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ABSTRACT: Therapeutic reactivation of foetal haemoglobin (HbF) can alleviate clinical complications associated with
sickle cell anaemia (SCA), a severe monogenic disorder that is prevalent in sub-Saharan Africa. Traditional medicine
practitioners in Nigeria utilize the stem bark of Theobroma cacao as a haematinic for SCA patients, but its potential to
induce HbF remains uncertain. Here, we investigated the cytotoxic effects of ethanol extract of Theobroma cacao bark
(TCBEE) using the MTT assay and quantified in real-time, y-globin gene expression levels in human erythroleukaemic
K562 cells treated with TCBEE (1, 5, 10 and 30 pg/mL) or 200 pM hydroxyurea (HU) for 24 hours, alongside untreated
cells. Total RNA (Azs0/Azs0 > 1.9) isolated from un/treated cells was converted to cDNA for RT-gPCR analysis, and the gene
expression data was normalized with GAPDH as a reference gene. TCBEE demonstrated moderate cytotoxicity against
K562 cells, which are of leukaemic origin, with an ICso value of 101.5 pg/mL in the MTT assay, suggesting that TCBEE
might have good anti-cancer components. The relative quantification of the y-globin gene revealed a decrease in fold
changes as the concentration of TCBEE increased. Notably, treatment with 1 pg/mL TCBEE showed a significant (p <
0.0001) 1.08-fold change compared to HU-treated cells which could be beneficial for individuals with haemoglobinopathies,
such as SCA. Therefore, this study pinpoints the therapeutic potential of TCBEE in SCA management and recommends
further research to identify the bioactive compounds in TCBEE responsible for naturally inducing y-globin gene expression.

Keywords: Foetal haemoglobin, Theobroma cacao, K562 cells, RT-qPCR, Sickle cell disease

Introduction

Normal adult haemoglobin (HbA) consists of two pairs of a-like and B-like globin while foetal haemoglobin
(HbF) comprises two pairs of a-like and y-like globin subunits. HbF is indispensable for delivering oxygen from
the mother's circulation to the foetus during gestation due to its higher affinity for oxygen. Shortly after birth (~
6 months), a switch from HbF to HbA, brought about by the silencing of y-globin gene expression and the
reciprocal activation of adult 3-globin gene expression, occurs (Makani et al., 2013; Paikari and Sheehan, 2018).
Consequently, HbA becomes the predominant form of haemoglobin (Hb) and individuals with B-globin gene
disorders such as sickle cell disease (SCD) would gradually begin to show clinical complications of the disease.
The defining mutation of SCD occurs at the 6™ position of the first exon of the B-globin gene (B®¢"-V located
on chromosome 11p15.5. This point (A to T) mutation leads to the formation of a crescent or sickle-shaped
haemoglobin variant (HbS) that can polymerize during periods of deoxygenation and hypoxemia, consequently
causing acute and chronic complications in several organs of the body (Inusa et al., 2019; Sundd et al., 2019).
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Because HbF inhibits the intracellular polymerization of HbS, the search for drugs that could reactivate and
modulate HbF expression in adult SCD individuals led to the discovery of hydroxyurea (HU) over three decades
ago, and subsequent approval by the FDA in 1998 (McGann and Ware, 2015). Although HU is relatively
inexpensive and plays a significant role in reducing acute painful episodes, preventing acute chest syndrome
events and, more importantly, increasing HbF levels (which lack B-globin chains), its use comes with various
reported side effects. Moreover, concerns have been raised regarding the potential carcinogenic or leukemogenic
effects associated with prolonged use of HU (Platt, 2008; Strouse et al., 2008). Previous studies have shown that
treating human erythroleukaemic K562 cells with synthesized compounds such as HU or compounds from
natural sources increased the expression of embryonic (¢) and HbF genes (Bianchi et al., 2009). Various
medicinal plants used to manage SCD in a Nigerian population have been reported and such plant species are
gaining much attention in ethnopharmacology (Amujoyegbe et al., 2016).

