Figure 5.10 | DPPH Scavenging Activity of Quercitrin compared to known standards; 
Ascorbic acid and Quercetin. This represents data obtained from three typical independent 
experiments performed in triplicates. 
 

 

Ascorbic acid and quercetin served as standards at the same concentrations. Quercitrin 

exhibited high DPPH scavenging activity (69.63±72.67%) at concentrations higher than 

25µg/mL which was comparable to the activities of both ascorbic acid and quercetin. 

In addition, the assessment of antioxidant activity of a test compound involves the ability of 

the substance to inhibit peroxidation of membranes such as the erythrocyte membrane. 

Peroxidation can trigger pathology in disease conditions such as sickle cell anaemia because 

the phospholipids bilayers of cellular and subcellular membranes are major targets for free 

radicals, therefore, quercitin might hold great promise in the chemotherapy of sickle cell 

anaemia (Heim et al., 2012). 
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5.2.5 Membrane Stabilization Assay 

Membrane stabilizing activity effectively identifies anti-sickling agents with potential ability 

to increase RBC resistance to lysis. The haemolytic effect of hypotonic solution due to 

excessive accumulation of fluid within the cell which leads to membrane rupture was used 

to simulate extra- and intravascular haemolysis from erythrocyte injury. Hypotonicity-

induced lysis was employed due to its simplicity and reproducibility. When red blood cells 

are placed in hypotonic solution in which osmolarity is diminished, the increase in red blood 

cell volume is both instantaneous and quantitative. This phenomenon is put into practical 

use in the red blood cell osmotic fragility test, which determines the release of haemoglobin 

from red blood cells in hypotonic sodium chloride (NaCl) solution. The effect of varying 

concentrations of quercitrin on the RBC membranes subjected to hypotonicity-induced 

membrane lysis revealed appreciable membrane protective effects and inhibitory action on 

haemolysis of HbSS-RBCs. Figure 5.11 shows that quercitrin significantly (p≤0.05) inhibited 

hypotonicity-induced lysis evident from the high percentage inhibition of haemolysis; 99.72, 

95.54, 96.84, 97.96 and 94.14 obtained for concentrations of 100, 200, 300, 400 and 500 

μg/ml respectively. The inhibition of haemolysis was found to be independent of 

concentration and comparable with that obtained for Isobutylphenylpropionic acid 

(Ibuprofen; Figure 5.10). Ibuprofen was relevant as studies have shown that non-steroidal 

anti-inflammatory drugs (NSAIDs) act through stabilization of lysosomal membranes by 

inhibiting the release of lytic enzymes and active mediators of inflammation (Anosike et al., 

2012; Gunaydin and Bilge, 2018; Osafo et al., 2017). Quercitrin at concentrations of 100–500 

μg/ml protected the human erythrocyte membrane against lysis induced by hypotonic 

solution as well as Ibuprofen (i.e. no significant difference; p=0.462). The results suggest 

that quercitrin was able to prolong HbSS-RBC lifespan; in part, through by a significant 

membrane stabilizing activity. 

This demonstrates potent membrane stabilizing effect of quercitrin possibly with increased 

erythrocyte deformability in erythrocytes suspension, in addition to its anti-sickling and anti-

polymerisation activities. These results further corroborate the hypothesis that quercitrin 

may inhibit intra- and extra-vascular haemolysis, reducing a major pathology of erythrocyte 

sickling in vivo. 
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Figure 5.11 | Membrane Stabilizing Activity of Quercitrin on HbSS-RBC Membrane 
subjected to hypotonicity-induced membrane haemolysis. This represents data obtained 
from three typical independent experiments performed in triplicates. 

 

Erythrocyte injury-mediated haemolysis leads to occlusion of microvasculature, endothelial 

dysfunction and vasculopathy with tissue ischemia/reperfusion injury and inflammation as 

resultant consequence. This is due to increased susceptibility of red cell membrane 

following deoxygenation-induced polymerisation of HbS (injury), to secondary damage 

through free radical induced lipid peroxidation. The protective ability of quercitrin might 

contribute to RBC flexibility and deformability by supporting membrane stability, hence 

preventing injury to red cells (Huisjes et al., 2018). Membrane stabilizing activity is also 

related to anti-inflammatory activity (Anosike et al., 2012; Chowdhury et al., 2014). 

Inflammation is a main feature in SCA pathogenesis which is accompanied by heterocellular 

leukocyte-platelet-erythrocyte-endothelial adhesive events that trigger vaso-occlusive 

episodes (Kato et al., 2017). During inflammatory events, phagocytes releases lysosomal 

enzymes and hydrolytic components to the extracellular space, which then inflict damages 

on the surrounding organelles and tissues.  Quercitrin might have an ancillary property in 

RBC membrane stabilization through the inhibition of the synthesis of lytic enzymes. 
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5.3 Discussion 

Many of the therapeutic interventions in the sickling process currently being assessed in 

clinical trials are targeted at haemoglobin S (HbS) polymerisation as the root cause of sickle 

cell anaemia. These drug candidates can mostly be sub-classified as either the Haemoglobin 

gene modifier (Pule et al., 2015), the HbS molecule modifiers, and the erythrocyte 

membrane modifiers (Mehanna, 2001). Here, the in vitro effects quercitrin extracted from 

Alchornea spp. on RBC suspensions are described. The study confirmed a marked decrease 

in Hb polymerisation and reduction in RBC sickling. 

5.3.1 Quercitrin from Alchornea Exhibits in vitro Anti-sickling Activity 

The results of this study indicate that quercitrin did not only exhibit anti-sickling activity but 

it was also able to inhibit in vitro Hb polymerisation appreciably at equivalent 

concentrations with PHBA. However, quercitrin was able to exhibit higher anti-sickling 

activity than PHBA at higher concentrations which PHBA was incapable of. This could be an 

indication of the cytotoxic nature of PHBA with increasing concentrations when in direct 

contact with the cells. Orally, it is known to have low toxicity with an LD50 of 340 mg/kg in 

rats (Chernykh and Savchenko, 1988) and 2200 mg/kg in mice (Lewis and Sax, 1996). 

Additionally, quercitrin was able to marginally reverse RBC sickling after a two-hour 

incubation period (Figure 5.3) suggesting quercitrin was able to modify sickled HbSS RBCs 

containing already polymerized HbS and consequently reverse sickling. The haemoglobin 

(Hb) molecule has a high affinity for most substrates that reverse the sickling phenomenon 

(Abraham et al., 1982). However, as sickled red blood cells could be restored to the normal 

morphology (Oder, 2016), quercitrin was able to permeate HbSS-RBC membrane or interact 

molecularly with the RBCs under hypoxic conditions to give a more stable conformation. As 

the haemoglobin (Hb) has been found to exhibit high affinity for most substrates that 

reverse RBC sickling (Abraham et al., 1982) and the configuration of the region where anti-

sickling agents bind Hb has been determined, it has been hypothesised that since the rate of 

substrate combination with haemoglobin is very fast. Indeed, activity might be dependent 

upon the rate at which the substrate is transported across the membrane (Imaga, 2013). It is 

also an indication that whatever the mode of action of quercetin, it is not only preventive 
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but probably also therapeautic. A property which could be beneficial in reducing the 

number of circulating sickled erythrocytes in vivo by reversing sickling of sickled cells. 

The pharmacological activities of a given bioactive compound are dependent on its chemical 

structure (Heim et al., 2012). Previous investigations have credited the biological activity of 

quercitrin to the aglycone, quercetin (Shen et al., 2003; Xiao, 2017) but the possibility of the 

glycosidic residue being crucial for glycoside activity has also been exerted (Křen, 2008; Xiao, 

2017). The quercetin aglycone or glucoside is not found in human plasma, however, 

quercetin conjugates, such as quercetin-3-glucuronide, quercetin-3'-sulfate, and 

isorhamnetin-3-glucuronide do occur in human plasma (Janisch et al., 2004). It is generally 

thought that the flavonoid glycosides such as quercitrin, enters the colon and are 

hydrolyzed to the aglycone by quercitrinase found in enterobacteria (Tranchimand et al., 

2010). The aglycone is then absorbed in the large intestine easily because of its lipophilicity, 

and then metabolized in the liver by O-methylation, glucuronidation, and/or sulfation 

(Bentz, 2017). Quercetin has displayed the ability to prevent the oxidation of low-density 

lipoproteins (LDL) by scavenging free radicals and chelating transition metal ions (Bentz, 

2017). As a result, quercetin may assist in the prevention of certain disease pathologies, 

such as chronic inflammation, atherosclerosis and even vaso-occlusive events (Hollman and 

Katan, 1997; Murota and Terao, 2003). On the one hand, bioavailability of quercetin in 

humans has been found to be low and highly variable (0–50%) as it is rapidly cleared with an 

elimination half-life of 1–2 hours after ingesting quercetin foods or supplements (Graefe et 

al., 1999). This is because, quercetin undergoes rapid and extensive metabolism after oral 

ingestion which lowers the likelihood that the biological effects presumed from in vitro 

studies will apply in vivo (Barnes et al., 2011; Williams et al., 2004). A comparison between 

quercitrin and quercetin necessitated by this hypothesis revealed quercitrin, but not 

quercetin, was able to decrease erythrocyte sickling in vitro, contrary to previous reports 

which had suggested quercetin could be an effective anti-sickling agent (Muhammad et al., 

2019). A similar recent study which evaluated the isoquercitrin was able to connect its anti-

sickling activity to a direct interaction  with haemoglobin molecules through multi-

spectroscopic and molecular simulation techniques (Syed, et al., 2019). 
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5.3.2 Antioxidant Activity: DPPH Radical Scavenging Activity Approach 

Past studies have implied a direct link between the antioxidant and anti-sickling properties 

(Pauline et al., 2013, Mpiana et al., 2010b, Amujoyegbe et al., 2016). In fact, treatments 

with a combination of high-dose antioxidants have been suggested by earlier studies to 

reduce the percentage of irreversibly sickled cells (Al Balushi et al., 2019b, Biswal et al., 

2019, Jagpal, 2017, Pauline et al., 2013, Mpiana et al., 2010b, Amujoyegbe et al., 2016). 

Given these indications as well as the fact that inflammatory responses in HbSS-RBCs are an 

undeniable part of vaso-occlusive episodes, exploring the antioxidant capacity of quercitrin 

may present a productive therapeutic approach. This necessitated investigating the 

antioxidant capacity of quercitrin, using the DPPH free radical scavenging assay approach. 

The DPPH radical scavenging activity of quercitrin was remarkable (Figure 5.11) and 

comparable to that of both quercetin and ascorbic acid, which are known standard 

antioxidants. 

The basic flavonoid structure consists of two phenyl groups joined by a three-carbon bridge 

(Bohm 1998; Beecher 2003). Flavonoids are divided into two main classes, those in which 

the three-carbon bridge is involved in a heterocyclic ring, referred to as ring C and those in 

which the three-carbon bridge is open (Figure 5.12)(Beecher, 2003; Bohm, 1998). Many of 

the subclasses of flavonoids vary as a result of the functional group on ring C. Flavanol and 

anthocyanidins are the only two subclasses that do not have a 4-oxo group, but they do 

contain a 3-hydroxyl group along with the flavonols (Bentz, 2017). The flavones, isoflavones, 

and flavonols have a 2-3 double bond on ring C, and anthocyanidins have a 1-2 and 3-4 

double bond (Bentz, 2017). The C ring on the subclasses is joined to ring B on carbon 2, 

except for isoflavones which are joined at carbon 3. These various substitution patterns not 

only define the subclasses, but also affect their absorption and their ability to act as 

antioxidants (Beecher, 2003).  
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Figure 5.12 | Basic Flavonoid Structures: A. Flavonoids in which the three-carbon bridge is 
involved in a heterocyclic ring (ring C) and those in which the three-carbon bridge is open. 

 

Three of these structural groups aid quercetin in maintaining its stability and acting as an 

antioxidant when interacting with free radicals: the B ring o-dihydroxyl groups, the 4-oxo 

group on ring C in conjugation with the 2,3-alkene, and the 3- and 5-hydroxyl groups (Figure 

5.13) (Hollman and Katan, 1997).  

 

 

 

 

 

Figure 5.13 | Quercitin structure showing the B ring o-dihydroxyl groups, the 4-oxo group on 
the C ring in conjugation with the 2,3-alkene, and the 3- and 5-hydroxyl groups. 

 

The most common flavonoid structure in nature is the glycosylated structures (Murota and 

Terao, 2003). Although, the aglycone is used in studies since it is commercially available 

(Bentz, 2017). Additionally, quercetin is thought to be present physiologically as its flavonoid 
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glycosides such as quercitrin to elicit its biological activity (Bentz, 2017; Janisch et al., 2004; 

Tranchimand et al., 2010). Quercetin has displayed the ability to prevent the oxidation of 

low-density lipoproteins (LDL) by scavenging free radicals and chelating transition metal 

ions. As a result, quercetin may assist in the prevention of certain disease pathologies, such 

as chronic inflammation, atherosclerosis and even vaso-occlusive events (Hollman and 

Katan, 1997; Murota and Terao, 2003). 

In a study that compared the antioxidant activities of the flavonol aglycones, quercetin and 

myricetin, and their selected glycosides in bulk methyl linoleate oxidized at 40°C, the 

aglycones, quercetin and myricetin, were found to be consistently more active in bulk 

methyl linoleate than their glycosides. The order of activity of quercetin and its derivatives 

was quercetin > quercitrin > isoquercitrin > rutin and the sugar moiety was shown to have a 

marked effect on the antioxidant activity of flavonols. Although, quercitrin possessed an 

activity close to that of its aglycone, quercetin (Hopia and Heinonen, 1999). Different 

solubilities and differences in oxidizing ability of glycosides containing a monosaccharide or 

disaccharide at the C3 position were thought to be partly responsible for the different 

activities of glycosides (Hopia and Heinonen, 1999). 

Additionally, the assessment of antioxidant activity of a test compound involves the ability 

of the substance to inhibit peroxidation of membranes such as the erythrocyte membrane. 

Peroxidation can trigger pathology in disease conditions such as sickle cell anaemia because 

the phospholipids bilayers of cellular and subcellular membranes are major targets for free 

radicals, therefore, quercitrin might hold great promise in the chemotherapy of sickle cell 

anaemia (Heim et al., 2012) as quercitrin has displayed the ability to prevent lipid 

peroxidation (Ma et al., 2016; Wagner et al., 2006; Yin et al., 2013). In addition to scavenger 

and antioxidant roles, quercitrin was found to prevent the formation of TBARS and was 

discovered to be more effective against potassium ferricyanide ([Fe(CN)6]3−, IC50 = 2.5 

μg/ml), than quinolinic acid (QA, IC50 = 6 μg/ml) and sodium nitroprusside (SNP, 

IC50 = 5.88 μg/ml) than Fe2+ (Fe2+, IC50 = 14.81 μg/ml), Fe2+ plus EDTA (Fe2+ plus EDTA, 

IC50 = 48.15 μg/ml) (Wagner et al., 2006). However, although quercitrin has displayed 

impressive antioxidant ability, there seems to be no evidence indicating the anti-sickling 

activity is a factor of the antioxidant activity. 
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5.3.3 Quercitrin from Nigerian Alchornea spp. Inhibits HbS Polymerisation (HbS Gelation) In 

vitro 

The mechanism for the anti-sickling property of quercitrin could be by direct modification of 

the deoxygenated HbS tetramer to inhibit polymerisation (Oder et al., 2016, Eaton and 

Bunn, 2017, Nakagawa et al., 2014a) or interaction with the HbS-RBC membrane to enhance 

deformability and hence retain normal cell morphology (Mehanna, 2001). This informed 

assessment of both the anti-HbS polymerisation activity of quercitrin and membrane 

stabilising activity.  

No polymerisation was observed with HbA (HbAA) subjected to deoxygenation as expected, 

as it does not contain the hydrophobic contacts that aid polymer formation i.e. the valine 

substitute for glutamine at the 6th position of the beta globin (Eaton, 2020; Ingram, 1958, 

1959). Likewise, there was no polymerisation with oxygenated HbS (HbSS) because soluble 

HbS only transforms on deoxygenation into a highly viscous and semi-solid gel that behaves 

thermodynamically similar to a crystal in equilibrium with a solution of individual tetrameric 

Hb molecules (Hebbel and Vercellotti, 2018), as was observed in the positive control. 

