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Abstract Woodfordia fruticosa (L.) Kurz is a widely used plant in traditional medicine systems.

The tribal communities of Amarkantak, Madhya Pradesh (India) are using this plant for the treat-

ment of general weakness, blood related complications like blood deficiency, blood purification and

for the treatment of symptoms related to sickle cell disease (SCD). SCD is a genetic disease with life

threatening complications. In the absence of any drugs without any side effects, the alternative plant

based therapies that may either reduce/ reverse the sickling of the red blood cells can be safe and

effective therapeutic agents. We evaluated W. fruticosa extracts for phytoconstituents, anti-

oxidant and anti-inflammatory properties. Anti-sickling properties of the extracts were evaluated

by estimation of reverse sickling, polymerization inhibition and osmotic fragility assays. Chemical

profiling of the methanol extract was done using LC-MS analysis. Phytochemicals such as alkaloids,

steroids, tannin, and saponins were present in all the extracts. Methanol extract displayed maximum

reversal (66 ± 1%) of sickled Red blood Cells (RBC) and significantly inhibited Hb polymerization.

The hexane and methanol extracts led to minimum hemolysis of sickled RBC in the osmotic fragi-

lity assays. Total tannin (365 ± 2.4 TAE) content was highest in acetone extract, while the total

flavonoid and phenolic content (156.9 ± 2.0 QE) and (113.7 ± 0.7 GAE) were highest in methanol

extract. The methanol extract displayed minimum IC50 (8.1 ± 1.5) in 2, 2-diphenylpicrylhydrazyl

(DPPH) while the acetone extract had minimum IC50 (215.8 ± 5.7) in 2,20-azino-bis 3-ethylbenzo
thiazoline-6-sulfonic acid (ABTS) assay. The hexane extract displayed maximum Ferric reducing

anti-oxidant power (FRAP) value (1.5 ± 0.5 mM Fe(II)/mg dry weight) that were higher than

methanol and aqueous extracts (1.45 ± 0.1, 1.45 ± 0.05 mM Fe(II)/mg dry weight). The methanol

extract provided maximum RBC protection from hemolysis (73.8 ± 0.8%). Maximum Lipoxyge-

nase (LOX) inhibition was observed by the acetone and methanol extracts at 400 lg/mL while
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the hexane extract displayed maximum Xanthine oxidase (XO) inhibition (57.0 ± 0.5%). LC-MS

profiling of the methanol extract identified several secondary metabolites that might be responsible

for the observed activities. The results validate the traditional use of W. fruticosa and present us

with potential compounds for further development of novel anti sickling agents.

� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sickle cell disease (SCD) is the most common inherited blood
disorder and a ‘‘molecular disease” arising due to the substitu-
tion of valine for glutamic acid at position 6 of the b-globin
chain of hemoglobin (Hb) (Strader et al., 2020). Clinical man-
ifestations of SCD are mainly characterized by chronic hemol-
ysis and acute vaso-occlusive crisis, which are responsible for

severe acute and chronic organ damage. SCD is widespread
in sub-Saharan Africa, in the Middle East, Indian subconti-
nent, and some Mediterranean regions. The World Health

Organization recognized hemoglobinopathies, including
SCD, as a global public health problem and urged national
health systems worldwide to design and establish programs
for the prevention and management of SCD. In India, SCD

is predominantly prevalent amongst scheduled tribes (ST)
and scheduled caste (SC) populations that are the most socioe-
conomically disadvantaged subgroups in the country. The

pathophysiology associated with SCD arises due to the poly-
merization of the resulting sickle haemoglobin variant (HbS).
Individuals with SCD experience considerable morbidity and

in the absence of any effective treatment, the most severe cases
can be fatal within the first few years of life (Hockham et al.,
2018). Being an inherited blood disorder, there is no single cure

for the treatment of SCD. The treatment varies from person to
person depending on the age, symptoms, severity. A drug
hydroxyurea (HU) is recommended that can reduce the num-
ber of painful episodes, reduce hospital stays and the require-

ment of blood transfusions but is known to cause neutropenia,
thrombocytopenia or worsening anemia. Patients may also
experience nail or skin changes most often involving hyperpig-

mentation. The side effects of the drug during pregnancy or for
longer durations are not completely known. Some new medica-
tions such as Endari (L-glutamine oral powder) and Oxbryta