Nigerian traditional medicine practitioners administer the stem bark of Theobroma cacao as a haematinic to
individuals suffering from sickle cell anaemia (SCA, HbSS), which is the most prevalent and clinically severe
form of SCD (Odugbemi, 2008; Gbadamosi, 2015). Theobroma cacao L. also known as cacao or cocoa, is a
member of the Malvaceae plant family. The cocoa tree is a perennial tree that grows to a height of 8 to 15 m in
natural habitats including the tropical regions of South and Central America and the Amazon basin rain forest.
The oval-shaped fruit contains 30 to 40 seeds embedded in a mucilaginous pulp that has an acid-sweet taste. The
ellipsoid or ovoid cocoa seeds, also known as cocoa beans, are essential ingredients for chocolate production
(Lima et al., 2011; de Souza et al., 2018). Cocoa beans are rich in polyphenols such as catechins or flavan-3-ols,
anthocyanins and proanthocyanidins, as well as hundreds of important bioactive compounds that confer the
antioxidant, anti-inflammatory, anti-hypertensive, chemopreventive, neuroprotective and cardioprotective
properties to humans (Aprotosoaie et al., 2016). To the best of our knowledge, there is a paucity of information
on the potential of T. cacao stem bark ethanol extract (TCBEE) to induce y-globin mRNA in K562 cells. The
present gene expression studies could address such a dearth of information and contribute knowledge in this
regard.

Materials and methods

Plant material: The dried stem bark of Theobroma cacao was bought from a local herb vendor at Oyingbo
Market in Lagos, Nigeria, and identified by Dr. Nodza George at the Herbarium of the Department of Botany,
University of Lagos and a voucher specimen (LUH 9514) was deposited afterwards. The plant material was
thoroughly rinsed with distilled water, air-dried completely and finely ground in an electric blender.
Subsequently, 1.5 kg of the ground plant material was macerated in 10 litres of 70% ethanol for 72 hours with
intermittent shaking. The resulting ethanol extract was filtered through a layer of cotton wool and re-filtered
with Whatman filter paper (15 mm). The filtrate was concentrated to dryness using a rotary evaporator (Bibby
Stuart RE300, UK) and a water bath set at 40 °C. The dried Theobroma cacao bark ethanol extract (TCBEE)
was then stored in a clean, airtight container. A 10 mg/mL stock solution was prepared by first dissolving the
semi-solid TCBEE in DMSO overnight, followed by additional dissolution in PBS to achieve a final DMSO
concentration of 0.1%. This was then filter-sterilized under the laminar flow hood using a syringe filter (0.22
1M) and stored at 4 °C until it was needed to be used.

Cell culture: The human erythroleukaemic K562 cell line was purchased from Cell Line Services (CLS,
Germany) and cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Sigma Aldrich, USA),
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin as described by (Iftikhar et al.,
2022). Cells were grown in a humidified 5% CO; incubator regulated at 37 °C. The medium was changed three
times per week and passaged when confluence was reached.

Cell viability assay: The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium
reduction assay was used to evaluate the cytotoxicity of varying concentrations of TCBEE extract in K562 cells.
Cells seeded at a density of 2 x 10° cells per mL in a 96-well plate were treated with TCBEE in a two-fold
dilution series starting from a concentration of 5000 pg/mL. RPMI medium only served as the blank. After 24 h,
a 10 pL aliquot of MTT (5 mg/mL) solution prepared in PBS was added to all 96 wells and incubated at 37 °C
for another 3 hours. DMSO (100 pL) was then added to each well and incubated for another 15 minutes.
Changes in absorbance of the resulting purple-coloured formazan product, which reflects the number of viable
cells, were measured on a microplate reader (Varioskan LUX) at a reference wavelength of 540 nm. The assay
was done in triplicates and the half-maximal inhibitory concentration (ICso) was calculated using log-probit
regression analysis (Langdon, 2003; Gao et al., 2012; Riss et al., 2016).

Gene expression studies: K562 cells were seeded at a density of 7 x 10° per mL in a 6-well plate and treated
with four concentrations of TCBEE (1, 5, 10 and 30 pg/mL) lower than the calculated ICso values. Cells treated
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with 200 uM HU (Glentham Life Sciences, UK) were the positive control while untreated cells served as the
normal control. After 24 h, total RNA was isolated from (un)treated cells with Zymo Quick-RNA™ MiniPrep
Kit (R1054) according to the manufacturer’s instructions. RNA integrity check was achieved by measuring the
optical density (OD) absorption ratio between 260 nm and 280 nm on a Nanodrop. cDNA was then synthesized
from 1 pg pure RNA (>1.9) using the ProtoScript Il First Strand cDNA synthesis kit (New England Biolabs,
E6560S) following the manufacturer’s instructions. Real-time quantitative reverse transcription-polymerase
chain reaction (RT-gPCR) was performed on the obtained cDNA template with Luna Universal qPCR Master
Mix (New England Biolabs, M3003S) on a Bio-Rad CFX96 real-time PCR system with the SYBR Green
fluorescence chemistry according to the following conditions; an initial denaturation step at 95 °C for 60
seconds, followed by 45 cycles of denaturation (at 95 °C for 15 seconds) and extension at 60 °C for 30 seconds.
Subsequently, a melt-curve program was executed, gradually increasing the temperature from 60°C to 95 °C.
Furthermore, the RT-gPCR experiments were conducted with two technical replicates for each primer and
negative template control (NTC) reactions were performed simultaneously without using a template DNA to
ensure the reliability of the results. The primer information for the target gene (y-globin) and the reference gene
(GAPDH) as reported by Iftikhar et al. (2022) are presented in Table 1.