DeoxyHb S solubility is also dependent on temperature, polymer formation increases with 

increasing temperature. This is why the assay had to be carried out at 37 °C (Eaton and 

Hofrichter, 1990). However, in the presence of quercitrin, deoxyHb polymerisation was 

delayed. Quercitrin practically flattened out the polymerisation curve, in a concentration-

dependent manner, comparable to the activity of the standard PHBA (Figure 5.7).  Although 

PHBA was able to inhibit HbS polymerisation, it exhibited marginal anti-sickling activity.  

As pointed out earlier, Shen et al., noted that when the glycosylated forms of quercetin are 

assayed, there is usually a loss or reduction of biological activity in comparison with those 

obtained with the aglycone, due to the presence of the sugar moiety in their flavonoid 

structure (Shen et al., 2003) but contrary to these reports, both glycosides, quercitrin and 

rutoside, have been shown to exert intestinal anti‐inflammatory effects in experimental 

models of rat colitis (Camuesco et al., 2004; Cruz et al., 1998), whereas no clear effects were 

demonstrated for the aglycone form (Comalada et al., 2005). The results of this study agree 

with the latter as quercetin exhibited no anti-polymerisation effect on deoxyHbS (Figure 5.8) 

with persistently high % polymerisation similar to that of the positive control. The results 
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from quercetin, which is also an antioxidant were compared with ascorbic acid, another 

known potent antioxidant to establish a relationship between antioxidant activity and anti-

polymerisation activity of lack of it. Interestingly, quercetin showed no anti-polymerisation 

activity and ascorbic acid exhibited marginal anti-polymerisation activity (Figure 5.9) 

although this activity was significantly lower than that of quercitrin. The defining feature of 

quercitrin which sets it apart from quercetin is the substitution by an alpha-L-rhamnosyl 

moiety at position 3 via a glycosidic linkage. Both anti-polymerisation and anti-sickling effect 

was significantly reduced in quercetin which lacked this (Figure 5.8), suggesting the sugar 

moiety of quercitrin may be critical to its biological activity.    

Additionally, both ascorbic acid and quercetin are known antioxidants with potent 

antioxidant activity (Suliborska et al., 2019, Zheng et al., 2017, Liu et al., 2018a). Their 

inability to prevent HbS gelling only implies anti-polymerisation activity is not dependent on 

inherent antioxidant activity. This suggests that, although antioxidant activity may help 

mitigate the putative effect of oxidative stress in RBC sickling, it is not involved in direct 

inhibition of HbS polymerisation. 

In a related study, anti-sickling activity of isoquercitrin, a quercitrin analogue was discovered 

to be dependent on the interaction with haemoglobin molecules which stabilizes the R-state 

of Hb S molecules with resultant increase in HbS oxygen affinity and inhibition of HbS 

polymerisation reactions (Syed et al., 2019a). 

In SCA, delay of HbS polymerisation during transit of RBCs through post‐capillary venules 

supplying hypoxic tissues is necessary for disease modification (Ilesanmi, 2010). It is 

important to point out that therapeutic benefit does not require complete inhibition of HbS 

polymerisation. What makes HbSS disease survivable and HbS/HPFH benign is the unusual 

kinetics of polymerisation, with a marked delay period before fibres appear (Hofrichter et 

al., 1974) that allows most cells to escape the small vessels of the tissues before fibres start 

to form (Ferrone, 2015; Mozzarelli et al., 1987). Since the delay time is extraordinarily 

sensitive to oxygen pressure and intracellular Hb concentration, even small degrees of 

polymerisation inhibition can produce large increases in the delay time, allowing many more 

cells to escape the tissues without sickling (Eaton et al., 1976). Moreover, transient changes 

in the delay time probably contribute importantly to the episodic nature and 
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unpredictability of sickle cell crises (Bunn, 1997b). Thus, the probability of sickling in the 

microcirculation is decreased if the delay time is increased (Eaton and Hofrichter, 1987; 

Eaton et al., 1976) or if the transit time through the microcirculation is decreased. Such are 

the therapeutic rationales for reducing adhesion of blood cells to the vascular endothelium 

(Hebbel et al., 1980a, Hebbel et al., 1980b, Frenette and Atweh, 2007, Nath and Hebbel, 

2015). 

5.3.4 Membrane Stabilization; A Possible Mechanism of Action for the Anti-Sickling Activity of 

Quercitrin Extracted from Alchornea Spp. 

Membrane stabilizing activity effectively identifies anti-sickling agents with potential ability 

to increase RBC resistance to lysis. The haemolytic effect of hypotonic solution due to 

excessive accumulation of fluid within the cell which leads to membrane rupture was used 

to simulate extra- and intravascular haemolysis from erythrocyte injury. The effect of 

varying concentrations of quercitrin on the RBC membranes subjected to hypotonicity-

induced membrane lysis revealed appreciable membrane protecting effects from, and 

inhibitory action on haemolysis of HbSS-RBCs. Figure 5.10 shows that quercitrin significantly 

(p≤0.05) inhibited hypotonicity-induced lysis which was found to be independent of 

concentration and comparable with that obtained for Ibuprofen. Ibuprofen was relevant as 

studies have shown that non-steroidal anti-inflammatory drugs (NSAIDs) act through 

stabilization of lysosomal membranes by inhibiting the release of lytic enzymes and active 

mediators of inflammation (Anosike et al., 2012; Gunaydin and Bilge, 2018; Osafo et al., 

2017).   

RBCs have been known to lose water in hypertonic media, resulting in increased mean cell 

haemoglobin concentration (MCHC) and loss of deformability (Bareford et al., 1985). The 

resulting loss of erythrocyte water can contribute to a local increase in RBC cytoplasmic 

viscosity (Kim et al., 2015). The results demonstrated a potent membrane-stabilizing effect 

of quercitrin possibly with increased erythrocyte deformability in erythrocytes suspension, 

in addition to its anti-sickling and anti-polymerisation activities.  

Increased deformability prolongs HbSS-RBC lifespan; in part, through a significant 

membrane stabilizing activity (Kim et al., 2015). These further corroborate the hypothesis 
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that quercitrin may inhibit intra- and extra-vascular haemolysis, reducing a major pathology 

of erythrocyte sickling in vivo (Kato et al., 2017; Oder et al., 2016). 

Erythrocyte injury-mediated haemolysis leads to occlusion of microvasculature, endothelial 

dysfunction and vasculopathy with tissue ischemia/reperfusion injury and inflammation as 

resultant consequences (Morris et al., 2008). This is due to increased susceptibility of red 

cell membrane following deoxygenation-induced polymerisation of HbS (injury), to 

secondary damage through free radical induced lipid peroxidation (Presley et al., 2010). The 

protective ability of quercitrin might contribute to RBC flexibility and deformability by 

supporting membrane stability, hence preventing injury to red cells (Huisjes et al., 2018). 

Membrane stabilizing activity is also related to anti-inflammatory activity (Anosike et al., 

2012; Chowdhury et al., 2014). Inflammation is amain feature in SCA pathogenesis which is 

accompanied by heterocellular leukocyte-platelet-erythrocyte-endothelial adhesive events 

that trigger vaso-occlusive episodes (Kato et al., 2017). During inflammatory events, 

phagocytes release lysosomal enzymes and hydrolytic components to the extracellular 

space, which then inflicts damages on the surrounding organelles and tissues (Hod, 2019; 

Straat et al., 2012).  Quercitrin might have an ancillary property in addition to its anti-

sickling effect which might be dependent on RBC membrane stabilization through the 

inhibition of the synthesis of lytic enzymes (He et al., 2017; Inan, 2019). 

The mechanism for the inhibitory property of quercitrin could be by the inhibition of Ca2+-

activated K+ channel (Brugnara et al., 1993) to prevent dehydration and its attendant 

increase in Hb concentration (Eaton and Bunn, 2017). Under hypoxia condition, this channel 

had been identified to facilitate the loss of water from the erythrocyte membrane with 

subsequent increase in the intracellular concentration of HbSS (Rhoda et al., 1990) leading 

to polymerisation and its associated vaso-occlusive crises (Archer et al., 2015).Hence, 

therapeutic benefit could result from an increase in red cell volume sufficient to reduce the 

intracellular Hb concentration by as little as 10% (Figure 5.14), dependent on the sensitivity 

of the delay time to Hb concentration (Eaton and Bunn, 2017; Eaton et al., 1976). 

Additionally, when red cells sickle, damage to the membrane results in calcium influx, which 

triggers enhanced potassium efflux via the Gardos channel. As a result, HbS concentration 

increases along with a significant increase in the possibility of further sickling. Relatively, 
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increase in intracellular Ca2+ concentration leads to decreased RBC deformability (Chien, 

1987), changes of cell shape and volume, increased cellular rigidity and haemolysis (Romero 

and Romero, 1997). Therefore, inhibition of this channel is a valid therapeutic approach 

(Eaton and Bunn, 2017). Treatment with senicapoc (ICA-17043), a highly potent Gardos 

channel blocker, resulted in a decrease in red cell density and MCHC, increased Hb levels, 

and reduced haemolysis in both sickle mouse model(Stocker et al., 2003) and SCA patients 

(Ataga et al., 2008). However, a phase 3 clinical trial was aborted because the 

administration of senicapoc seemed to cause a slight increase in the rate of sickle pain crises 

(Ataga and Stocker, 2015). Although the use of Gardos channel inhibitors is justifiable, their 

efficacy depends on damage to the red cell membrane caused by cycles of cell sickling and 

unsickling from HbS polymerisation and depolymerisation (Eaton and Bunn, 2017). 

 

 

Figure 5.14 | Schematic of normal and swollen RBCs. A small increase in red cell volume 
which decreases the intracellular HbS concentration dramatically, increases the delay time 
of sickling because of its high dependence on HbS concentration. As little as 10% increase in 
cell volume is predicted to have a therapeutic effect (Sunshine et al., 1978, Li et al., 2017d). 

 

The mechanism by which quercitrin acts could also be through intermolecular interaction, 

by stereospecific covalent or non-covalent attachment to the HbS molecule as an inhibitor 

(Eaton and Bunn, 2017; Eaton et al., 1976) or by increasing the oxygen affinity of 

haemoglobin S (Oder et al., 2016). A number of such allosteric effector of haemoglobin 

(Figure 5.15) which have been identified to increase oxygen affinity include di(5-(2,3-

dihydro-1,4-benzodioxin-2-yl)-4H-1,2,4-triazol-3-yl)disulfide (TD-1) (Nakagawa et al., 2014a), 
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5-hydroxymethyl-2-furfural (5-HMF) (Xu et al., 2017a), N-ethylmaleimide (NEM)(Sato and 

Ohnishi, 1983), and diformamidine disulphide (Nakagawa et al., 2014b). 

 

 

Figure 5.15 | Some allosteric effectors which have been identified to effectively the 
increase oxygen affinity of haemoglobin S 

 

5.4 Conclusion 

In this chapter, the anti-sickling activity of quercitrin is characterized to show that it inhibits 

and marginally reverses sickling of sickled RBCs under hypoxic conditions in vitro. In 

addition, the compound also inhibited Hb polymerisation possibly by increasing 

haemoglobin oxygen affinity. It also stabilized HbSS-RBC membrane, possibly with increase 

in RBC deformability, and a reduction in RBC fragility. These findings are particularly exciting 

as they suggest that quercitrin may have multiple actions in reducing sickling by both 

inhibiting HbS polymerisation and stabilizing the RBC membrane. This gives credence to the 

TD-1 5-HMF 

Diformamidine disulphide 

N-ethylmaleimide 
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possibility of quercitrin mitigating vaso-occlusion and microvascular dysfunction by 

reversing sickling of circulating sickled red blood cells in vivo. 
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Chapter 6. Mode of Action of Quercitrin on Sickle Cell Anaemia 
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6.1 Introduction 

Target-identification and mechanism-of-action (MoA) studies can allow the identification of 

specific biochemical interactions of a drug candidate to produce a pharmacological effect. 

This allows drug optimisation to improve efficacy and reduce undesirable side effects 

(Schenone et al., 2013). Deciphering mechanisms of action can involve genetic approaches, 

direct biochemical methods or computational extrapolations (George et al., 2017). An 

extensive and in-depth understanding of the molecular targets and the relevant biological 

pathways can also be deduced by quantifying differences in thousands of metabolites after 

drug treatment (Dougall and Unitt, 2015; Schenone et al., 2013).  

Recent years have witnessed a dramatic rise in scientific interest in developing drugs for 

rare diseases (Gibson et al., 2015), and this includes anti-sickling agents for the 

management of SCA.  Many anti-sickling drug targets inhibit the sickling process in vitro by 

interfering with the mechanism and/or kinetics of the sickling process or inducing the 

synthesis of non-polymerizing foetal Hb (HbF) (Saleh and Hillen, 1997, Eaton and Bunn, 

2017, Al-Khatti et al., 1988, Ley, 1991, Perrine et al., 1993, Oksenberg et al., 2016a, 

Charache et al., 1992, Fibach et al., 1993, Lehrer-Graiwer et al., 2015, Dufu et al., 2016, 

Oksenberg et al., 2016b, Metcalf et al., 2017, Howard et al., 2019). Those agents which 

affect the sickling process can be further sub-classified as either the haemoglobin gene 

modifiers (Pule et al., 2015), the HbS protein modifiers, and the erythrocyte membrane 

modifiers (Mehanna, 2001). Unfortunately, many of these agents did not show promising 

success in terms of practical or clinical use probably due to the high volume of haemoglobin 

to be modified (Charache et al., 1995, Saleh and Hillen, 1997, Ataga et al., 2011, Beutler, 

1961, Laszlo et al., 1969, Beutler, 1975). Additionally,  the few in clinical use display 

moderate toxicity especially with long term administration (Oyewole et al., 2008). These 

therapies are also rarely available for millions of patients in sub-Saharan Africa, with high 

prevalence and majority of the world (Kato et al., 2018b). With the race against time for the 

development of more affordable and assessable drug candidates without compromising on 

effectiveness. This requires that new cost-effective anti-sickling small molecule need to be 

defined but also that the technological tools are being increasingly used to discover and 

elucidate mode of action for drug optimisation  (Schenone et al., 2013).  
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One such is the metabolomics approach which could be essential to the identification and 

description of key pathways (Guijas et al., 2018) for target modifications in anti-sickling drug 

discovery. The metabolome is the terminal downstream product of the genome and consists 

of the total complement of all the low molecular weight molecules (metabolites) in a cell, 

tissue or organism (Roberts et al., 2012). Metabolomics, which is fundamental to the 

integration of data from other ‘-omics’ technologies (Chu et al., 2019; Pinu et al., 2019) is 

directed at the comprehensive and quantitative analysis of wide arrays of metabolites in 

biological samples (Dettmer et al., 2007). Metabolomic changes respond faster to external 

stimuli than any other “-ome” and are especially appropriate for investigating the metabolic 

profile of erythrocytes (Adebiyi et al., 2019).  