(voxelotor) have been approved by the Food and Drug
Administration (FDA) but are not cost effective. Stem cell
transplant can actually cure the SCD but require a matched

donor (Sickle Cell Disease, 2021). Due to the complexity and
multiple pathophysiological targets, development of low cost
drugs with novel mechanism of action is urgently required.
The new drug development strategies can be divided into

two broad categories namely pathophysiology-related that
includes development of agents which reduce/ prevent sickling,
agents targeting SCD vasculopathy and sickle cell-endothelial

adhesive events and anti-oxidant molecules. Natural products
obtained from medicinal plants and used in traditional medici-
nes are of great importance for the development of modern

medicine. Several treatment methods have been historically
developed to cure a variety of ailments and life threatening
conditions. The formulations of the traditional medicine are
mostly derived from the medicinal plants identified over a per-
iod of time with respect to mode of preparation, plant/ plant

part selection, and the suitable time for collection. This knowl-
edge need to be documented and preserved as it can assist in
the development of modern drugs in the areas of lead com-

pound identification, examination of drug-like activity and
exploring physicochemical, biochemical, pharmacokinetic,
and toxicological characteristics leading to significant cost

reductions. A lot of biologically active compounds from higher
plants have been developed as modern drugs that are playing a
vital role in providing relief from pain and diseases (Yuan
et al., 2016). A number of plants including Cajanus cajan seeds,

Zanthoxyllum zanthoxyloides root, Carica papaya unripe fruit
and leaves, Parquetina nigrescens, Plumbago zeylanica, Uvaria
chamae, Elaesis guineensis, Boerhavia diffusa are reported to

have antisickling properties and are extensively used by the
traditional healers for treating sickle cell crises associated mor-
bidity among the under privileged classes of the society

(Adejumo et al., 2010; Ogwutum et al., 2018; Shah et al.,
2020). W. fruticosa is one such plant used by the tribal healers
of the Amarkantak region, India for the treatment of SCD and
associated pathophysiology. It has been reported that the

leaves of W. fruticosa are used for treating fever, haemoptysis,
rheumatism, ulcers and for milk enhancement in livestock
(Birajdar et al., 2014). The plant also finds extensive use in

both the Ayurvedic and Unani systems of medicine for the
treatment of a variety of diseases. Extracts and metabolites
of this plant, particularly those from flowers and leaves have

been reported to possess pharmacological activities such as
anti-tumor, anti-microbial and anti-ulcer (Das et al., 2007;
Kumar et al., 2016). An herbal composition containing W. fru-

ticosa has been patented for the management of gynecological
disorders (Katiyar et al., 2002). The current study is an attempt
towards exploring natural therapeutics. Based on the tradi-
tional knowledge of the tribal communities of Amarkantak,

Madhya Pradesh, India, W. fruticosa has been selected for
evaluating its potential in reverse sickling, inhibition of poly-
merization and osmotic fragility, inflammation inhibition and

membrane stabilization.

2. Material and methodology

2.1. Collection and authentication of W. fruticosa

W. fruticosa Kurz (syn. Woodfordia floribunda Salisb.)
belonging to the family Lythraceae, is an evergreen tropical
shrub with 5–7 m height. It is well branched with a reddish-

brown bark (Fig. 1). W. fruticosa is locally known as birul,
phoolchuhi (Grover et al., 2013; Khan et al., 2019). In the
months of April and May, the fresh leaves ofW. fruticosa were
collected from the Amarkantak, a hill station in the Pushpara-

jgarh tehsil (22�44ʹ latitude north and 81�44ʹ longitude east and

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 W. fruticosa Leaves (A) and Flowers (B).
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altitude 1060.70 m) Madhya Pradesh, India. Collected plant
parts were identified and authenticated by the Department of
Botany, Indira Gandhi National Tribal University Amarkan-

tak MP India and a voucher specimen has been stored at the
Herbarium of Department of Botany, IGNTU (Voucher num-
ber IGNTU19/BIOT/WF).

2.2. Extract preparation

The collected leaves were dried at room temperature and

grounded into a fine powder. Extracts were prepared using a
soxhlet apparatus. In the first cycle 100 mL of hexane was used
for 5–7 consecutive cycles. This procedure was repeated succes-
sively using acetone, chloroform, methanol and water. The

extracts were filtered using Whatman No.1 filter paper and sol-
vents were removed through evaporation under reduced pres-
sure at 45 �C using a rotary evaporator (Huie 2002; Zygmunt

et al., 2003).