Table 1: Primer Sequences for RT-gPCR analysis

Target Gene Primer Nucleotide Sequence (5°-3”) Bases

Human y-Globin Forward TTCCTGGCAGAAGATGGT 18
Reverse AGCTCTGAATCATGGGCAGT 20

Human GAPDH Forward CCAGAACATCATCCCTGCCT 20
Reverse CCTGCTTCACCACCTTCTTG 20

Statistical analysis: All data from this study were analyzed using GraphPad Prism Software (version 9.0), and
the results are presented as mean * standard deviation (S.D). The relative changes in gene expression were
calculated using the 2-22€T method after normalizing the data with that of the expression levels of the reference
gene, GAPDH (Livak and Schmittgen, 2001). One-way ANOVA was performed to compare differences between
the fold changes of treated and untreated groups. P-values less than 0.0001 were considered statistically
significant.

Results

Morphology of K562-treated cells: Figure 1 illustrates the morphological changes observed in K562 cells after
exposure to TCBEE or HU. Micrographs depicting cells treated with varying concentrations of TCBEE (Fig. 1b-
le) did not reveal discernible alterations in cellular morphology compared to untreated cells (Fig. 1a). In
contrast, cells treated with HU exhibited cytotoxic effects, manifested by an increased presence of dead cells or
cells of reduced size (Fig. 1f). These observations highlight the varying effects of TCBEE and HU on K562 cell
morphology, indicating distinct cellular response to the two treatments.

D: 10 pg/mL TCBEE E: 30 pg/mL TCBE F: Positive control (HU 200)

Figure 1: Representative morphology images of K562 cells (A-F) treated with TCBEE (Theobroma cacao bark ethanol
extract) or HU (Hydroxyurea) for 24 hours, and untreated cells. Magnification: x100.
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Cytotoxicity of TCBEE on K562 cells: The half-maximal inhibitory concentration (ICsp) of TCBEE on K562
cells, estimated from the dose-response curve in Fig. 2, is 101.5 pg/mL. The regression analysis shows the
concentration range at which TCBEE exerts significant growth inhibitory effects on the K562 cell line.

ICso = 101.50 pg/ml

150 -

Inhibition (%)

1 2 3 4 5
log4g[Conc. (ng/ml)]

Figure 2: Determination of the half-maximal inhibitory concentration (ICsq) of Theobroma cacao bark ethanol
extract (TCBEE) on K562 cells.

y-Globin mRNA expression analysis: Figure 3 depicts the relative fold changes in y-globin mRNA expression
levels in K562 cells following a 24-hour exposure to varying concentrations of TCBEE or HU. HU treatment
resulted in a fold change of 0.5, while 1 pg/mL of TCBEE yielded a fold change of 1.08. In comparison,
untreated cells exhibited a fold change of 0.1. Notably, as the concentration of TCBEE increased, there was a
decrease in fold changes, indicating a dose-dependent effect on y-globin mRNA expression levels.

1.5

y-globin mRNA Fold change

HU 1 5 10 30 CONTROL
TCBEE (ng/ml)

Figure 3: Relative fold changes in y-Globin mRNA expression in K562 cells after 24 hours of exposure to
TCBEE (Theobroma cacao bark ethanol extract) or HU (hydroxyurea). Gene expression data were
normalized to GAPDH Levels. P < 0.0001 between the treated and untreated groups was considered
statistically significant.

Discussion

Sickle cell disease (SCD) remains a deadly monogenic disorder globally, with a higher prevalence in sub-
Saharan Africa to date (Adigwe et al., 2023). The high costs associated with managing SCD often compel
individuals with limited income and resources to opt for traditional medicine, which is generally perceived to be
less toxic than synthetic drugs and linked to fewer side effects (Imaga, 2013; Shah et al., 2020; Lubega et al.,
2021). In Nigeria, the stem bark of Theobroma cacao is one of the traditional remedies for managing SCA. This
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study investigated the efficacy of Theobroma cacao stem bark ethanol extract (TCBEE) in stimulating the
production of y-globin mRNA in K562 cells.