Metabolomic methodologies are categorised as either untargeted metabolomics, which 

provides a comprehensive analysis of all the measurable analytes in a sample including 

chemical unknowns (Bingol, 2018), or targeted metabolomics, the measurement of defined 

groups of chemically characterized and biochemically annotated metabolites (Bingol, 2018; 

Roberts et al., 2012). Although there is a range of analytical chemistry instruments applied 

in metabolomics research (Zhang et al., 2011a), they are both frequently carried out with 

the application of two analytical instruments; Nuclear magnetic resonance (NMR) 

spectroscopy and mass spectrometry (MS) (Marshall and Powers, 2017). The latter may be 

coupled to liquid chromatography (LC-MS), gas chromatography (GC-MS), or capillary 

electrophoresis (CE-MS), each having its strengths and weaknesses (González-Domínguez et 

al., 2018).  These so-called hyphenated approaches use chromatographic prior separation to 

provide information of the metabolites before entry into the MS component which provides 

information of molecular mass, ionisation types and, depending on the approach used, 

metabolite breakdown products. MS is therefore based on the generation of metabolite 

ions and these may be generated by electron impact ionization (EI) (Ouellette and Rawn, 

2015) which is a high energy process where electrons bombard molecules in a vacuum and 

release an electron from the molecule to form charged ions (Kitson et al., 1996).  The 

electron impact ionisation provides significant fragmentation of the molecular ion and 

produces a reproducible fragmentation pattern that can be employed for the identification 

of metabolites by searching mass spectral libraries (González-Domínguez et al., 2018). As an 

alternative to hyphenated-MS approaches, it is possible to directly infuse the metabolite 
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mixture into the MS.  Such infusions are applied directly into a solvent flow leading directly 

to the MS in flow-infusion electrospray ion high resolution mass spectrometry (FIE-HRMS). 

FIE-HRMS has several advantages over chromatography-based methods particularly in its 

increased sensitivities  (Delabrière et al., 2017; Draper et al., 2012). This was the rationale 

for the use of this high-throughput screening and broad coverage technique in this study.  

As reported in Chapter 3, Alchornea laxiflora have been reported to have a range of 

medicinal properties (Dzoyem and Eloff, 2015, Schmelzer, 2007, Ogundipe et al., 2001a, 

Ogundipe et al., 2001b, Akinpelu et al., 2015b, Olatunde Farombi et al., 2003, Adeloye et al., 

2005, Oloyede et al., 2011, Sandjo et al., 2011, Molander et al., 2014, Okokon et al., 2017) 

along with anti-sickling activity (Bamimore and Elujoba, 2018; Muanya, 2009). This study 

linked the anti-sickling activity of Alchornea spp. with quercitrin. Deciphering the MoA of 

quercitrin was an essential next step to allow for drug candidate optimisation. 

This chapter aims to understand the mechanism of the anti-sickling activity of quercitrin 

using untargeted metabolomics using FIE-HRMS. Rapid analysis and quantification of 

biological signatures allowed for the description of significant intracellular changes 

generated by quercitrin in sickle erythrocytes, key signatures of erythrocyte metabolism and 

the biological pathways that are relevant in the response to quercitrin towards 

understanding its molecular targets as well as its mode of action.  The identification of 

compounds of interest was validated by matching retention times with standards. 
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6.2 Results and Discussion 

6.2.1 Anti-sickling profiles for RBC incubation with Quercitrin in Nitrogen-induced Hypoxia 

Previously, hypoxic effects were imposed with the addition of 2 % sodium metabisulfite 

(Na2S2O3) to induce the sickling phenotype in HbSS blood samples. However, as MS-based 

metabolomic approaches were planned for quercitrin-MoA studies, it was not appropriate 

to use such a high concentration of a sodium salt. Therefore, the possibility of using N2 to 

induce hypoxia and sickling was explored.   

Sickle oxyHb-erythrocytes were subjected to the following treatments; deoxygenation with 

N2 to create deoxyHb RBCs as negative control (SS-N), incubation with quercitrin followed 

by deoxygenation with N2 (Inhibitory activity of quercitrin; SS-QI), and deoxygenation 

followed by incubation with Quercitrin (Reversibility activity of quercitrin; SS-QR). These 

were compared with both normoxic HbSS (SS) and deoxyHbAA RBCs (AA) which did not 

receive quercitrin treatments (Figure 6.1).  

 

 

Figure 6.1 | Anti-sickling Effects of Quercitrin on RBC Suspensions for Metabolomics, in 
vitro. (A). 78% sickling in nitrogen-induced hypoxia. (B) Quercitrin inhibited HbSS sickling by 
87.26% at 500µg/mL at 37°C. 
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Naturally occurring quercitrin isolated from Alchornea spp was used and deoxygenation was 

by nitrogen-induced hypoxia. The lowest concentration of quercitrin (0.5mg/mL) which 

produced highly significant anti-sickling activity after 2-hour incubation period was used. 

The polymerisation rate of HbS is known to increase with temperature (Iqbal et al., 2013), 

hence samples were incubated at 37 °C. In the absence of both quercitrin and nitrogen, only 

18 % of the total sickle-RBC population were sickled. Conversely with nitrogen incubation, 

percentage sickling rose to 78 %. When a quercitrin pre-incubation step was added this 

dropped significantly to 17 % (Figure 6.1a). These results aligned with the anti-sickling 

activity of the compound that had previously observed when using 2 % sodium metabisulfite 

to induce sickling.  

6.2.2 Scanning- (SEM) and Transmission Electron Microscopy (TEM) 

The effect of quercitrin on RBC morphology in N2-induced hypoxic conditions was also 

investigated both by scanning- (SEM) and Transmission-electron microscopy (TEM). This 

assessment included HbAA genotype RBC. SEM imaging of HbAA RBC showed the expected 

biconcave, discoid and symmetrical cells (Figure 6.2A).  This RBC phenotype was also seen 

with HbSS RBC under normoxic conditions (Figure 6.2B).  Imposition of hypoxia with the 

addition of N2 to HbSS RBC (but not HbAA RBC, data not shown) resulted in sickled cells that 

were distorted, elongated, non-symmetrical and sometimes star-shaped (Figure 6.2C).  RBC 

treated with an effective concentration (0.5mg/mL) of quercitrin revealed normal 

morphology, characterized by biconcave, discoid and symmetrical cells measuring 

approximately 7-8 µm in diameter (Figure 6.2D). The surface of treated erythrocytes 

appeared to be even, similar to HbSS and indeed HbAA controls (Figure 6.2C vs. 6.2A, 6.2B). 

This suggests that quercitrin can retain the normal morphology of sickle erythrocytes even 

in hypoxic conditions.  Treatments with the established anti-sickling agent, PHBA, proved to 

only imperfectly suppress sickling under N2 with RBC cells tending to be swollen and, in 

some cases, show sickling (Figure 6.2E).  

Further investigations using TEM of RBC tissue sections also revealed normal morphology 

for HbAA-RBCs (AA) (Figure 6.3A) and HbSS-RBCs (SS-QI) preincubated with quercitrin 

(Figure 6.3B). Conversely, sections of untreated HbSS-RBCs (SS) and red cells incubated with 

PHBA revealed abnormal morphology (Figures 6.3C; 6.3D). 
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Figure 6.2 | Scanning electron microscopy (SEM) micrographs of sickle red blood cell 
incubations: (A)untreated normoxic HbAA-RBCs, (B) untreated normoxic HbSS-RBCs, 
(C)untreated anoxic HbSS-RBCs, (D) Anoxic HbSS-RBCs incubated with quercitrin 
(0.5mg/mL)and (E) Anoxic HbSS-RBCs incubated with PHBA. Cells treated with quercitrin (D) 
retain normal morphology, comparable with HbAA (A).  Swelling is evident with cells in (E).  

 

20 µm 

(A) HbAA 

10 µm 2 µm 5 µm 

10 µm 7 µm 3 µm 

10 µm 5 µm 5 µm 

10 µm 5 µm 4 µm 

10 µm 10 µm 5 µm 

50 µm 

(C)HbSS (Anoxia) 

20 µm 

(D) HbSS (Anoxia/ 

Quercitrin) 

20 µm 

(E) HbSS (Anoxia/ 

PHBA) 

20 µm 

(B)HbSS(Normoxia

) 



212 | P a g e  
 

 

Figure 6.3 | TEM micrographs of sickle red blood cell sections. (A) Untreated normoxic 
HbAA-RBCs (AA) and (B) Anoxic HbSS-RBCs incubated with quercitrin at 0.5mg/mL (SS-QI). 
The transverse section (TS) is the TS of the normal discocyte morphology of human red 
blood cells. (C) Untreated anoxic HbSS-RBCs (sickled-cells negative control; SS-N) and (D) 
Anoxic HbSS-RBCs incubated with PHBA at 78µg/mL. The transverse section of cells 
incubated with PHBA reveals turgidity in cells possibly indicating decreased intracellular 
haemoglobin concentration by increased cell volume. 
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6.2.3 Detection and identification of intracellular metabolites by metabolomics 

The metabolite profiles of hypoxic Haemoglobin A (AA) and normoxic Haemoglobin S (SS) 

erythrocytes as well as hypoxic Haemoglobin S erythrocyte subjected to; no treatment 

(negative control; SS-N), prior incubation with quercitrin before deoxygenation (Inhibition 

activity of quercitrin; SS-QI) and quercitrin treatment after nitrogen deoxygenation 

(reversibility activity of quercitrin; SS-QR), were generated using FIE-HRMS. Mass ions 

associated with quercitrin were eliminated from the data matrix prior to multivariate 

statistical analysis. 

 

PCA of the derived data revealed a differentiation amongst the clustering patterns of all 

blood samples (Figure 6.4). Interestingly, the metabolomes of both normoxic and 

deoxygenated HbSS RBCs were very similar and clustered together.  Therefore, although 

differing in appearance (Figure 6.2), even under normoxia, HbSS displays a metabolomic 

profile that was seen with sickling. Examining the effects of quercitrin, it was apparent that 

its addition prior to the imposition of N2 (HbSS -QI), did not significantly alter the derived 

metabolites from those of HbSS +/- N2.  However, assessing the ability of quercitrin in 

reversing sickling, the impact on the metabolome was dramatic with such a change that it 

clustered with the HbAA group. Thus, this method of quercitrin application effectively 

converted the HbSS metabolome, such that it became very similar to that of HbAA.  

PLS-DA is a supervised multi-variate approach and this allows variation linked to the 

experimental groups indicated by the experimenter to be defined. Using PLS-DA it was 

apparent that the metabolomes of hypoxic HbSS and HbSS treated with quercitrin prior to 

imposition of a N2 atmosphere were effectively identical (Figure 6.5B). However, PLS-DA 

identified some variables which allowed quercitrin-treated presickled HbSS RBC (QR) 

metabolomes to be distinguished. Furthermore, the normal HbAA and HbSS (QR) 

metabolomes provide variables which differentiated into a separate group; indicating that 

they were not identical with the other group.  
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Figure 6.4 | PCA (A) and PLS-DA (B) of RBC samples. AA (Normal RBCs) and SS-QR 
(quercitrin-treated sickle RBCs post hypoxia) samples completely differentiates from SS, SS-
N and SS-QI (sickle RBCs; normoxic, hypoxic and quercitrin-preincubated), indicating the 
presence of unique differentiating features in their metabolite profile. 

 

6.2.3.1 Metabolomics Profile of Group 1 versus Group 2 Samples 

PCA models on the major sources of variation in a dataset so that the plot shown in Figure 

6.4A can be reclassified as two major clusters of a non-sickling group 1 (HbAA/ HbSS-QR) 

and a sickling group 2 (HbSS/ HbSS-N2) containing also quercitrin-preincubated 

eryhthrocytes (HbSS-QI). To simplify the definition of the major sources of variation, the 

differences between these two clusters are shown using PCA and PLS-DA (Figure 6.5).  

Then post-hoc analysis (t-test) selected a total of 967 significantly different features 

between groups 1 and 2. 126 metabolites were annotated and named using KEGG database, 

considering the following possible adducts: [M+]+, [M+H]+, [M+NH4]+, [M+Na]+, [M+K]+, [M-

NH2+H]+, [M-CO2H+H]+, [M-H2O+H]+; *M−+−, *M−H+−, *M+Na−2H+−, [M+Cl ]−, *M+K−2H+−. For 

each mass-ion (m/z) the annotation was made using a 5 ppm tolerance on their accurate 

mass. The software used the mummichog algorithm, which allows avoidance of the a priori 

identification of metabolites and the biased manual assignment of spectral features to 

metabolites (Li et al., 2013a) by looking for local enrichment after plotting all possible 
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matches in the metabolic network. This method provides accurate reproduction of true 

activity, as the false matches distribute randomly (Li et al., 2013a). 

 

 

Figure 6.5 | PCA (A) and PLS-DA (B) of RBC samples. The existence of further sources of 
variations amongst the metabolite profile of AA and SS-QR (nonsickling-like metabolome 
group), compared with SS, SS-N and SS-QI (sickling-like metabolome group) is apparent. 

 

The HCA heatmap confirmed a differentiation between both the nonsickling-like (cluster 1) 

and sickling-like metabolome groups (cluster 2; Figure 6.6). While the concentrations of the 

first 10 metabolites are mostly high in AA and SS-QR samples, they are relatively low for the 

others, and vice versa. This difference in the expression and synthesis of metabolites 

indicates a difference in expressed pathways.  

Although metabolites were tentatively identified in Figure 6.6 to provide greater functional 

information the metabolites were mapped on mammalian metabolism as defined by KEGG 

(reference pathway library; Homo sapiens) to identify the relevant metabolic pathways 

differentiating the clusters as shown by PCA (Figure 6.5). Metabolites and intermediates of 

10 metabolic pathways were significantly (P<0.05) different between clusters 1 and 2 (Table 

6.1, Figure 6.7). These pathways were designated; the biosynthesis of unsaturated fatty 
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acids, pentose phosphate pathway, glycerolipid metabolism, inositol phosphate 

metabolism, fructose and mannose metabolism, alpha-linolenic acid metabolism, pentose 

and glucoronate interconversion, ascorbate and aldarate metabolism, phosphatidylinositol 

signalling systems, and glycine, serine and threonine metabolism. 

 

 

Figure 6.6 | Heat map visualization for groups 1 (nonsickling-like metabolome) and 2 
(sickling-like metabolome) metabolic profiles (significant annotated features only). The 
heatmap was constructed based on top 50 significant annotated features. Variable 
differences are revealed between the groups. Rows: metabolites; Columns: samples; Colour 
key indicates metabolite expression value, green: Lowest, red: highest. 
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Table 6.1 | Pathway Analysis of 126 matched m/z features significantly (P<0.05) different 
between groups 1 (nonsickling-like metabolome) and 2 (sickling-like metabolome) 
samples. Colour key refers to metabolites indicated in Figure 6.9 

Pathway Names Hits M.P-val G.P-val Comb.P-val Colour 
key 

Biosynthesis of unsaturated fatty 
acids 

11 0.01446 0.0625 0.00724 
 

Pentose phosphate pathway 9 0.01794 0.12 0.01537 
 

Glycerolipid metabolism 4 0.02096 0.125 0.01819 
 

Inositol phosphate metabolism 7 0.0788 0.03636 0.01964 
 

Fructose and mannose 
metabolism 

13 0.07304 0.0625 0.02917  

Alpha-Linolenic acid metabolism 2 0.1466 0.03226 0.03005  

Pentose and glucoronate 
interconversion 

7 0.257 0.02083 0.03335  

Ascorbate and aldarate 
metabolism 

5 0.2887 0.02128 0.03743  

Phosphatidylinositol signalling 
system 

5 0.07339 0.09091 0.0401  

Glycine, serine and threonine 
metabolism 

16 0.4186 0.01852 0.04543  

 

To further examine differentially accumulating metabolites, these were mapped on to the 

whole metabolism as defined by KEGG. These data taken together, some biochemical 

changes appeared to be predominant; in sugar metabolism and in the processing of 

arachidonate which could influence inflammatory events.  

Some indicative metabolites of these pathways were examined on the heatmap (Figure 6.6). 

Thus, for example, metabolites such as glucose and fructose were increased in the cluster 1 

(nonsickling-like metabolome group) whilst such as arachidonic acid and linolenic acid were 

increased in cluster 2 (sickling-like group). 
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Figure 6.7 | MetPA plot of significance and impact of metabolic pathways significant to 
the separation of groups 1 (nonsickling-like metabolome) and 2 (sickling-like 
metabolome). 126 matches to KEGG compounds from 967 features significant by FDR 
(q=0.05) shows calculated impact of Unsaturated fatty acid biosynthesis, pentose phosphate 
pathway, glycerolipid metabolism, inositol phosphate metabolism, fructose and mannose 
metabolism, alpha-linolenic acid metabolism, pentose and glucoronate interconversion, 
Ascorbate and aldarate metabolism, phosphatidylinositol signalling systems, and glycine, 
serine and threonine metabolism. The Integrated MS Peaks to Pathway plot summarizes the 
results of the Fisher’s method for combining mummichog and GSEA p-values. Large and red 
circles are considered the most perturbed pathways. The blue and pink areas highlight the 
significant pathways based on either GSEA (pink) or mummichog (blue), and the purple area 
highlights significant pathways identified by both algorithms. 
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Figure 6.8 | Pathway Analysis of 126 matched m/z features significantly (P<0.05) different 
between groups 1 (nonsickling-like metabolome) and 2 (sickling-like metabolome) 
samples. Colour key indicates metabolite of a particular pathway; see Table 6.1. 