2.3. Preliminary phytoconstituents screening

The chemotropic variation the chemical composition of the
plant varies with the season, geological region, nutrient con-
tents in soil, environment, growing conditions, growth stages
etc. Therefore it is imperative to identify all the quantitative

phytochemicals present in any plants under study. The pres-
ence of alkaloids, tannins, saponins, flavonoids, glycosides,
phenols and steroid in the extracts was analyzed as mentioned

elsewhere (Harborne 1998; Senguttuvan et al., 2014) with
slight modifications.

2.4. Anti-sickling activity

2.4.1. Human blood samples

Blood from SCD patients was collected by visiting the Primary
Health Centre, Amarkantak, District Anuppur, Madhya Pra-
desh (India). The ethical approval for the research work was
obtained from the IGNTU-Institutional Human Ethics Com-

mittee (Ref: IEC No. 003/IGNTU-IEC/2019–01) dated
16–02-19.
2.4.2. Reverse sickling assay

The reverse sickling assay was performed at different concen-

trations of the W. fruticosa extracts (250, 500 and 1000 lg/
mL). Freshly collected blood was washed twice in five volumes
of phosphate buffer saline (PBS, pH 7.4) by centrifugation at

3000 revolutions per minute (RPM) for 5 min (min). Cell sus-
pension (100 lL) was aliquoted in different tubes for control,
standard and test samples. 100 lL of freshly prepared 2%
sodium metabisulfite was added to these tubes containing

100 lL of washed blood cells. After mixing the tubes were
incubated for 2 h (h) at 37 �C. 100 lL of PBS (control), stan-
dard HU and plant extract (250, 500 and 1000 lg/mL) were

added to the individual tubes that were further incubated for
2 h at 37 �C. Reaction mixture (10 lL) was taken and used
for visualization under the microscope (EVOS XL Cell imag-

ing system, Thermo Fischer Scientific) at 100x magnification.
Cells were counted with the help of haemocytometer (Nurain
et al., 2017). The assay was performed in triplicate.

The percentage of sickled cells was calculated as follows:
Percent sickling = (Number of sickled cells/total number of

counted cells) � 100
Percent reverse sickling = (100 � Percent sickling).

2.4.3. Polymerization inhibition assay

Freshly prepared 2% sodium metabisulfite was used for induc-

ing the partially sickled RBC. of sodium metabisulfite (880 lL)
was mixed with 20 lL of pre-washed blood followed by addi-
tion of 100 lL PBS (control) / standard (HU)/ plant extracts
(250, 500, 1000 lg/mL). The absorbance was taken immedi-

ately at 700 nm at every 2 min time interval for 30 min (UV-
1800 24 V Shimadzu, Japan). Assay was performed in tripli-
cates as reported earlier (Nwaoguikpe et al., 2013; Nurain

et al., 2017). The rate of polymerization was calculated using
the following formula:

Rate of polymerization = [(Final absorbance � Initial

absorbance)/ 30] � 100.

2.4.4. Osmotic Fragility assay

NaCl solution in varying concentrations (0–0.9%) was pre-

pared. To 3 mL of NaCl solution taken individually, 50 lL
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of prewashed blood was added followed by addition of 100 lL
of PBS (control)/ standard (HU)/ plant extract (1 mg/mL) to
the different tubes. Mixture was incubated at 37 �C for 4 h.

The tube without NaCl was used as control while the tube hav-
ing 0.9 % NaCl was labeled as blank respectively. After incu-
bation, the tubes were centrifuged at 3000 RPM for 5 min. The

supernatant was transferred to the cuvette and the absorbance
was taken at 540 nm (UV-1800 24 V Shimadzu, Japan). Assay
was performed in triplicates (Pauline et al., 2013; Nurain et al.,

2017).