The haemoglobin phenotype of the human erythroleukaemic K562 cell line established by Lozzio and Lozzio
(1975) has been characterized and shown to contain all globin chains (embryonic e- and (-, fetal y-, -, and 8-
globin chains) except the human B-globin gene (Mookerjee et al., 1992). Consequently, K562 cells serve as a
valuable in vitro model for studying the effect of various synthetic and natural compounds on the expression of
v- and other globin genes (Bianchi et al., 2009; Testa, 2009). Evaluation of the effects of four concentrations of
TCBEE (1, 5, 10, and 30 pg/mL) on K562 cell morphology under a microscope revealed no significant
alterations compared to the untreated control group (Figure 1a-e). In contrast, treatment with hydroxyurea (HU)
resulted in a slight reduction in cell size and reduced cell viability (Figure 1f).

To assess TCBEE’s effect on K562 cell viability and cytotoxicity, we employed the MTT assay and obtained an
ICso value of 101.5 pg/mL (Figure 2). The MTT colorimetric assay relies on the enzymatic activity of succinate
dehydrogenase, found in the mitochondria of viable cells, or other intracellular enzymes such as NAD(P)H-
dependent oxidoreductases that can facilitate the reduction of MTT (a yellow tetrazolium salt) into a purple
formazan product that is soluble in DMSO (Damiani et al., 2019). The 1Cs value of 101.5 pg/mL indicates the
concentration at which 50% inhibition of cell growth occurs with the extract. According to the US NCI plant
screening program, a crude extract is typically considered to exhibit in vitro cytotoxic activity if its ICso value is
below 20 pg/mL whereas for pure compounds, it has to be less than 4 pg/mL (Lee and Houghton, 2005). The
ICso value of 101.5 pg/mL obtained for TCBEE falls above the threshold associated with strong cytotoxicity,
suggesting a moderate level of cytotoxicity on K562 cells which could be beneficial for SCD individuals as the
goal is not to induce cell death but to increase the production of normal erythrocytes (Elufioye et al., 2017).
Baharum et al. (2014) investigated the in vitro cytotoxicity of methanolic extracts of T. cacao bark against the
human estrogen receptor-positive (MCF-7) breast cancer cell line and six other cell lines. They obtained an 1Cs
value of 72.0 = 9.3 pg/mL against MCF-7 cells which is somewhat similar to TCBEE’s 1Cs value of 101.5
pg/mL obtained in this study against K562 cells but observed a weak cytotoxic activity (ICso ~ 1000 pg/mL)
against the six other cell lines in their study. Plant extracts with high toxicity against cancer cells and low
toxicity towards normal cells, such as TCBEE, have good anti-cancer components and usually exhibit cytotoxic
activity on cancer cells without killing normal cells (Baharum et al., 2014).

Numerous studies have explored the botanical composition and health benefits of various parts of T. cacao,
especially the fruits and seeds (Baharum et al., 2016; Jean-Marie et al., 2022). However, only a few studies
have utilized the stem bark of T. cacao in their research (Baharum et al., 2014; Barreto et al., 2017; Kosoko et
al., 2017; Oyeleke et al., 2018; George-Opuda et al., 2021). TCBEE contains essential phytochemicals like
carbohydrates, saponins, phlobatannins, tannins, glycosides, resins, and alkaloids with potential pharmaceutical
applications (Abulude et al., 2022).

Treating K562 cells with varying concentrations of TCBEE (1, 5, 10, and 30 pug/mL) for 24 hours resulted in a
dose-dependent decrease in y-globin gene expression fold changes as the concentration increased (Figure 3).
This response pattern, known as biphasic dose response, has been observed in certain phytochemicals or
hormetic compounds that induce biologically opposite effects at different doses (Jodynis-liebert and Kujawska,
2020). The highest fold change of y-globin gene expression was seen in cells treated with 1 pg/mL TCBEE,
showing a significant (p < 0.0001) 1.08-fold change compared to HU-treated cells. This finding aligns with a
similar fold change of 1.06 + 0.17 observed after treating K562 cells with vascinol (25 pM), a compound
isolated from Adhatoda vasica, for 5 days (Iftikhar et al., 2022). Given the short exposure duration of TCBEE
(24 hours) in our study, it might be possible to observe increased gene expression levels over a longer exposure
duration. Further identification of the compound(s) in TCBEE responsible for enhancing y-globin gene
expression could potentially lead to overexpression of the gene.

In conclusion, our study demonstrates the therapeutic potential of a low dose of TCBEE to induce y-globin gene
expression in K562 cells, which could alleviate the severity of symptoms in individuals with
haemoglobinopathies such as sickle cell anaemia and thalassemias through increased HbF levels. Further
research is necessary to identify the bioactive compounds responsible for this induction as this could potentially
provide a rationale for future drug development. The precise mechanisms underlying TCBEE's effect on HbF
production also need to be elucidated before clinical applications can be considered.
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