 

As an additional means to rank the sources of variation between clusters 1 (nonsickling-like 

group) and 2 (sickling-like group); Variable Importance in Projection (VIP) scores of 

important features identified by PLS-DA (Figure 6.6B) were examined (Figure 6.10). These 

suggested additionally important metabolite variables which aligned with the literature 

(Berrocal et al., 2017; Davis et al., 1995; Odievre et al., 2011). Metabolites of inositol 

phosphate metabolism such as the D-myo-inositol 1,4,5-trisphosphate (Ins(1,4,5) 3PO4) 

have been shown to inhibit human RBC Ca2+-stimulable, Mg2+-dependent adenosine 

triphosphatase (Ca2+-ATPase) activity in vitro (Davis et al., 1995). Ins (1, 4, 5) 3PO4 inhibits 

the binding of calmodulin, a major cytoplasmic Ca 2+- binding protein, to the RBC membrane 

(Berrocal et al., 2017). Ca2+ ATPase, a transport protein in the plasma membrane, functions 

in a housekeeping capacity in the transport of Ca2+ through the cell membrane (Brini and 

Carafoli, 2011). HbS polymerisation in RBCs increases membrane permeability for Ca2
2+ and 

Na+ ions (Browning et al., 2007). Ca2
2+ activates Gardos channel (Ca2

2+ activated K+ channel) 
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(Maher and Kuchel, 2003), which increases the outlet of H2O and K+ leading to dehydration 

of sickle-cell RBCs (HbSS-RBCs) (Odievre et al., 2011). Upregulation of the inositol phosphate 

metabolites and Ca2+ ATPase inhibition implies a decrease in H2O and K+, hence cell 

hydration. 

 

Figure 6.9 | Variable Importance in Projection (VIP) scores of important features identified 
by PLS-DA. The coloured boxes on the right indicate the relative concentrations of the 
corresponding metabolite in each group of samples; green: Lowest, red: highest. 
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The glycerolipid metabolism pathway describes the synthesis monoacylglycerols (MAGs), 

diacylglycerols (DAGs), triacylglycerols (TAGs), phosphatidic acids (PAs), and 

lysophosphatidic acids (LPAs). Their interconversions (Prentki and Madiraju, 2008; Zhang 

and Reue, 2017) functions in energy generation (Zhang and Reue, 2017) along with the PPP 

or hexose monophosphate shunt which is parallel to glycolytic pathway. PPP generates 

NADPH and pentoses as well as ribose 5-phosphate, a nucleotides-synthesis precursor (Jin 

and Zhou, 2019) and is involved in the anabolic generation of intracellular energy 

(Christodoulou et al., 2019). Elevated influx of their intermediates suggests the active 

generation of energy. Additionally, NADPH, the reducing power of the red cell maintains 

glutathione in the reduced form (GSH) via the closely linked glutathione pathway. GSH 

protects the red cells from oxidative damage, denaturation of haemoglobin (van 't Erve et 

al., 2013) and the formation of Heinz bodies, reduced cell deformability and intravascular 

haemolysis (Frewin, 2014). 

6.2.4 Quercitrin-treated Sickle-Erythrocytes Display a Distinct Metabolome 

In addition to a comparison between the two phenotypic clusters, a more focused approach 

where metabolite features from quercitrin treated HbSS-RBCs compared with the untreated 

HbSS-RBCs was undertaken.  Unsupervised and supervised score plots confirmed a 

differentiation between the clustering patterns of both groups. Both the PCA and PLS-DA 

score plots showed clear separation between the treated and untreated groups (Figure 

6.10). Post-hoc analysis (t-test) selected a total of 814 significantly different features 

between quercitrin-treated and untreated groups, 107 of which were annotated. The 

complete metabolite list is given in Appendix 6.1. 

The relative accumulation of the top 50 metabolites based on P values was compared using 

a heatmap (Figure 6.11).  This readily showed a ready separation of key metabolite variables 

into two clusters.  While many of the metabolites were upregulated in the untreated 

samples, only the first 9 were upregulated for the quercitrin-treated samples, and vice 

versa. The elevated metabolites for the treated samples belong to the ascorbate and 

aldarate metabolism and pentose and glucuronate interconversions pathways. 
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Figure 6.10| PCA (A) and PLS-DA (B) showing clustering patterns of quercitrin-treated and 
untreated sickle-RBC samples. The existence of further sources of variations amongst the 
metabolite profile of quercitrin-treated HbSS-RBCs is apparent. 

 

As previously, to highlight the biological changes that the key metabolites were indicating, 

these were mapped on to biochemical pathways as defined by KEGG (reference pathway 

library; Homo sapiens) using MetaboAnalyst 4.0-MS peaks to pathway function. The 

algorithm uses an over-representation analysis (ORA) method to evaluate pathway-level 

enrichment based on significant features (p-value is measured with Fisher’s exact test) (Li et 

al., 2013a), combined with gene set enrichment analysis (GSEA) which extracts biological 

meaning from a ranked metabolite list (Subramanian et al., 2005). 

To ensure the pathway reliability, pathways with combined p-value, p<0.05 were 

acceptable. A total of 6 metabolic pathways were identified to be significantly enriched 

(Figure 6.12, Table 6.2); ascorbate and aldarate metabolism, cysteine and methionine 

metabolism, Biosynthesis of unsaturated fatty acids, Pentose and glucuronate 

interconversions, fatty acid biosynthesis and Porphyrin metabolism. 
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Figure 6.11 | Heat map visualization for quercitrin-treated and untreated HbSS-RBCs 
groups metabolic profile. The heatmap was constructed based on top 50 significant 
variables. Variable differences are revealed between the groups. Rows: metabolites; 
Columns: samples; Colour key indicates metabolite expression value, green: Lowest, red: 
highest. 
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Table 6.2 | Pathway Analysis of 107 matched m/z features significantly (P<0.05) different 
between the treated and untreated groups. Colour key refers to metabolites indicated in 
Figure 6.14 

Pathway Names Hits M.P-val G.P-val Comb.P-val Colour 
key 

Ascorbate and aldarate 
metabolism 

4 0.1524 0.02439 0.02452 
 

Cysteine and methionine 
metabolism 

8 0.3528 0.01613 0.0351 
 

Biosynthesis of unsaturated fatty 
acids 

8 0.3528 0.01613 0.0351 
 

Pentose and glucuronate 
interconversions 

7 0.2449 0.025 0.03732 
 

Fatty acid biosynthesis 2 0.1416 0.05455 0.04529 
 

Porphyrin metabolism 2 0.1416 0.05455 0.04529 
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Figure 6.12 | MetPA plot of significance and impact of metabolic pathways which accounts 
for the difference between treated and untreated groups. 107 matches to KEGG 
compounds from 814 features significant by FDR (q=0.05) shows calculated impact of 
ascorbate and aldarate metabolism, cysteine and methionine metabolism, unsaturated fatty 
acid biosynthesis, pentose and glucuronate interconversions, fatty acid biosynthesis, and 
Porphyrin and chlorophyll metabolism. The Integrated MS Peaks to Pathway plot 
summarizes the results of the Fisher’s method for combining mummichog and GSEA p-
values. Large and red circles are considered the most significantly different pathways. The 
dark yellow circles, are pathways with greater impact. The blue and pink areas highlight the 
significant pathways based on either GSEA (pink) or mummichog (blue), and the purple area 
highlights significant pathways identified by both algorithms. 
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Individual metabolites were again placed on the entire metabolome as defined by KEGG 

(Figure6.13). Figure 6.13 (and Table 6.2) suggested the prominence of fatty acid processing, 

of which arachidonic acid metabolism was only one part. Examination of the heatmap in 

Figure 6.11 suggested that quercitrin reduced fatty acid processing in HbSS cells.  

 

 

Figure 6.13 | Pathway Analysis of 107 matched m/z features significantly (P<0.05) 
different between quercitrin-treated and untreated groups. Colour key indicates 
metabolite of a particular pathway; see Table 6.2. 

 



227 | P a g e  
 

 

Figure 6.14 | Variable Importance in Projection (VIP) scores of important features 
identified by PLS-DA. The coloured boxes on the right indicate the relative concentrations of 
the corresponding metabolite in each group of samples; green: Lowest, red: highest. 

 

Additionally, the important features identified by the PLS-DA (Figure 6.10) were ranked 

according to their Variable Importance in Projection (VIP) scores (Figure 6.14). Generally, 

metabolites with VIP value greater than 1.0 demonstrate a significant contribution within 

PLS plot (Kirdar et al., 2008).  RBCs have an essential role in inter-organ transport of amino 

acids resulting from many transport systems (Bernhardt and Ellory, 2013; Brosnan, 2003; 

Christensen, 1982). Varying concentration of serine, glutamate, alanine, threonine and 



228 | P a g e  
 

creatine were detected in HbSS-RBCs (Figure 6.15).  Concentrations of creatine which 

accumulates in young RBCs (Fox et al., 2012) were elevated as expected which might reflect 

the short life span of the HbSS-RBCs. 

 

Figure 6.15 | Relative Abundance of Amino acids in erythrocyte samples. Accumulation of 
creatine on erythrocytes is an indication of haemolytic anaemia (Fox et al., 2012). 
Quercitrin-treated samples are represented in red while the untreated samples are in green. 

 

Furthermore, elevated creatine levels have been linked with decrease in the red blood cell 

volume. Evidence has shown that RBC 2,3-diphosphoglycerate (2,3 DPG) and RBC creatine 

levels measured tissue hypoxia in patients with red blood cell mass deficits (Cr et al., 2019; 

Valeri and Fortier, 1969). Valeri and Altschule, reported that in studies conducted on 

hypovolemic anaemic patients, elevated RBC creatine levels were discovered even with 

normal haematocrit and haemoglobin concentration but red blood cell transfusion of 

compatible and viable RBC was able to decrease creatine level to its normal level (Valeri and 

Altschule, 1981). This suggests the perceived decrease in creatine of quercitrin-treated cells 

might probably be due to its ability to increase red blood cell volume. In which case, 

quercitrin might be carrying out its anti-sickling activity by decreasing intracellular HbS 

concentration and intermolecular contacts with increased cell volume (Sunshine et al., 1978, 

Li et al., 2017d). 

RBCs can regenerate ascorbate from its oxidized form (Hornung and Biesalski, 2019), 

dehydroascorbic acid (DHA) (Harris, 2013; Kuhn et al., 2017). DHA is taken up from plasma 

by GLUT1 (glucose transport protein) into the intracellular space where it is rapidly reduced  
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to ascorbate by a GSH-dependent mechanism (Kuhn et al., 2017). Ascorbate is then slowly 

cleared from the cells but can also play an intracellular role for preventing lipid peroxidative 

damage in the erythrocyte membrane (Czubak et al., 2017; Vani et al., 2015). Furthermore, 

the consumption of gulonolactone which accompanies an increased TBARS concentration in 

response to oxidative stress has been indicated (Leaf et al., 1997; Steinberg et al., 2006) as 

an oxidative stress marker. L-gulonic acid and its derivative, L-gulono-1,4-lactone (the 

furanose form of gulonolactone), were found in elevated levels in quercitrin-treated cells. 

Their abundance might be indicative of reduced lipid peroxidation (Harrison et al., 2010; 

Smirnoff, 2018). Evidence has shown sickle cells spontaneously generate approximately two 

times more ROS compared with normal red blood cells (Chirico and Pialoux, 2012), in 

connection with endothelial dysfunction, inflammation and multiple organ damage 

(Hundekar et al., 2010; Rusanova et al., 2010). Decreased intravascular sickling has been 

linked with reduced oxidative stress and also an increased nitric oxide bioavailability 

(Dasgupta et al., 2010; Magalhães, 2011). It should be noted that glutathione plays an 

important role in the anti-oxidative process (Kawasaki et al., 2005) 

 

 

Figure 6.16 | Intermediates of the ascorbate and aldarate metabolism. L-gulonic acid and 
L-gulono-1,4-lactone levels are depleted in untreated samples which might be in response 
to oxidative stress. Quercitrin-treated samples are represented in red while the untreated 
samples are in green. 
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Untreated HbSS-RBC samples were also characterized by increased levels of glycerate 3-

phosphate (a serine precursor), serine (cysteine and glycine precursor through the 

homocysteine cycle; one-carbon metabolism) as well as other derivatives of cysteine and 

methionine metabolism (Figure 6.17). 4-methylthio-2-oxobutanoic acid, an intermediate in 

methionine synthesis via salvage pathway (Beetstra et al., 2008) and 2-oxobutanoate (2-

Ketobutyric acid), a product of methionine metabolism were more abundant in the 

untreated samples (D'Alessandro et al., 2014).  

 

Figure 6.17 | Intermediates of cysteine and methionine metabolism. Elevated levels in 
untreated samples suggests exposure to oxidative stress. Quercitrin-treated samples are 
represented in red while the untreated samples are in green. 

 

Accumulation of metabolites involved in cysteine and methionine metabolism (Figure 6.17) 

may be partly attributable to decreased methionine from the salvage pathway (Sekowska et 

al., 2019) and increased cysteine synthesis (Yu et al., 2019), in line with a hypothesized 

increase in GSH biosynthesis due to oxidative stress (Lu, 2013).  Findings in other cell models 

such as tumour cells have been reported, in which one-carbon metabolism hyperactivity 
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may ensue in response to oxidative stress to fuel NADPH generation (Fan et al., 2014) and 

glutathione biosynthesis (Lu, 2013). 

Arachidonic acid is a polyunsaturated fatty acid covalently bound in esterified form in the 

cell membranes of most body cells which is released and oxygenated by enzyme systems 

following an irritation or injury, leading to the formation of the inflammatory mediators, the 

eicosanoids. Arachidonic acid levels in the quercitrin-untreated samples were found to be 

elevated which is consistent with previous findings in sickle erythrocytes (Daak et al., 2011). 

Sickle erythrocytes have increased ω-6-derived arachidonic acid (20:4n6) and decreased 

eicosapentaenoic acid (20:5n3) and docosahexaenoic acid (22:6n3) (Connor et al., 1997; Ren 

et al., 2006; Ren et al., 2005) intrinsically differentiating the fatty acid profile of the red cell 

membrane in SCA patients from that of healthy controls, with a relative increase in the ratio 

of ω-6 to ω-3 PUFA (Ren et al., 2006, Ren et al., 2005, Kalish et al., 2015a). This perturbation 

in RBC membrane-fatty acid has been postulated to be due to (a) peroxidation caused by 

iron overload; (b) metabolic dysfunction-impaired synthesis, uptake, and/or increased 

turnover (Daak et al., 2011). It has been hypothesized from these findings that, an 

imbalance of blood cell membrane ω-3 and ω-6 fatty acids may be antecedent to loss of 

membrane asymmetry, blood cell adhesion, aggregation and vaso-occlusion in SCA (Ren et 

al., 2005). In fact, studies have demonstrated that supplementation with fish oil containing 

ω-3 fatty acids in SCA subjects reduces VOC, pain episodes, and frequency of blood 

transfusions (Daak et al., 2013; Okpala et al., 2011; Tomer et al., 2001). Although there are 

insufficient clinical and molecular data to support routine dietary supplementation with fish 

oil in SCA (Kalish et al., 2015), a related study validated the therapeutic role of ω-3 PUFA 

supplementation in SCA with a study in which fish oil diet modified sickle red cell membrane 

lipid composition, decreased vascular activation, modulated the inflammatory response, 

and reduced sickle cell-related organ damage (Kalish et al., 2015). Quercitrin, a flavone 

glycoside which has demonstrated potent anti-inflammatory activity (Camuesco et al., 2004; 

Gadotti et al., 2005; Muzitano et al., 2006) might be able to modify red cell membrane.  