Percent of hemolysis was calculated as: (Absorbance of the

supernatant in test sample / Absorbance of the supernatant

without NaCl) � 100

2.5. Anti-Inflammation assays

2.5.1. Membrane stabilization assay

A mixture of PBS (1 mL), 50 mM hypo saline (2 mL) was
taken in five different tubes followed by addition of 0.5 mL

of RBC suspension to respective tubes. To these tubes 1 mL
of different plant extracts/standard (200, 400, 600, 800,
1000 lg/mL) were added and mixed. The tubes were incubated

for 30 min at 37 �C. The tubes were centrifuged for 20 min at
3000 RPM. The supernatant was collected in different tubes
and the absorbance was measured at 560 nm using UV spec-

trophotometer (UV-1800 24 V, Shimadzu, Japan) to estimate
the hemoglobin content (Bolajoko et al., 2015). The percentage
of hemolysis was estimated as:

Hemolysis (%) = (Absorbance of test /Absorbance of

control) X 100
The percentage of human RBC membrane stabilization or

protection was calculated by the formula: % Protection =

(100 – % Hemolysis)

2.5.2. Lipoxygenase inhibition assay

For determination of lipoxygenase (LOX) inhibition activity, a

lipoxygenase inhibitor screening kit (760700, Cayman Chemi-
cal Company, USA) was used as per the manufacturer’s proto-
col. All required material buffers and standard was provided in

the kit. Different concentration of the plant extract were pre-
pared 100, 200, 300, 400 lg/mL in dimethyl sulfoxide
(DMSO). Absorbance was taken at 590 nm using an ELISA

plate reader. The percent inhibition was calculated as follows:

Inhibition %ð Þ ¼ ðAbsorbance Control� Absorbance SampleÞ � 100

Absorbance Controlð Þ
2.5.3. Xanthine oxidase inhibition assay

Xanthine oxidase (XO) inhibitory activity of the extracts with
xanthine as substrate was performed as described. Varying

dilutions of each extract (100, 200, 300, 400, 500 lg/mL were
prepared in phosphate buffer from the stock solution. To the
assay mixture that consisted of 1 mL sodium phosphate buffer

(0.15 mM, pH 7.5) and 1 mL 0.15 mM xanthine (prepared in
phosphate buffer), 100 lL plant extract/ standard were added
followed by incubation of 10 min at 37 �C. After incubation

100 mL (0.1 U/mL in phosphate buffer) of XO solution (Hime-
dia, RM7620) was added to the reaction mixture and the tubes
were incubated for another 30 min at 37 �C. Allopurinol (pre-
pared in DMSO) was used as a standard. The reaction was

stopped by addition of 1 mL 1 N HCl. The absorbance was
measured at 290 nm (UV-1800 24 V, Shimadzu, Japan). The
percentage of XO inhibitory activity was evaluated by estima-
tion of the uric acid formation in control as compared to that

formed in the samples (Wahyuningsih et al., 2016). The XO
inhibition percentage was calculated as:

XO inhibition %ð Þ ¼ ðAbsorbance Control� Absorbance SampleÞ � 100

Absorbance Controlð Þ
2.6. Anti-Oxidant assays

2.6.1. 2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay

DPPH is purple colored, free and stable radical used to
evaluate the scavenging activity. DPPH solution and test

samples were prepared in methanol. To 100 lL of 0.01%
DPPH solution, 100 lL of plant extract/ standard (5, 10,
50, 100 lg/mL) were added and the plates were incubated
in the dark for 30 min at RT. Absorbance was read at

517 nm (Multiskan ELISA reader, Thermo Scientific). Gallic
acid was used as standard and DPPH alone was used as
blank (Chang et al., 2001; Boly et al., 2016). The IC50 value

(lg/mL) values were calculated using linear regression anal-
ysis. Percentage of the radical scavenging activity (RSA) was
calculated as:

RSA %ð Þ ¼ ðAbsorbance Control��Absorbance SampleÞ � 100

Absorbance Controlð Þ
2.6.2. Ferric reducing anti-oxidant power (FRAP) assay

FRAP reagent was prepared immediately before the start of
the experiment by mixing acetate buffer, 2, 4, 6-tripyridyl-
Striazine (TPTZ) and FeCl3�6H2O in 10:1:1 Reduction of ferric

to ferrous ion was measured as reducing power of the plant
extract. Ascorbic acid was used as standard. The electron
donating capability of different plant extracts was measured

using previous methods (Gan et al. 2010). FRAP assay utilizes
antioxidants as reductants in a redox–linked colorimetric
assay employing easily reduced oxidant, Fe III. Reduction of

a ferric tripyridyltrazine to Ferrous II can be monitored by
the measurement of the absorbance at 593 nm. To 2 mL of -
FRAP reagent, 1 mL of plant extracts were added at varying
concentrations (100, 200, 300, 400, 500 lg/mL). The reaction

mixture was incubated in dark for 30 min before taking the
absorbance at 593 nm (UV-1800 24 V Shimadzu, Japan).
Reducing power of plant extract and standard was calculated

using regression analysis [x = (y-0.1522)/1.375] of the standard
calibration curve of ferrous sulphate prepared with concentra-
tions ranging from 0.2, 0.4, 0.6, 0.8, 1.0 mM (Al-Abd et al.,

2015).

2.6.3. 2,20-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid

(ABTS) assay

ABTS solution (14 mM) was prepared and mixed with potas-
sium per sulfate (4.95 mM) (1:1 v/v) and left for overnight
incubation at RT in the dark to yield a dark colored solution

containing ABTS radical cations. The prepared ABTS solution
was diluted with distilled water till the absorbance reached
0.70 ± 0.02 at 745 nm at 30 �C. To 300 lL of standard (ascor-

bic acid)/ plant extracts (100, 200, 300, 400, 500 lg/mL) 3.0 mL
of ABTS working standard were added individually and
mixed. The decrease in absorbance of tested samples was mea-
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sured at 745 nm after five min of incubation (Re R et al., 1999).
The scavenging effect was calculated as:

ðAbsorbance Control �� Absorbance Sample Þ � 100

Absorbance Controlð Þ
The antioxidant capacity of the plant extracts was

expressed in terms of IC50 (Inhibitory concentration) values.

2.6.4. Total phenolic content (TPC)

Folin-Ciocalteu (FC) method was utilized for the determina-

tion of total phenolic content of W. fruticosa extracts. To
100 lL of FC reagent 1.16 mL of distilled water was mixed fol-
lowed by addition of 20 lL of standard gallic acid at different
concentrations (100, 200, 300, 400, 500 lg/mL) in individual

tubes. To the mixture 300 lL of 20 % Na2CO3 solution was
added. For the test samples, 20 lL of different plant extracts
(1 mg/mL) were added to the sample tubes. The reaction tubes

were incubated for 30 min at 40 �C followed by measurement
of the absorbance at 760 nm. Phenolic content of plant extracts
sample was expressed as mg gallic acid equivalent/g dry mate-

rial (Arabshahi-Delouee et al., 2007, El Jemli et al., 2016).

2.6.5. Total flavonoid content (TFC)

For determining the total flavonoid content in different

extracts of W. fruticosa, the aluminum chloride colorimetric
method was used (Quettier et al., 2000; Hossain et al., 2011).
Quercetin at different concentrations (100, 200, 300, 400 and

500 lg/mL) was used for preparing the calibration curve.
0.6 mL of quercetin solutions or plant extracts were separately
mixed with 0.6 mL of 2% aluminum chloride and mixed. The

mixture was incubated for 15 min at RT. The absorbance of
the reaction mixtures was measured against blank at 440 nm
wavelength (UV–Vis spectrophotometer, Shimadzu). The con-
centration of total flavonoid content in the test samples was

calculated from the calibration plot (y = 0.0043x + 0.1585;
R2 = 0.9972) and expressed as mg quercetin equivalent
(QE)/g of dried plant material. All the experiments were car-

ried out in triplicate.

2.6.6. Total tannin content (TTC)

Estimation of total tannin content in the different leaf extracts

of W. fruticosa was performed as described previously. For
preparing the standard curve, 100 mL of tannic acid at different
concentrations (100, 200, 300, 400, 500 lg/mL) was used and

the volume of tube was made upto 7 mL with distilled water.
To these tubes 20 mM ferric chloride and 8 mM potassium fer-
ric cyanide (prepared in 0.1 M HCl) were added and the con-

tents were mixed. The absorbance of the samples was taken at
700 nm. In the similar fashion, 100 mL of different plant
extracts (1 mg/mL) were taken instead of standard and the
measurements were done. The tannin content was expressed

as mg of tannin per gram dry weight of extract
(Muthukumaran et al., 2016).