Quercitrin was also been reported to exert a beneficial effect in experimental colonic 

inflammation (Cruz et al., 1998; de Medina et al., 1996; De Medina et al., 2002; Galvez et al., 

1997).   
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More important, similar to the results of quercitrin-treated samples in this study, reduced 

arachidonic acid levels in hydroxyurea-treated patients of a previous study as earlier stated 

was attributed to the ability of hydroxyurea, an SCA therapeutic (McGann and Ware, 2015; 

Odame, 2017) and cytotoxic compound (Risoluti and Materazzi, 2018), to induce 

mobilisation of arachidonic acid from the inner cell membrane cephalins (phosphoglycerides 

containing ethanolamine or serine attached to the phosphate group through phosphate 

ester bonds) (Datta, 1985). Hydroxyurea is hypothesized to activate cytosolic phospholipase 

A2α (cPLA2α) and cyclooxygenase 2 (Daak et al., 2011), the two key enzymes in the 

metabolism of polyunsaturated fatty acids (Su et al., 2010). Activated arachidonic-acid-

selective cPLA2α selectively releases arachidonic acid for production of prostaglandin E2 

(PGE2) through the cyclooxygenase (COX) pathway (Suram et al., 2006), which initiate acute 

inflammation. Hence, PGE2, an eicosanoid and vasodilator, generated from the released 

arachidonic acid in synergy with another hydroxyurea-generated vasodilator; nitric oxide 

(King, 2004), may play a role in clinical improvements which occur in hydroxyurea-treated 

patients prior to increase in haemoglobin F (Daak et al., 2011). 

Elevated erythrocyte membrane lysophosphatidylcholine and circulating erythrocyte-

derived arachidonic acid levels in SCA erythrocytes, have been said to suggest an 

impairement of the Lands’ cycle (Wu et al., 2016). This is a cycle critical to the maintainance 

of the plasma membrane integrity (Adebiyi et al., 2019). The Lands’ cycle is one of the major 

routes of phosphatidylcholine acyl remodeling or acyl exchange and it involves deacylation 

of phosphatidylcholine, at the sn-2 position by phospholipase A2 to produce 

lysophosphatidylcholine, followed by reacylation of lysophosphatidylcholine, also at the sn-2 

position, by lysophosphatidylcholine acyltransferase to regenerate phosphatidylcholine 

(Lands, 1960; Moessinger et al., 2014). Cellular membranes’ glycerophospholipids, such as 

phosphatidylcholine, contain 2 fatty acids linked to a glyceraldehyde-3-phosphate backbone 

at positions 1 and 2. Polyunsaturated fatty acids, including arachidonic acid, are usually 

located at position 2 of the glycerol phosphate backbone (Postle, 2005). This suggests an 

absence of perturbation to the Lands’ cyle in our quercitrin-treated samples. 

Moreover, in vivo studies have shown that elevated phospholipase A2 promotes sickling, 

inflammation, and multiple tissue damage in SCA mice (Wu et al., 2016). However, sickling 
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was decreased in cultured human sickle erythrocytes, treated with phospholipase A2 small 

interfering RNAs, which reduced phospholipase A2 activity (Wu et al., 2016). This implies a 

concomitant increase in lysophospholipids of erythrocyte membranes, with increased 

phospholipase A2 levels. Hence, phospholipase A2 inhibition could be a novel therapeutic 

approach for SCA treatment. 

 

 

Figure 6.18 | Intermediates of Biosynthesis of unsaturated fatty acids. Elevated level of 
arachidonic acid in untreated samples is indicative of the presence of inflammatory 
mediators. Quercitrin-treated samples are represented in red while the untreated samples 
are in green. 

 

One other perturbed metabolic pathway is the pentose and glucuronate interconversions 

with varying levels of its intermediate present in the erythrocyte samples (Figure 6.19). 

glucose 1-phosphate (G-1-P) is produced instead of glucose during glycogen breakdown as 

the very polar phosphorylated glucose cannot leave the cell membrane (the phosphate 

group prevents the molecules from diffusing back across their transporter) and so can be 

used intracellular catabolism (Pelley, 2012b)(Blanco and Blanco, 2017). G-1-P is 

interconverted to D-glucose 6-phosphate (G-6-P), in several metabolic pathways such as the 

glycolytic pathway involved in the generation of ATP (Dauer and Lengyel, 2019).  
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G-6-P is the starting substrate for the pentose phosphate pathway (PPP) where the cytosolic 

enzyme, glucose-6-phosphate dehydrogenase (G6PD) generates NADPH crucial to the 

regeneration of glutathione (Berg et al., 2002). G6PD regulates the initial and rate-limiting 

step in the pentose phosphate pathway (PPP) which converts NADP into NADPH (Maitra et 

al., 2018). Under normal physiological conditions, erythrocytes are particularly sensitive to 

oxidative damage because of the high cellular concentration of oxygen and haemoglobin 

(Pandey and Rizvi, 2010; Yang et al., 2017) and the fact PPP is their only source of NADPH 

but glutathione reduces peroxides and protects cells from oxidative damage (Adams et al., 

2019; Luzzatto et al., 2016). Depleted G-1-P level in quercitrin-treated samples (Figure 6.19) 

may suggest sugar metabolism was a key regulatory factor in quercitrin interactions. 

Elevated levels of endogenous glycolytic intermediates, along with reduced PPP 

metabolites, have been revealed through metabolomics analysis, in human sickle 

erythrocytes compared with human nonsickle erythrocytes (Darghouth et al., 2011). 

Further, elevated levels of the principal allosteric effector for haemoglobin, 2,3- 

diphosphoglycerate (2,3-DPG) in both SCA patients and mice, which is consistent with 

enhanced glycolysis has also been confirmed from research. 2,3-DPGs, a three-carbon 

isomer of the glycolytic intermediate 1,3-bisphosphoglyceric acid (1,3-BPG) actually has little 

effect on the binding of oxygen to haemoglobin at high pO2 but promotes release of O2 from 

haemoglobin at low pO2 (Pelley, 2012). Reduced levels of antioxidative metabolites, such as 

glutathione, were identified in the human metabolomics analysis, consistent with reduced 

flow through the PPP (Darghouth et al., 2011) and GSSG efflux from cells into the plasma 

(Tsantes et al., 2006). These changes (i.e., increased 2,3-DPG and reduced glutathione) are 

distinctly associated with SCA progression. Additionally, elevated levels of carnitines and 

choline, which are required for membrane turnover and increased expression of metabolic 

precursors involved in polyamine synthesis, were identified in SCA erythrocytes (Darghouth 

et al., 2011). All these were reversed with our quercitrin-treated samples. Depleted levels of 

glycolytic intermediates in quercitrin-treated samples (Figure 6.19; 6.20) may suggest a 

reduced flow through glycolysis, which signifies a drop in demand for NADH and by 

extension, Glutathione. This could also indicate a reduction in oxidative stress (Dumaswala 

et al., 2001; Klings and Farber, 2001a; Tsantes et al., 2006). 
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Figure 6.19| Important intermediates in the perturbation of the pentose and glucuronate 
interconversions pathway. 

 

 

Figure 6.20| 2-phospho-D-glycerate is the substrate in the ninth glycolytic step. 

 

6.3 Conclusion 

In this study, metabolomics was applied to measure and evaluate the dynamic 

multiparametric metabolic responses of HbS red blood cells to quercitrin, a potential anti-

sickling agent. Based on in-depth analysis of key metabolites and pathways, untreated HbSS-

RBCs metabolome depicts a metabolic signature typical of SCA pathophysiology (Darghouth 

et al., 2011) while these signatures were absent in quercitrin-treated samples. Quercitrin 
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might be able to prevent HbS intermolecular contacts, preventing the generation of HbS 

fibres and red cell sickling by increasing red cell volume. Different agents targeting sickle red 

cells have been developed to prevent or limit HbS polymerisation or to block the 

mechanism(s) involved in red cell dehydration. The potential of quercitrin to either modify 

HbS molecule or the erythrocyte membrane can be exploited as an effective therapeutic 

target in the treatment of acute VOC. 
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Chapter 7. General Discussion and Conclusions 
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7.1 General Overview 

Since the discovery and description of "peculiar elongated and sickle-shaped red blood 

corpuscles in a case of severe anaemia" by a resident, Dr. Ernest Irons as published by Dr. 

James B. Herrick (Winter, 2014) in the November 1910 edition of the Archives of Internal 

Medicine (Herrick, 1910), there has been a scramble to understand and find the cure to “the 

genetic disorder caused by the production of an abnormal protein; haemoglobin ‘S’”. 

Research in the ensuing eleven decades has produced a constantly expanding wealth of 

information on the mechanisms and pathology of SCA. Major progress and breakthroughs 

have been recorded over the years starting with the discovery of the role of deoxygenation 

in SCA by Hahn and Gillespie in the 1920s (MASON, 1922); demonstration of the hereditary 

nature of SCA  by Dr. James V. Neel in 1949 (Neel, 1949); the establishment of the molecular 

basis of the condition by Linus Pauling and Colleague in the late 1940s  and early 1950s 

(Pauling et al., 1949); discovery of the actual amino acid substitution by Vernon Ingram in 

1956 (Ingram, 1959; Ingram, 1957). This was followed by intervention studies, leading to the 

widespread use of prophylaxis in the 1970s and 1980s (Ballas, 1995, Bunn, 1997), as well as 

the development of hydroxyurea in the 1990s (Yarbro, 1992, Charache et al., 1995b, Boyd 

and Neldner, 1991, Cortelazzo et al., 1995). Hydroxyurea was subsequently approved by the 

United States Food and Drug Administration (FDA) for clinical use in 1998 (Segal et al., 

2008). A breakthrough in 2001 with the successful treatment of SCA in mice with gene 

therapy (Hospital, 2008; Pawliuk et al., 2001; Steinberg, 2000) which have been followed by 

several clinical trials (Dever et al., 2016; NIH, 2001, 2014; Olowoyeye and Okwundu, 2018; 

Ribeil et al., 2017); curative approach through bone marrow transplantation in 2007 and 

most recently, the approval of voxelotor by the FDA in 2019 (FDA, 2019).  

Over a century later, hydroxyurea and voxelotor remain the only major drugs available in 

the treatment of SCA. Other limitations to therapeutic measures are also apparent (Best et 

al., 1998; FDA, 2019; Rees et al., 2010). These include the high costs in the management of 

SCA especially for millions of patients in sub-Saharan Africa, where there are populations 

with a  high prevalence of the disease (Kato et al., 2018) and a greater percentage of 

affected individuals below the poverty line. This has necessitated the continual search for 
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more affordable and assessable anti-sickling drug leads, mostly from plant sources but also 

synthetic agents, without compromising on effectiveness. 

This project contributes to the development of anti-sickling agents by revisiting the 

potential offered in natural products by identifying potential anti-sickling compounds 

inherent in Nigerian Alchornea spp. Moreover, a series of approaches including the use of 

metabolomics to help define the molecular effects and possible targets of drug-lead(s) have 

been employed. While ascertaining the efficacy and mode of action of such drugs, their 

safety in humans is also important for its overall beneficial effect. The MoA of established 

anti-sickling agents indicates Hb S modification to prevent polymerisation through covalent 

interactions (Abdulmalik et al., 2005), inhibition of the plasma membrane Gardos channel to 

prevent dehydration (Eaton and Bunn, 2017), modification of membrane permeability 

properties of erythrocytes (Abu-Salah, 1995) and membrane stabilization (Imaga et al., 

2009a; Imaga and Adepoju, 2010; Lubin et al., 1975; Mehanna, 2001). The antioxidant 

property had also been thought to be a contributory factor (Al Balushi et al., 2019b, Biswal 

et al., 2019, Jagpal, 2017, Pauline et al., 2013, Mpiana et al., 2010b, Amujoyegbe et al., 

2016).  

7.2 Phytochemical Analysis, Antioxidant Activity and Metabolite Variation Studies in 

the Nigerian Alchornea spp. to Explore the Effect of Variations in Phytochemical 

Content on Bio-activity 

This research project started off by attempting to properly identify and validate the plant 

samples collected for this study. In addition to botanical identification and validation at the 

Ekiti State University Herbarium, Nigeria (Appendix 2.13) which identified all sampled plants 

as belonging to the same species; Alchornea laxiflora, a phylogenetic study was also 

conducted. DNA barcoding used the rbcL gene generally used in plant DNA barcoding for its 

ability to define a biological sample down to species level (Chetia et al., 2016). A total of 19 

plant samples including; a preliminary sampling and 18 samples from 6 different regions of 

Southwest Nigeria comprising plants sampled for this study, were assessed. Although the 

phylogenetic reconstruction was able to identify the sampled plants as belonging to the 

genus Alchornea, the phylogenetic analysis of the study plants could not offer a definitive 
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taxonomic placement due to paucity of an updated comprehensive compilation of medicinal 

plants from species-rich tropical Africa (Mahomoodally, 2013; Sosef et al., 2017).Hence, the 

study-plant sample was closest to Alchornea laxiflora based on botanical authentication at 

the Ekiti State University Herbarium. However, samples were referred to as Alchornea spp in 

the course of this study as a definitive taxonomic placement has not been reached.  

Identifying the phytochemicals and bioactive components of a medicinal plant with health 

benefits is an essential step in drug development. Preliminary phytochemical investigation 

on the dichloromethane, methanol and aqueous extracts of Alchornea spp. revealed high 

polyphenolic contents; phenolic acids (Figure 3.5) and flavonoids (Figure 3.6), especially with 

the methanol extract. Previous reports had indicated a direct correlation between 

antioxidant activity of plant extracts and their phenolics, flavonoids, and total antioxidants 

content (Aryal et al., 2019; Saxena et al., 2012). Therefore, antioxidants assessments carried 

out to substantiate these findings indicated significant antioxidant activities of both 

methanol and aqueous extracts of Alchornea spp. (Figures 3.7; 3.8) which strongly 

correlated with its total flavonoid content expressed as mg RE/g (Figure 3.6). 

The accumulation of antioxidants in plants has been attributed to exposure of the plants to 

oxidative stress brought on by the interactions with biotic and abiotic stressors (Caverzan et 

al., 2016; Dikilitas et al., 2017; Zandalinas et al., 2017). Although the apparent antioxidant 

properties of Alchornea spp. in vitro were very high (relative to ascorbate), this project 

investigated variation in plant biological activity which could be due to the prevailing 

environmental conditions of plant location. Metabolite variation studies on Alchornea spp. 

samples from 6 Nigerian geo-political zones in the south-west were able to establish sources 

of variations in the phytochemical composition and metabolic profile of the plants. 

Metabolomics profile of Alchornea spp. samples reflected a differentiation pattern in Ogun 

and Osun samples that partially aligned with variations in the phytochemical content of the 

plants. Ogun samples come across as being more nutritionally enriched than samples from 

other locations, particularly since, variations in plant metabolites seemed to have no 

significant bearing on plant anti-sickling activity as quercitrin, which was eventually 

identified from this study as the anti-sickling principle of the Nigerian Alchornea spp. did not 

significantly vary among the different plant samples except in Ogun samples (Figure 7.1). 
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Figure 7.1 | Relative abundance of Quercitrin is higher in Ogun Alchornea spp. samples but 

does not significantly vary among the different other plant samples. Log10 normalisation 

using logarithmic transformation of data. Data represents means ± SD (p < 0.01). 

 

7.3 In Vitro Anti-Sickling Activity of Quercitrin, Reversal of RBC Sickling Under Hypoxic 

Conditions, RBC Membrane Stabilization and Inhibition of Hb Polymerization 

This work has been able to validate the in vitro anti-sickling activity of Alchornea spp. and 

gone further to isolate the active principle responsible for its anti-sickling effect as 

quercitrin, a flavonol glycoside (Zhong et al., 1997). This portion of work appears to be the 

first in the literature to record this activity for quercitrin.  Quercitrin, extracted from the 

methanol extract of Alchornea spp. was able to inhibit and marginally reverse sickling in 

RBCs in vitro, inhibited Hb polymerisation and stabilize HbSS-RBC membrane, possibly with 

increase in RBC deformability, and a reduction in RBC fragility. Electron micrographs of 

erythrocytes treated with quercitrin showed normal discoidal shapes, similar to control 

HbAA RBCs and oxygenated HbSS red cells (Figures 6.2; 6.3). This gives credence to the 

possibility of quercitrin mitigating vaso-occlusion and microvascular dysfunction by 

preventing sickling of circulating sickled red blood cells in vivo. 
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7.4 Quercitrin Mode of Action Studies: Metabolomics Approach 

Quercitrin has attracted a lot of attention for its pharmacological actions with different 

mechanisms of action being speculated for these activities (Bose et al., 2013; Chiow et al., 

2016; Comalada et al., 2005; Wagner et al., 2006; Yamazaki et al., 2007). Wagner et al., was 

able to show that quercitrin exhibits both a scavenger and antioxidant role, probably 

mediated via different mechanisms, which may involve the negative modulation of the 

Fenton reaction and NMDA receptor (Wagner et al., 2006). In addition, quercitrin along with 

rutoside, has been shown to exert intestinal anti‐inflammatory effects in experimental 

models of rat colitis (Camuesco et al., 2004; Cruz et al., 1998). The report of Comalada et al., 

suggests that quercitrin releases quercetin to perform its anti‐inflammatory effect which is 

mediated through the inhibition of the NF‐κB pathway (Comalada et al., 2005). 

Furthermore, the mechanism of action of the anti-leishmanial activity of quercitrin (Sánchez 

de Medina et al., 1996) as strong inhibitors of arginase, to block parasite development 

(Reguera et al., 2009) has been studied extensively (da Silva, Maquiaveli, et al., 2012). Da 

Silva and team elucidated the mechanism of action of leishmanicidal flavonols from docking 

analysis and inferred that the catechol group of quercitrin interacts with the active site of 

arginase (Kanyo et al., 1996). This offers a perspective quercitrin mode of action. 

Even though the biological activity of quercitrin has been extensively characterized, there is 

little or nothing known about its anti-sickling mode of action. This study sought to 

determine altered metabolic pathways in HbS red blood cells after exposure to both low 

oxygen tension and anti-sickling treatment, through metabolomics study. 

Anti-sickling drug development explores mechanisms that interferes with separate targets; 

HbS molecule modification and erythrocyte membrane modification (Mehanna, 2001). Of 

these, HbS modification appears to be the most targeted, through five Pharmacological 

approaches (see section 1.1.6), since HbS polymerization is considered the main event in 

SCA pathophysiology (Rees and Gibson, 2012). Evidence from the results of this study 

suggests that quercitrin may already be capable of eliciting antisickling activity via both of 

those mechanisms. 
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In contrast to elevated creatine levels observed in untreated HbSS-RBCs, which have been 

linked with decreased cell volume and increased intracellular HbS concentration, quercitrin-

treated cells exhibited low creatine levels. This implies, quercitrin might be capable of 

decreasing intracellular HbS concentration and intermolecular contacts with increased cell 

volume (Sunshine et al., 1978, Li et al., 2017). 

Decreased intravascular sickling has been linked with reduced oxidative stress and also an 

increased nitric oxide bioavailability (Dasgupta et al., 2010; Magalhães, 2011). Evidence 

from our results point to the ROS scavenging and anti-inflammatory potential of quercitrin. 

In addition to the DPPH free radical scavenging activity of quercitrin, which has the ability to 

inhibit plasma membrane peroxidation, an abundance of L-gulonic acid and its derivative, L-

gulono-1,4-lactone (the furanose form of gulonolactone), in quercitrin-treated cells might 

indicate reduced lipid peroxidation (Harrison et al., 2010; Smirnoff, 2018). There was also 

evidence of reduced GSH biosynthesis (Lu, 2013) in quercitrin-treated erythrocytes which 

implies a reduction in  oxidative stress, in contrast with untreated cells (see section 6.2.4). 

Low relative abundance of Arachidonic acid in quercitrin-treated samples in contrast with 

untreated samples (Daak et al., 2011), is consistent with an intact plasma membrane 

integrity, and an absence of the attendant adverse effects of loss of membrane symmetry 

(Ren et al., 2005). Based on the results, it can be safely assumed quercitrin, which has 

demonstrated potent anti-inflammatory activity (Camuesco et al., 2004; Cruz et al., 1998; de 

Medina et al., 1996; De Medina et al., 2002; Gadotti et al., 2005; Galvez et al., 1997; 

Muzitano et al., 2006) might be able to influence positively, both cell function and survival 

through red cell membrane modification. 

Depleted levels of glycolytic intermediates in quercitrin-treated samples (Figure 6.19; 6.20) 

also suggested a drop in demand for NADH and by extension, Glutathione which could be an 

indicator of a reduction in oxidative stress (Dumaswala et al., 2001; Klings and Farber, 

2001a; Tsantes et al., 2006). 

Additionally, inferences can be drawn from the mechanism of action studies conducted on 

isoquercitrin, a quercitrin analogue. Isoquercitrin, a medicinal bioactive compound with 

multiple health benefits found in various medicinal plants (Anwar et al., 2007; Belkhir et al., 

2013; Dai et al., 2013; Fabani et al., 2013; Jung et al., 2010; Jurikova et al., 2012; Kraujalis et 
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al., 2013; Maleš et al., 2013; Olennikov et al., 2013; Paulke et al., 2006; Vlase et al., 2013; 

Yang et al., 2013) is a glycoflavone just like quercitrin but without the methyl group. 

Molecular docking performed by Da Silva and co-workers to predict and visualize the 

interaction between selected flavonoids and arginase in the elucidation of leishmanicidal 

flavonols mechanism of action showed that two hydroxyls from the catechol group of 

quercitrin, isoquercitrin as well as quercetin, donated two hydrogen bonds to Asp141, which 

is responsible for coordinating the cofactor in the active site of rat arginase (Kanyo et al., 

1996). Both quercitrin and isoquercitrin were found to act through hydrogen bond transfer. 

Furthermore, a study, which evaluated the potential of isoquercitrin as an anti-sickling agent 

and elucidated its interaction with sickle haemoglobin through multi-spectroscopic and 

molecular stimulation showed isoquercitrin interacts with haemoglobin molecules to 

stabilize the R-state of Hb S molecules with a resultant increase in HbS oxygen affinity and 

inhibition of HbS polymerisation reactions (Syed et al., 2019). Additionally, isoquercitrin 

increased Fe2+/Fe3+ (haemoglobin to methaemoglobin) ratio of sickle haemoglobin, which 

indicated conversion of deoxyHb S to oxy Hb S. Thermodynamic parameters obtained as 

well as synchronous fluorescence spectra predicted that hydrogen and hydrophobic binding 

forces interfered with a hydrophobic microenvironment of β6Val (Azimi et al., 2011) 

resulting in the inhibition of HbS polymerisation. HbS-isoquercitrin complex was also found 

to exhibit helical structural changes leading to destabilization of the HbS polymer as 

confirmed by Circular Dichroism (CD) spectroscopy. Results of the study also showed greater 

changes in thermophoretic mobility and thermal stability of sickle haemoglobin in the 

presence of isoquercitrin as indicated by microscale thermophoresis (Entzian and Schubert) 

and differential scanning calorimetry (DSC) respectively, confirmed by molecular simulation 

studies (Syed et al., 2019).  

Additionally, voxelotor (Metcalf et al.), has been reported to act by binding covalently and 

reversibly via a Schiff‐base to the N‐terminal valine of one of the haemoglobin α chains, 

allosterically modulating the Hb‐O2 affinity to delay in vitro HbS polymerisation, with a 

concomitant increase in HbS affinity for oxygen (Oksenberg et al., 2016). This mechanism is 

similar to that projected for isoquercitrin. 
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More important, based on the similarities in the results of quercitrin-treated samples in this 

study and samples from hydroxyurea-treated patients of a previous study (Daak et al., 2011) 

as earlier cited with regards to reduced arachidonic acid levels,  quercitrin might act by 

inducing mobilisation of arachidonic acid from the inner cell membrane cephalins for 

production of eicosanoids (Suram et al., 2006) and vasodilators (King, 2004) which are 

important to clinical improvements in SCA (Daak et al., 2011). 

Hence, if isoquercitrin inhibits HbS polymerisation by forming a hydrogen bond with HbS it 

could be inferred that its analogue quercitrin might act through the same mechanism based 

on the similarities in the chemical structures and taking into consideration that from the 

molecular docking performed by Da Silva and team, quercitrin performed leishmanicidal 

activity by interacting with asp 128 through hydrogen bonds to inhibit arginase (da Silva et 

al., 2012), a mechanism of action it shares with isoquercitrin. Consequently, molecular 

modelling studies are proposed to establish this. 

7.5 Role of RBC Cytoskeleton in Antisickling Drug Development 

As mentioned earlier (see section 1.1.4.1), the cytoskeleton is critical to the plasma 

membrane integrity and has also been implicated in the pathophysiology of SCA. Research 

has indicated Band 3 protein does not regulate RBC membrane skeleton assembly in vivo 

but it is rather essential for membrane stability (Peters et al., 1996). It was postulated that 

stabilization is achieved through Band 3–lipid interactions. Also, abnormalities of red cell 

membrane properties such as cell shape, membrane flexibility, endocytosis, lipid 

organization, and lateral diffusion of integral membrane proteins (Lux, 1979), influenced by 

the protein skeleton, have been described in erythrocytes from sickle cell anaemia patients, 

suggesting a defective sickle cytoskeleton (Caprari et al., 2019). For instance, irreversibly 

sickled cells, with elevated calcium and decreased ATP, have been found to have a 

permanent membrane deformation (Palek and Liu, 1979; Qiang et al., 2017). However, ATP 

depletion in the RBCs has been linked to a protein kinase C-catalysed phosphorylation which 

dismantles the 4.1R-spectrin-actin trimer with a resultant reduction of overall stability of the 

RBC membrane (Purnell, 2019). Additionally, due to its hydrophobic properties (as opposed 

to the hydrophilic properties of glutamate in the normal haemoglobin), valine (replacing 

glutamate on the HbS molecule) changes glucose utilization (Purnell, 2019) leading to 
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increased ATP availability (along with increased serum cations). This may increase ATP G-

actin concentration well above the critical concentration threshold of the positive and 

negative ends of the F-actin filaments, leading to an abnormal elongation of stiff filament 

(actin rods) and/or a loss of the dynamic equilibrium in the F-actin filaments (McCullagh et 

al., 2014; Pantaloni et al., 1984). This may result in sickling as well as the disruption of the 

mesh network that houses Band 3, as well as other membrane channels that control 

membrane trafficking to maintain cell neutrality, hydration and overall function. 

Hence, there has been suggestions for the critical examination of the cytoskeleton as a 

novel therapeutic approach for SCA treatment (George et al., 2010). The clinical suitability 

might be debatable because cytoskeleton-targeted therapy would only decrease membrane 

fragility and haemolytic rate of the cells as HbS would still polymerise on deoxygenation to 

distort flexible RBC cells. For instance, activation of the Gardos channel causes dehydration 

of sickle cell RBCs which in turn, favours deoxy-HbS polymerization leading to sickled 

erythrocytes (Brugnara, 1995) but on the other hand, use of a Gardos channel blocker 

increased anaemia and cell dehydration/lysis. Another feature is the loss of haem and the 

release of Fe3+ to foster an oxidizing microenvironment (Odièvre et al., 2011). The normal 

asymmetry of the membrane phospholipids is disrupted with the exposure of anionic 

phosphatidylserine at the cell surface. 

7.6 Development of Quercitrin from Nigerian Alchornea spp as a potential Anti-sickling 

Agent; Status Quo and Future work 

The goal of an effective, affordable and readily available SCA therapeutic being far from 

achieved but the work described in this thesis has generated novel findings that are likely to 

inform efforts directed at the development of anti-sickling drugs. 

The next step on compound development is to expand sample size in in vitro antisickling 

assays to discern if quercitrin has the same antisickling effect on SCA variants. RBC sickling is 

not homogeneous, and the percentage of RBCs undergoing sickling in vitro varies largely 

across different sickle cell disorder genotypes, as well as variations in the concentrations of 

HbF (Fertrin et al., 2016). SIFCA would be used for this step to allow rapid screening of 
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several samples. This would entail collaborations with established groups already working in 

this area of research. Efforts are currently on-going on this area of the study. 

This study could have been improved if an imaging flowcytometry method was available for 

accelerated evaluation and method reproducibility. Several attempts were made at 

developing such a method for this study but it was not very successful due to limited 

resources. This has been included for future studies for the confirmation of in vitro anti-

sickling activity. Additionally, with the hypothesis that one of the mechanisms by which 

quercitrin elicit its biological effect might be through increased cell volume, coupled with 

the fact that RBC dehydration is an important event in SCA pathogenesis, it will be practical 

to study the effect of quercitrin on RBC cation permeability as it affects RBC hydration. 

The current study did not study ex vivo anti-sickling activity involving whole blood, 

characterize the pharmacokinetic profile of quercitrin to test specificity for Hb by 

quantifying partitioning in the RBC compartment in relation to plasma, nor has it 

investigated the effect of quercitrin on oxygen equilibrium curve (OEC) to investigate its 

effect on HbS affinity for O2 in mitigating the clinical severity of SCA. A leftward shift in the 

OEC indicates an increase in the Hb‐O2 affinity (Oksenberg et al., 2016). The ability of 

quercitrin to not compromise oxygen delivery in quercitrin-treated cells should also be 

investigated. This could be obtained with the Oxygen Dissociation Assay (ODA), a novel 

assay that uses spectral signatures of Hb to measure the level of oxygenated HbS (oxyHbS) 

during deoxygenation. These limitations are potential lines of inquiry that need to be 

explored in future studies. This is to ensure chronic modification of HbS with quercitrin in 

SCA delivers the clinical benefits of inhibiting HbS polymerisation and reduces RBC sickling 

while maintaining oxygen delivery to peripheral tissues.  

However, quercitrin, as a drug candidate targeting RBC sickling can only be effective if these 

biological activities could be replicated in vivo. Hence, the need for mice trials involving 

transgenic mouse models. 
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7.7 Limitations to Quercitrin bioavailability? 

From the outset we were aware of the potential for low bioavailability of glycosides in 

humans to affect its activity in vivo. Although Glycoside conjugates of quercetin appear to 

have the highest bioavailability in humans (Dabeek and Marra, 2019) and highest for the 

quercetin glucosides, such as isoquercetin (Appleton, 2010). 

The molecular weight and hydrophilicity of all glycosides has the potential to limit their 

absorption in the small intestine. Many glycosides, such as rutin, pass unchanged into the 

large intestine, where they are hydrolyzed by microbially produced glycosidases, yielding 

quercetin aglycone and its sugar. The enzyme quercitrinase catalyzes the hydrolysis of 

quercitrin to yield L-rhamnose and quercetin. However, absorption at this point in the 

intestine is quite limited (Appleton, 2010). Interestingly, in a related study by, only quercetin 

glucoronides (no quercetin) where found in plasma upon the administration of quercetin 

glycosides, after approximately 7 hours (Graefe et al., 2001). However, dietary fat 

enhances bioavailability of lipophilic compounds. Nondigestible fiber may also 

improve bioavailability (Berkel KaŞIkci and Bağdatlıoğlu, 2016).  

The significance of specific carriers on the absorption of quercitrin as a quercetin glycoside, 

as well as specific intestinal beta-glucosidases, needs to be evaluated as a step towards a 

better understanding of quercitrin metabolism to improve the bioavailability.  Some 

metabolic mechanism adopted in improving bioavailability are: increasing the intestinal 

absorption (Shen et al., 2011), improving metabolic stability (Cao et al., 2013; Walle, 2007), 

modifying the site of absorption (from colon to small intestine) (Nielsen et al., 2006) 

and food ingredient supplementation. Microencapsulation, nano-delivery systems, micro-

emulsions, enzymatic methylation of flavonoids are some of the techniques explored to 

achieve these (Thilakarathna and Rupasinghe, 2013).  