3. Chemical profiling of the W. fruticosa methanol extract.

3.1. LC-MS analysis

Based on the bioactivities performed, the methanol extract was
selected for LC-MS analysis out of the five tested extracts.
LC-MS analysis was performed using Waters ACQUITY
QSM with column ACCUCORE C18 (150 X 2.1, 2.6um).
The final method was also transferred to a Waters ACQUITY

QSM Quantum Ultra LC-MS/MS system, that involved a
Waters ACQUITY QSM binary pump (SN- L10QSM943A),
a Waters ACQUITY FTN autosampler {Software Version:

1.50.1481 Firmware Version: 1.50.317 (Jul 11, 2011) SN:
M10SDI443M}. Four solvents (solvents A, B, C and D) were
mixed by the binary pump and used as the mobile phase. The

LC parameters have been presented in Supplementary Table 1.
The accurate mass data of the molecular ions were processed
through the software Version: 1.50.1481 (Waters technology)
and they included extracted ion chromatograms, and elemental

compositions. All analytes were identified using their elemental
composition, accurate mass measurement, elution order, and
comparison with reliable data in compounds database. Based

on the specific retention time (RT) in HPLC, the different
peaks in the chromatogram were compared with those already
reported in the literature and used to identify the compounds

present in the W. fruticosa methanol extract.

4. Statistical analysis

The data obtained was expressed as mean ± standard error of
the three determinations. Data was analyzed using one-way
analysis of variance (ANOVA), with the help of statistical soft-

ware PRISM 5.01. The criterion for statistical significance
between the results of experimental and control groups was
follows: p � 0.05 was considered significant and p > 0.05 con-
sidered as non-significant, whereas p � 0.01 and p � 0.001 were

considered highly significant and very highly significant
respectively.

5. Results

5.1. Evaluation of preliminary qualitative phytoconstituents

The phytochemical screening of W. fruticosa leaf extracts was
performed for analysis of alkaloids, flavonoids, saponins, tan-

nins, glycosides, phenols, and steroids in different extracts. The
hexane extract displayed the presence of alkaloids, phenols and
steroids. The chloroform extract displayed the presence of

alkaloids, saponins, glycosides, phenols and steroids. Flavo-
noids, saponins, tannins, phenols and steroids were present
in the aqueous extract. Methanolic and acetone extract were
rich in alkaloids, flavonoids, tannins, glycosides, phenols and

steroids (Table 1).

5.2. Evaluation of anti-sickling properties in different W.
fruticosa leaf extracts

5.2.1. Reverse sickling assay

Blood obtained from SCD patients was incubated with
W. fruticosa plant extracts at three different concentrations.
Microscopic observation for physiological changes in terms

of reverse sickling was captured (Supplementary Fig. 1). The
study demonstrated that methanolic extract was capable of
reverse sickling in a concentration dependent manner. Approx-
imately 66 ± 1% of the RBC was found to be reversed sickled

at 1000 lg/mL. The reverse sickling in aqueous and hexane



Table 1 Qualitative phytochemical analysis of various leaf extracts of W. fruticosa.

Plant constituents WFH WFA WFC WFM WFW

Alkaloid + + + + –

Flavonoids – + – + +

Saponins – – + – +

Tannins – + – + +

Glycosides – + + + –

Phenols + + + + +

Steroids + + + + +

‘+’: Present, ‘-’: Absent. WFH (Hexane extract), WFA (Acetone extract), WFC (Chloroform extract),

WFM (Methanol extract), WFW (Aqueous extract).

Fig. 2 Polymerization Inhibition Assay.W. fruticosa leaf extracts

(250, 500 and 1000 lg/mL) were evaluated for their polymerization

inhibition potential. Each value is represented as mean ± SEM of

three replicate experiments. (*** represent P < 0.05 signifying

highly significant results compared to standard). WFH (Hexane

extract), WFA (Acetone extract), WFC (Chloroform extract),

WFM (Methanol extract), WFW (Aqueous extract).
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extract was 47.5 ± 0.5% and 42.7 ± 0.7% respectively while

in the standard drug HU it was found to be 49.5 ± 0.5%.
Chloroform and acetone extract displayed least reversal in
sickling (Table 2).