7.7.1 Bioavailability Estimation 

Oral bioavailability is critical to drug discovery and development and oral administration in 

humans obviously seems to be the practical way to assess oral bioavailability of a xenobiotic 

or a drug in general (Walle et al., 2007). This is estimated by comparing intra-patient 
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measurements of drug concentration under different dosing conditions. For instance, a 

patient receives an oral dose of a drug which is then compared with an intravenous (IV) 

dose (100% bioavailability) of same drug, on alternate days. The blood plasma concentration 

is measured over a period of time for accurate assessment of both absorption and 

bioavailability (Russo et al., 2018), as has been done with quercetin (Almeida et al., 2018; 

Graefe et al., 2001) and resveratrol (Walle et al., 2004). However, this is sometimes 

impractical hence animal studies, using simultaneous oral and intravenous drug doses, are 

carried out such as, a perfused in situ rat intestinal model (Kim et al., 2006; Yang et al., 

2018a) or intra-portal vein administration (Li et al., 2019).  

Further, computational or in silico models have been established and widely applied to 

predict absorption and bioavailability in the early stages of drug discovery (Cabrera-Pérez 

and Pham-The, 2018) which can later guide clinical trials on the basis of in silico predictions 

(A Cabrera-Perez et al., 2012). 
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Chapter 8. Thesis Output 
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8.1 Introduction 

A range of outputs from the work detailed in this thesis is detailed as follows, including a 

published poster abstract and posters presented at scientific conferences. 

8.2 Adeniyi et al., (2017) 

Olayemi A. Adeniyi, Luis A. J. Mur, Ana Winters. (2017) P40 Alchornea cordifolia Leaf-

Extracts Confer Protection from DNA Damage and Reactive Oxygen Species (ROS). 

Biochemical Pharmacology, 139, 139. Published as part of special issue: The 5th 

International Conference on the Mechanism of Action of Nutraceuticals. 

ABSTRACT | Excess production of reactive oxygen species (ROS) can lead to tissue injury but 

this itself initiates the generation of ROS, thereby completing a vicious cycle. 

Deoxyribonucleic acid (DNA) appears to be the most vulnerable target in ROS induced 

cellular injury. In this work we demonstrate DNA protection by methanolic leaf extract of 

Alchornea cordifolia against oxidative damage. The extracts were investigated for 

antioxidant activity and the ability to confer protection from DNA damage in vitro through 

DPPH radical scavenging, inhibition of lipid peroxidation (ILP), and DNA protection assays. 

Total phenolic and flavonoid contents of these plant extracts were determined as gallic acid 

equivalent (GAE) and rutin equivalent (RE), respectively. The total phenolic content was 

highest in methanolic extract at 239.66 mg GAE/g of extract (at a concentration of 1 mg/ml) 

followed by the aqueous extracts at 195.17 mg GAE/g and flavonoids content in the 

methanolic extract was 776.00 mg of rutin equivalent per gram of sample and 686.0 mg 

RE/g in the aqueous extracts. The methanol and aqueous extracts exhibited a high 2,2-

diphenyl-1-picrylhydrazyl (DPPH) scavenging activity, which was concentration dependent. 

In the DNA protection assay, supercoiled plasmid (pBluescript SK-) freshly extracted from 

Escherichia coli was pre-incubated with various extracts of Alchornea cordifolia leaves prior 

to hydrogen peroxide stress. Only the methanol extract was able to preserve DNA integrity. 

The results suggest that bioactive components of Alchornea cordifolia can be tapped as new 

source of natural antioxidants agents as it preserves DNA integrity and confer a coping 

mechanism for oxidative stress. 

https://www.sciencedirect.com/science/article/abs/pii/S0006295217303647
https://www.sciencedirect.com/science/article/abs/pii/S0006295217303647
https://www.sciencedirect.com/science/article/abs/pii/S0006295217303647
https://www.sciencedirect.com/science/journal/00062952/139/supp/C
https://www.sciencedirect.com/science/journal/00062952/139/supp/C
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8.2.1 ICMAN/IUPHAR Confernce in Aberdeen. 27th – 29th September, 2017 
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8.3 Chemistry and Biology of Natural Products Symposium, University of Warwick. 28th 

– 29th June, 2018. 
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8.4 Bioactive content(s) of Alchornea Paper 
Research paper 

Isolation and characterisation of quercitrin, a potent anti-sickle cell anaemia 

agent from the Nigerian shrub, Alchornea spp. Manuscript in preparation. 

Olayemi Adeniyi, Rafael Baptista, Sumana Bhowmick, Ana Winters, Luis A. J. Mur  

ABSTRACT |Alchornea spp. is an important plant genus in Africa, where it has been used 

traditionally by healers in treating sickle cell anaemia, a genetic disorder endemic to African 

and sub-Saharan populations. In this research, the raw botanical, active botanical extract 

and purified active compounds of Alchornea spp. leaves were chemically characterized as a 

first step in the standardization of a phytomedicine and the development of an anti-sickling 

drug-lead.  A combination of various chromatographic and spectrometric techniques were 

used in bio-guided fractionation and purification.  

Crude methanol extract and resultant fractions of Alchornea spp leaves demonstrated 

significant decrease in percentage deoxyeryhtrocyte sickling (>70% RBC sickling-inhibition) 

and rate of haemoglobin polymerization in-vitro with increasing concentrations, informing 

the isolation of components; ALM7T5 and ALM7V11. These compounds demonstrated 

significant anti-sickling activity, 87.16±2.39 and 93.06±2.69 % erythrocyte sickling-inhibition 

at 0.4 mg/mL and 0.5 mg/mL respectively. To the best of our knowledge, this property is 

being reported for this compound(s) for thefirst time. Structural Elucidation identified 

ALM7T5 and ALM7V11 as a single compound; quercitrin (quercetin 3-rhamnoside), which 

also inhibited Hb polymerisation, stabilized sickle erythrocytes membrane, possibly with 

increased erythrocyte deformability and reduced fragility. In-depth analysis of key 

metabolites and pathways in quercitrin-treated sickle erythrocytes metabolome, using 

metabolomics revealed a metabolic signature similar to normal erythrocytes metabolome. 

This suggests, quercitrin could revert sickle erythrocyte metabolomes to be equivalent to 

those of normal erythrocytes.  

The findings described, has generated novel findings that are likely to inform efforts 

directed at development of anti-sickling drugs. 
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8.5 A Review Paper 
Review 

The potential of natural products for the management of sickle cell 

anaemia.Manuscript in preparation. 

Olayemi Adeniyi, Ana Winters, Luis A. J. Mur  

ABSTRACT |Eleven decades after sickle cell anaemia (SCA) was first discovered and 

described, hydroxyurea and voxelotor remain the only major agents available in the 

chemotherapy of SCA. This coupled with the many limitations of therapeutic interventions 

and high costs of management of SCA,especially for millions of patients in sub-Saharan 

Africa, where there are populations with a high prevalence of the disease and a greater 

percentage of affected individuals below poverty line, has necessitated the continual search 

for more affordable and assessable anti-sickling therapeutics, mostly from plant sources, 

without compromising on effectiveness. 

For decades, herbal extracts from indigenous flora have been used in Sub-Saharan Africa in 

the management of SCAwithrelatively outstanding resultsthough relatively few have been 

validated scientifically.Nature is a valuable reservoir of novel bioactive entities which exhibit 

tremendous chemical and structural diversity. These have biologically friendly features with 

high molecular weights, more oxygen atoms and complex structures enabling effective 

binding characteristics. Structural diversity also enables the creation of new chemical 

entities. 

This review aims to provide a brief overview of historically significant natural therapeutic 

agents inherent in medicinal plants from species-rich tropical Africaas well as other parts of 

the world,in the management of sickle cell anaemia to ameliorate the associated crisis. It 

will also provide an insight into some current potential drug candidates, andthe exploitation 

of the wealthof natural productsin SCA management.  
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Chapter 3 

Appendix 3.1 Gallic acid Standard Curve for Total Phenol Estimation 

 

Appendix 3.2 Rutin Standard Curve for Total Flavonoid Estimation 
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Appendix 3.3 Rutin Standard Curve for Total Flavonoid Estimation 
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Appendix 3.4 Alchornea plant samples in metabolite variation study 

A3.4.1. Alchornea spp. Sample 1 (AcV 111, Ifaki-Ekiti; N 7.788378, E 5.249491),Sample 2 (AcV 121, Omuo-Ekiti; N 7.767501, E 5.722985) and 

Sample 3 (AcV 131,Ado-Ekiti; N 7.609104, E 5.18146) all from Ekiti state, Southwest, Nigeria (A) habitat; (B) leaf blade (C) stem, Photographs by 

Olayemi Adeniyi. 
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A3.4.2. Alchornea spp. Sample 6 (AcV 211,Akure; N 7.283498, E 5.223648), Sample 7 (AcV 221, Iju; N 7.400013, E 5.248983) and Sample 8 

(AcV 231,Itaogbolu; N 7.332643, E 5.251151) all from Ondo state, Southwest, Nigeria (A) habitat; (B) leaf blade (C) stem, Photographs by 

Olayemi Adeniyi. 
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A3.4.3. Alchornea spp. Sample 11 (AcV 311,Ibadan; N 7.390162, E 3.974648), Sample 12 (AcV 321, Egbeda; N 7.371357, E 4.05503) and 

Sample 13 (AcV 331, Asejire; N 7.35667, E 4.132343) all from Oyo state, Southwest, Nigeria(A) habitat; (B) leaf blade (C) stem, Photographs by 

Olayemi Adeniyi. 
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A3.4.4. Alchornea spp. Sample 16 (AcV 411, Ikire; N 7.377138, E 4.180881), Sample 17 (AcV 421,Gbongan; N 7.466511, E 4.345195) and 

Sample 18 (AcV 431, Ode-omu; N 7.488373, E 4.421601) all from Osun state, Southwest, Nigeria (A) habitat; (B) leaf blade (C) stem, 

Photographs by Olayemi Adeniyi. 
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A3.4.5. Alchornea spp. Sample 21 (AcV 511, Ogeere-remo; N 6.986854, E 3.66838), Sample 22 (AcV 521, Sagamu; N 6.878953, E 3.577221) and 

Sample 23 (AcV 531, Mowe; N 6.797667, E 3.431425) all from Ogun state, Southwest, Nigeria(A) habitat; (B) leaf blade (C) stem, Photographs 

by Olayemi Adeniyi. 
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A3.4.6. Alchornea spp. Sample 25 (AcV 611, Ikorodu; N 6.624722, E 3.507224), Sample 26 (AcV 621,Magodo-Isheri; N 6.651363, E 3.394873) 

and Sample 27 (AcV 631, Ojodu; N 6.636471, E 3.360224) all from Ogun state, Southwest, Nigeria(A) habitat; (B) leaf blade (C) stem, 

Photographs by Olayemi Adeniyi. 

 

 



 

Appendix 3.5 Total phenolic and flavonoids content (Preliminary Studies) 

 

Leaf-Extracts Total Phenols (mg GAE/g) Total flavonoids (mg RE/g) 

DCM 42.76±5.85 521.72±84.71 

MeOH 291.55±73.38 764.50±29.28 

Aq1 199.31±5.85 672.0±34.53 

Aq2 200.01±41.94 637.83±62.85 

 

Appendix 3.6 DPPH Scavenging Activity, I (%) (Preliminary Studies)   

µg/ml DCM MeOH Aq1 Aq2 µM Ascorbic 

400 22.94±5.17 66.50±1.58 61.83±2.44 52.89±3.67 80 25.84±2.80 

200 11.52±1.94 57.06±2.42 47.82±1.56 27.36±3.66 40 11.17±1.56 

100 9.54±1.29 29.04±1.06 25.84±0.22 12.79±1.68 20 9.85±0.00 

50 6.80±0.86 19.75±1.08 15.23±1.86 15.94±0.91 10 6.95±1.08 

 

Appendix 3.7 FIE-HRMS Supplementary Data 

A3.7.1 Phytochemical content of dichloromethane extract of 18 samples of Alchornea spp. 
collected from different locations across south western Nigeria 

DCM Fraction 

Samples % Yield Total Phenol 
Content (µg 
GAE/mg) 

Total Flavonoid 
Content (µg RE/mg) 

AcV 111 2.90 20.9 ± 11.91 14.7 ± 4.48 
AcV 121 2.75 24.5 ± 2.42 18.3 ± 15.99 
AcV 131 4.20 16.3 ± 10.00 13.6 ± 8.43 
AcV 211 20.55 31.8 ± 5.17 24.4 ± 6.90 
AcV 221 3.55 24.2 ± 2.58 18.4 ± 3.98 
AcV 231 2.65 27.9 ± 6.35 22.6 ± 4.81 
AcV 311 14.05 42.0 ± 11.23 32.6 ± 15.21 
AcV 321 2.90 31.6 ± 9.27 24.0 ± 5.09 
AcV 331 3.30 28.3 ± 11.15 21.3 ± 3.33 
AcV 411 3.20 25.8 ± 8.29 20.0 ± 3.73 
AcV 421 2.75 53.7 ± 12.56 42.2 ± 4.71 
AcV 431 2.50 25.4 ± 6.10 19.2 ± 13.41 
AcV 511 2.70 61.7 ± 4.60 47.4 ± 1.45 
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AcV 521 5.55 15.7 ± 1.19 12.5 ± 0.42 
AcV 531 2.90 17.2 ± 4.46 12.9 ± 1.93 
AcV 611 2.75 19.3 ± 4.08 13.9 ± 2.86 
AcV 621 3.35 14.2 ± 2.80 12.6 ± 4.13 
AcV 631 4.10  13.8 ± 1.25 18.2 ± 3.16 

 

A3.7.2 Phytochemical content of methanol extract of 18 samples of Alchornea spp. 
collected from different locations across south western Nigeria 

MeOH Fraction 

Samples % Yield Total Phenol (µg 
GAE/mg) 

Total Flavonoid 
Content (µg RE/mg) 

AcV 111 20.31 206.2 ± 5.70 119.3 ± 0.97 
AcV 121 19.26 198.6 ± 11.86 92.2 ± 1.28 
AcV 131 29.42 143.5 ± 10.28 76.3 ± 1.04 
AcV 211 143.93 139.2 ± 3.28 97.0 ± 1.60 
AcV 221 24.86 138.9 ± 3.08 67.3 ± 8.67 
AcV 231 18.56 133.8 ± 9.43 74.3 ± 3.84 
AcV 311 98.41 209.3 ± 6.28 73.1 ± 4.70 
AcV 321 20.31 149.7 ± 3.65 80.9 ± 0.56 
AcV 331 23.11 148.2 ± 6.34 80.7 ± 10.42 
AcV 411 22.41 119.8 ± 3.62 74.2 ± 16.41 
AcV 421 19.26 155.1 ± 4.98 110.5 ± 2.39 
AcV 431 17.51 134.4 ± 5.75 87.2 ± 4.23 
AcV 511 18.91 196.0 ± 7.04 148.5 ± 13.59 
AcV 521 38.87 144.6 ± 6.53 102.5 ± 21.71 
AcV 531 20.31 193.5 ± 10.02 100.2 ± 5.54 
AcV 611 19.26 165.4 ± 6.12 118.3 ± 2.86 
AcV 621 23.46 124.7 ± 2.49 83.8 ± 1.45 
AcV 631 28.72 129.8 ± 3.19 105.0 ± 3.52 

 
 

A3.7.3 Phytochemical content of methanol extract of 18 samples of Alchornea spp collected 
from different locations across south western Nigeria 

Aqueous Fraction 

Samples % Yield Total Phenol (µg 
GAE/mg) 

Total Flavonoid (µg 
RE/mg)  

AcV 111 2.18 165.5 ± 12.54 114.4 ± 3.87 
AcV 121 2.07 169.3 ± 2.54 110.3 ± 5.13 
AcV 131 3.16 160.7 ± 10.53 89.1 ± 2.05 
AcV 211 15.47 177.0 ± 5.44 86.1 ± 7.11 
AcV 221 2.67 168.9 ± 2.71 90.9 ± 4.10 
AcV 231 2.00 172.8 ± 6.68 108.6 ± 6.80 
AcV 311 10.58 192.7 ± 0.41 77.0 ± 5.31 
AcV 321 2.18 176.8 ± 9.75 89.4 ± 5.91 
AcV 331 2.48 173.3 ± 11.73 103.6 ± 5.02 
AcV 411 2.41 174.3 ± 3.60 83.6 ± 4.15 
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AcV 421 2.07 199.6 ± 11.82 95.2 ± 2.84 
AcV 431 1.88 182.1 ± 4.84 65.8 ± 2.64 
AcV 511 2.03 170.3 ± 6.42 114.4 ± 7.66 
AcV 521 4.18 160.0 ± 1.25 92.6 ± 6.78 
AcV 531 2.18 163.4 ± 3.04 91.1 ± 11.95 
AcV 611 2.07 199.9 ± 2.06 109.8 ± 1.30 
AcV 621 2.52 185.5 ± 3.71 83.9 ± 0.69 
AcV 631 3.09 187.7 ± 4.24 98.6 ± 2.44 
  

 

 

Appendix 3.8 Demographic data of local informants 

 

 

 

Appendix 3.9 Samplers Data 

Age 
groups 

Herb sellers Traditional 
health 
practitioners 

Indigenes Total 

20 - 29 0 0 4 4 

30 - 39 5 0 9 14 

40 - 49 12 4 11 27 

50 - 59 15 15 0 30 

60 - 69 19 11 5 35 

≥ 70 5 0 5 10 

Total 56 30 34 120 
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Appendix 3.10 Significance of mean difference amongst DPPH Free Radical scavenging 

activity, I and AAPH Antioxidant Activity. 