5.2.2. Polymerization inhibition assay

Point mutation in b-globin chain of Hb leads to hydrophobic
binding amongst the modified Hb molecules in the hypoxic

conditions. The rate of polymerization inhibition was
calculated for different extracts. The results clearly depict the
significant rate of polymerization inhibition in the methanolic

extract (1.42 ± 0.03 at 1000 lg/mL; 1.38 ± 0.03 at 500 lg/mL
and 1.16 ± 0.01 at 250 lg/mL) followed by hexane
(0.85 ± 0.001), chloroform (0.22 ± 0.005) and acetone
(0.12 ± 0.005) extracts at 1000 lg/mL (Fig. 2).

5.2.3. Osmotic fragility assay

The assay was performed to decipher the capability of different
W. fruticosa leaf extracts in conferring resistance to the hemol-

ysis of the RBC obtained from SCD patients. The result of the
assay revealed that there was decrease in percent hemolysis in
the RBC from SCD patient in the presence of W. fruticosa

extracts. The decreasing percent of hemolysis was displayed
in the presence of hexane, acetone and methanol extracts at
varying concentration of NaCl solution. Complete osmotic

fragility is usually observed at 0.4–0.3% NaCl concentration.
The percent hemolysis observed at these NaCl percentages in
the methanol and hexane extracts were 42.7 ± 0.6,

53.7 ± 0.6 and 41.2 ± 0.7, 48.2 ± 0.07 respectively. The per-
cent hemolysis observed in all other tested extracts is appended
in Fig. 3.
Table 2 Reverse sickling analysis of W. fruticosa leaf extracts.

Concentration(lg/mL) Percent of reverse sickling

HU WFH WF

250 44.5 ± 1.5 34.5 ± 0.5 32

500 48 ± 1.0 38.2 ± 0.2 36.

1000 49.5 ± 0.5 42.7 ± 0.7 39.

Each value is represented as mean ± SEM of three replicate experiments.

to standard (HU)). WFH (Hexane extract), WFA (Acetone extract), WF

extract).
5.3. Evaluation of anti-inflammatory capacities of different W.
fruticosa leaf extracts.

5.3.1. Membrane stabilization assay

Different extracts of W. fruticosa at different concentrations
were tested for membrane stabilizing potential of RBC treated

with hypo saline solution. Concentration dependent protection
from hemolysis was observed in the methanol and aqueous
extracts that was comparable to the standard drug indometha-

cin. The maximum protection at 1000 lg/mL in methanol
(73.8%) and aqueous extracts (68.8%) was comparable to
A WFC WFM WFW

± 1.0 30.5 ± 0.5 59.7 ± 0.7*** 43.5 ± 0.5

5 ± 0.5 33.4 ± 0.4 63.5 ± 0.5*** 48.5 ± 0.8

9 ± 0.9 37.5 ± 0.5 66 ± 1*** 47.5 ± 0.5

(*** represent P< 0.05 signifying highly significant results compared

C (Chloroform extract), WFM (Methanol extract), WFW (Aqueous



Fig. 3 Osmotic Fragility Assay. Different W. fruticosa extracts

were evaluated for their cytotoxic potential in terms of hemolysis

(%). All the values have been expressed as mean value obtained in

three replicate experiments. Each value is represented as

mean ± SEM of three replicate experiments. (*** represent

P < 0.05 signifying highly significant results compared to

standard). WFH (Hexane extract), WFA (Acetone extract),

WFC (Chloroform extract), WFM (Methanol extract), WFW

(Aqueous extract).
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the protection (77.4%) provided by the standard drug indo-

methacin (Fig. 4).

5.3.2. Lipoxygenase inhibition assay

Lipoxygenase inhibition potential of W. fruticosa leaf extracts

was displayed by acetone and methanol extracts. Concentra-
Fig. 4 Membrane stabilization potential ofW. fruticosa extracts.

DifferentW. fruticosa extracts were analyzed at 200, 400, 600, 800,

1000 lg/mL for analysis of RBC protection from hemolysis. The

results are presented in terms of percent protection in hemolysis.

Each value is represented as mean ± SEM of three replicate

experiments. (*** represent P < 0.05 signifying highly significant

results compared to standard). WFH (Hexane extract), WFA

(Acetone extract), WFC (Chloroform extract), WFM (Methanol

extract), WFW (Aqueous extract).
tion dependent inhibition activity was observed in both these
extracts that was comparable to the standard (15- Lipoxyge-
nase standard) provided in the kit (Fig. 5). Hexane, chloro-

form and aqueous extracts were not able to inhibit the
lipoxygenase enzyme.