Parameter  Estimate 95% CI SE t p-value VIF 

DM400 
ug/ml 

0.1085 -0.7641 to 
0.9811 

0.43104 0.25  
0.8026 

 

1469.80 

DM200 
ug/ml 

0.003766 -0.8649 to 
0.8724 

0.42909 0.01  
0.9930 

 

1272.81 

DM100 
ug/ml 

-0.02315 -0.7579 to 
0.7116 

0.36297 -0.06  
0.9495 

 

793.34 

DM50 
µg/ml 

0.2983 -0.06538 to 
0.6621 

0.17967 1.66  
0.1050 

 

82.84 
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0.4364 
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0.2994 
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Appendix 3.11 Mean difference amongst Antioxidant Activity of sample groups. 

Contra
st  

Mean 
difference 

Simultaneous 99% CI SE 0   p-value 
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Appendix 3.12 
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Appendix 3.13 
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Appendix 2.14:  DPPH Scavenging activity (%). Ascorbic acid reduced the 1,1-diphenyl-2-

picrylhydrazyl free radical to the yellow coloured diphenylpicrylhydrazine. Typical data 

expressed as mean of experiments performed in triplicates. 
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Chapter 4 

Appendix 4.1 

 

 yield 
(mg) 

% Yield  yield 
(mg) 

% Yield 

ALM7T 600  ALM7V 61  
ALM7T1 105.1 17.52 ALM7V1 2.6 4.26 
ALM7T2 68.4 11.40 ALM7V2 2.1 3.44 
ALM7T3 45 7.50 ALM7V3 5.9 9.67 

ALM7T4 22.5 3.75 ALM7V4 4.8 7.87 
ALM7T5 121.8 20.30 ALM7V5 3.8 6.23 
ALM7T6 44.2 7.37 ALM7V6 2.8 4.59 
ALM7T7 19.8 3.30 ALM7V7 3.2 5.25 
ALM7T8 11.7 1.95 ALM7V8 9.5 15.57 
   ALM7V9 3 4.92 

   ALM7V10 3.2 5.25 
   ALM7V11 5.1 8.36 

 

 

Appendix 4.2 - HbSS-RBC incubated with a serial dilution of 5mg/mL PHBA in Na2S2O5- 
induced hypoxia. 

 

A- 5mg/mL 

E- 0.31mg/mL 

B- 2.5mg/mL C- 1.25mg/mL 

D- 0.63mg/mL F- 0.16mg/mL 
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Appendix 4.3 LC–MS spectrum of ALM7V11 purified from Alchornea spp. (A) The 
separations were carried out using Alliance ultra-high-performance liquid chromatography 
system and analyzed successively using mass spectrometer. Mass spectra obtained for 
quercitrin at RT 3.75 minute is shown. 
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Appendix 4.4 LC–MS spectrum of ALM7T5 purified from Alchornea spp. The separations 

were carried out using Alliance ultra-high-performance liquid chromatography system and 

analyzed successively using mass spectrometer. Mass spectra obtained for quercitrin at RT 

3.70 minute is shown. 
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Chapter 6 

Appendix 6.1: Mummichog-matched annotated compound list for significantly different 

features between quercitrin-treated and untreated groups. 

 Query.Mass Matched. 
Compound 

Matched.For
m 

Mass.Diff  Compound names 

1 146.0457 C00025 M-H[-] 0.000151  L-Glutamic acid 
2 289.1228 C19490 M-H[-] 0.000633  trans-3,4-Dihydro-3,4-

dihydroxy-7,12-
dimethylbenz[a]anthracene 

3 130.0621 C00300 M-H[-] 0.00013  Creatine 
4 467.1677 C11133 M+Na-2H[-] 0.001095  Estrone glucuronide 
5 195.0509 C00257 M-H[-] 0.000126  Gluc/Gulonic acid 
6 166.0389 C00300 M+Cl[-] 0.000473  Creatine 
7 128.0353 C04281 M-H[-] 2.66E-05  Pyrroline hydroxycarboxylic 

acid 
8 179.0561 C00267 M-H[-] 5.16E-05  alpha-D-Glucose 
9 165.0401 C00258 M+CH3COO[-] 0.000226  D-Glycerate 
10 104.0351 C00065 M-H[-] 0.000187  L-Serine 
11 177.0403 C00198 M-H[-] 0.000132  Gluconolactone 
12 215.0328 C00095 M+Cl[-] 0.0005  D-Fructose 
13 227.2016 C06424 M-H[-] 8.37E-05  Myristic acid 
14 313.1928 C06427 M+Cl[-] 0.00073  Alpha-Linolenic acid 
15 255.233 C00249 M-H[-] 6.62E-05  Palmitic acid 
16 299.2601 C01530 M-H+O[-] 0.000906  Stearic acid 
17 278.154 C16660 M-H+O[-] 0.001043  2-Ethyl-5-methyl-3,3-diphenyl-

1-pyrroline 
18 323.0295 C00105 M-H[-] 0.00089  Uridine 5'-monophosphate 
19 307.0743 C14852 M+Na-2H[-] 0.000123  Benzo[a]pyrene-7,8-diol 
20 300.0499 C04501 M-H[-] 0.000906  N-Acetyl-alpha-D-glucosamine 

1-phosphate 
21 587.3097 D20185 2M+Hac-H[-] 0.001051  Subaphyllin 
22 429.0594 C05673 M-H[-] 0.001231  CMP-2-

aminoethylphosphonate 
23 307.2057 C00473 M+Na-2H[-] 0.001303  Retinol 
24 341.1901 C00219 M+K-2H[-] 0.001613  Arachidonic acid 
25 171.0062 C00093 M-H[-] 0.000218  Glycerol 3-phosphate 
26 167.0209 C00366 M-H[-] 0.000124  Uric acid 
27 283.2651 C01530 M-H[-] 0.000856  Octadecanoic acid 
28 340.1542 C16607 M(C13)-H[-] 0.00066  Citalopram N-oxide 
29 337.0564 C04677 M-H[-] 0.000956  AICAR 
30 341.2708 C00712 M+CH3COO[-] 0.001575  Oleic acid 
31 375.193 C14772 M+K-2H[-] 0.000997  5,6-DHET 
32 319.0446 C01762 M+Cl[-] 3.59E-05  Xanthosine 
33 353.2108 C05485 M+Na-2H[-] 0.000928  21-Hydroxypregnenolone 
34 272.0897 C00670 M-H+O[-] 0.000737  Glycerophosphocholine 
35 315.1903 C06427 M+Cl37[-] 0.00023  alpha-Linolenic acid 
36 311.2964 C06425 M-H[-] 0.000836  Arachidic acid 
37 459.9518 C16619 M+Br81[-] 0.000295  6-Thioguanosine 

monophosphate 
38 199.0194 C03827 M+Cl37[-] 0.00069  2-Dehydro-3-deoxy-L-fuconate 



281 | P a g e  
 

 Query.Mass Matched. 
Compound 

Matched.For
m 

Mass.Diff  Compound names 

39 143.046 C21028 M-H+O[-] 0.000244  (R)-5,6-Dihydrothymine 
40 301.5324 C00096 M-2H[2-] 0.00105  Guanosine diphosphate 

mannose 
41 483.1442 C11133 M+K-2H[-] 0.001885  Estrone glucuronide 
42 364.0367 C14865 M-H2O-H[-] 0.000872  2-(S-Glutathionyl)acetyl 

chloride 
43 333.0605 C19562 M-H2O-H[-] 0.001407  7-Hydroxymethyl-12-

methylbenz[a]anthracene 
sulfate 

44 433.3105 C17335 M(S34)-H[-] 0.002023  3beta,7alpha-Dihydroxy-5-
cholestenoate 

45 184.9854 C00631 M-H[-] 0.000233  2-Phospho-D-glyceric acid 
46 579.8906 C01284 M(C13)-H[-] 0.000604  Inositol 1,3,4,5,6-

pentakisphosphate 
47 217.0298 C00124 M+Cl37[-] 0.0005  D-Galactose 
48 308.0999 C00270 M-H[-] 0.001176  N-Acetylneuraminate 
49 427.0394 C01103 M+CH3COO[-] 0.000409  Orotidylic acid 
50 102.0559 C01205 M-H[-] 0.000132  (R)-b-aminoisobutyric acid 
51 589.2029 C09332 M-H+O[-] 0.001732  Tetrahydrofolyl-[Glu](2) 
52 510.1561 C14791 M+CH3COO[-] 0.001484  (1R)-Hydroxy-(2R)-

glutathionyl-1,2-
dihydronaphthalene 

53 604.0724 C00096 M-H[-] 0.002514  GDP-mannose 
54 341.2094 C14768 M+Na-2H[-] 0.000512  5,6-Epoxy-8,11,14-

eicosatrienoic acid 
55 88.04034 C00041 M-H[-] 6.20E-05  L-Alanine 
56 487.1015 C00307 M-H[-] 0.001476  Citicoline 
57 520.6533 C16327 M-2H[2-] 0.001474  OPC8-CoA 
58 311.1827 C05819 M(S34)-H[-] 0.000936  Menaquinol 
59 186.0561 C05660 M-H2O-H[-] 3.32E-05  5-Methoxyindoleacetate 
60 451.183 C00353 M(S34)-H[-] 0.00086  Geranylgeranyl-PP 
61 305.9368 C03287 M+Br[-] 0.000958  L-Glutamic acid 5-phosphate 
62 293.1898 C00249 M+K-2H[-] 0.001313  All-trans-13,14-dihydroretinol 
63 303.2339 C00219 M-H[-] 0.000966  Arachidonate 
64 289.0341 C05382 M-H[-] 0.001083  D-Sedoheptulose 7-phosphate 
65 153.036 C04043 M(S34)-H[-] 0.000162  3,4-

Dihydroxyphenylacetaldehyde 
66 261.038 C16365 M+Cl[-] 0.001085  5-Acetylamino-6-formylamino-

3-methyluracil 
67 343.1076 C00621 M-H[-] 0.0005  Dolichyl diphosphate 
68 117.0192 C00042 M-H[-] 0.000102  Acetoacetic acid 
69 403.0672 C19594 M+CH3COO[-] 0.000685  Aflatoxin-M1-8,9-epoxide 
70 134.0741 C00468 M-2H[2-] 0.000366  Estrone 
71 174.0883 C00327 M-H[-] 0.000145  Citrulline 
72 505.9781 C00053 M-H[-] 0.000833  Phosphoadenosine 

phosphosulfate 
73 129.0192 C02630 M-H2O-H[-] 0.000147  2-Hydroxyglutarate 
74 487.2999 C02059 M+K-2H[-] 0.001842  Vitamin K1 
75 443.1258 C01124 M+Br81[-] 0.000166  18-Hydroxycorticosterone 
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 Query.Mass Matched. 
Compound 

Matched.For
m 

Mass.Diff  Compound names 

76 181.0717 C01697 M-H[-] 9.17E-05  Galactitol 
77 301.1223 C19488 M+HCOO[-] 0.000566  7,12-

Dimethylbenz[a]anthracene 
78 311.1046 C19607 M+Na-2H[-] 0.000847  trans-5,6-Dihydro-5,6-

dihydroxy-7,12-
dimethylbenz[a]anthracene 

79 475.2564 C15780 M+Br[-] 0.001136  5-Dehydroepisterol 
80 519.9341 C00063 M+K-2H[-] 0.001321  Cytidine triphosphate 
81 732.4211 G13040 M+Br[-] 0.00284  (GlcA)2 (GlcNAc)1 (S)1 
82 355.2256 C13713 M+Na-2H[-] 7.80E-05  Tetrahydrodeoxycorticosteron

e 
83 393.2797 C02528 M(S34)-H[-] 0.001523  Chenodeoxycholic acid 
84 200.1292 C16651 M+ACN-H[-] 3.29E-05  3-Hydroxyvalproic acid 
85 426.0365 C00068 M(Cl37)-H[-] 0.001579  Thiamine pyrophosphate 
86 441.0417 C14868 M+ACN-H[-] 0.00091  S-(1,2-

Dichlorovinyl)glutathione 
87 341.2242 C03242 M+Cl[-] 0.00057  8,11,14-Eicosatrienoic acid 
88 133.014 C00149 M-H[-] 0.000257  L-Malic acid 
89 296.0453 C03373 M(S34)-H[-] 0.00014  5-Aminoimidazole 

ribonucleotide 
90 380.2583 C01120 M-H[-] 0.001167  Sphinganine 1-phosphate 
91 129.0386 C04281 M(C13)-H[-] 0.000147  L-1-Pyrroline-3-hydroxy-5-

carboxylate 
92 432.2694 G02632 M+Cl[-] 0.00054  (GlcA)1 (GlcNAc)1 
93 88.98793 C00048 M-H+O[-] 9.75E-05  Glyoxylate 
94 349.0451 C00455 M-H+O[-] 0.000904  Nicotinamide ribotide 
95 277.071 C01262 M+K-2H[-] 0.000463  Anserine 
96 118.0507 C00188 M-H[-] 0.000227  L-Threonine 
97 365.0491 C04734 M-H[-] 0.001318  Phosphoribosyl 

formamidocarboxamide 
98 157.0618 C03508 M+ACN-H[-] 6.16E-05  L-2-Amino-3-oxobutanoic acid 
99 286.0876 C00378 M+Na-2H[-] 0.000566  Thiamine 
100 89.02444 C01013 M-H[-] 2.24E-05  Hydroxypropionic acid 
101 349.2171 C05487 M(S34)-H[-] 0.001483  17alpha,21-

Dihydroxypregnenolone 
102 601.9495 C01228 M-H[-] 0.000254  Guanosine 3',5'-

bis(diphosphate) 
103 153.0192 C00628 M-H[-] 9.22E-05  Gentisic acid 
104 656.1148 C11278 M+Na-2H[-] 0.002106  Aflatoxin B1exo-8,9-epoxide-

GSH 
105 631.135 C03691 M(Cl37)-H[-] 0.002904  CMP-N-glycoloylneuraminate 
106 104.0113 C00818 M-2H[2-] 0.000237  Glucaric acid 
107 511.1754 C11132 M+Cl[-] 0.00185  2-Methoxyestrone 3-

glucuronide 
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