5.3.3. Xanthine oxidase inhibition

Concentration dependent XO inhibition activity was primarily
observed in the hexane (57.0 ± 0.5%) and chloroform (56.3
± 0.6%) extracts while the inhibition obtained in methanol

(46.3 ± 0.8%), aqueous extract (35 ± 0.5%) and acetone
(5.8 ± 0.2) were lower. The inhibition observed in the stan-
dard drug allopurinol was highest compared to all the extracts

at all concentrations (Fig. 6).

5.4. Evaluation of antioxidant capacities different W. fruticosa
leaf extracts

5.4.1. DPPH assay

DPPH basically measures the free radical scavenging capacity

of antioxidants and is a commonly used method. The IC50 val-
ues of different extracts have been appended in Table 3. The
methanol extract displayed significant IC50 values (8.1 ± 1.5

lg/mL) as compared to the standard gallic acid (39.0 ± 0.6 l
g/mL).

5.4.2. ABTS assay

The IC50 values for different extracts were evaluated (Table 3).
The results conferred that the acetone extract was most potent
scavenger of the free radical with IC50 values of 215.8 ± 5.7

lg/mL. Hexane, chloroform, methanol and aqueous extract
of W. fruticosa displayed lower scavenging activities as com-
pared to those of standard ascorbic acid (IC50: 284.7 ± 0.9 l
g/mL).
Fig. 5 Lipoxygenase Inhibition Assay. Different W. fruticosa

extract and standard drug were analyzed for inhibition of the

lipoxygenase enzyme analyzed at 100, 200, 300, 400 lg/mL. Each

value represents the mean value of the three replicate experiments.

Each value is represented as mean ± SEM of three replicate

experiments. (*** represent P < 0.05 signifying highly significant

results compared to standard). WFH (Hexane extract), WFA

(Acetone extract), WFC (Chloroform extract), WFM (Methanol

extract), WFW (Aqueous extract).



Fig. 6 Xanthine Oxidase Inhibition Assay. Different W. fruti-

cosa extract and standard drug were analyzed for inhibition of the

Xanthine oxidase at 100, 200, 300, 400, 500 lg/mL. Each value

represents the mean value of the three replicate experiments. Each

value is represented as mean ± SEM of three replicate experi-

ments. (*** represent P < 0.05 signifying highly significant results

compared to standard). WFH (Hexane extract), WFA (Acetone

extract), WFC (Chloroform extract), WFM (Methanol extract),

WFW (Aqueous extract).
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5.4.3. FRAP assay

Ferrous Reducing antioxidant power of plant extracts of W.
fruticosa was measured and a concentration dependent

response was observed in hexane, aqueous, methanol and stan-
dard groups. FRAP value or reducing (Fe (III) to Fe (II))
capacity of Hexane extract was highest (1.5 ± 0.5 mM (Fe

(II)/g dry weight) followed by methanol (1.45 ± 0.1 mM (Fe
(II)/g dry weight) and aqueous (1.45 ± 0.05 mM (Fe(II)/g
dry weight) extracts at the highest tested concentration

(500 lg/mL). The FRAP values were comparable to those
observed in the standard ascorbic acid (0.93 ± 0.01 mM (Fe
(II)/g dry weight). Acetone and chloroform extracts displayed
least FRAP values (Fig. 7).

5.4.4. TPC

The results of the assay revealed that methanol extract of W.

fruticosa displayed highest phenolic content (113.7 ± 0.7) fol-
Table 3 Anti-oxidant analysis of W. fruticosa leaf extracts.

Plant

Extract

TPC (mg Gallic acid

Equivalents/g dry material)

TFC (mg Quercetin

Equivalents/g dry material)

Standard – –

WFH 15.9 ± 0.7 0.45 ± 0.1

WFA 68.1 ± 5.6 56.9 ± 1.2

WFC 22.4 ± 0.7 0.87 ± 0.2

WFM 113.7 ± 0.7 156.9 ± 2.0

WFW 7.2 ± 0.7 0.54 ± 0.04

Each value is represented as mean ± SEM of three replicate experiments.

to standard). WFH (Hexane extract), WFA (Acetone extract), WFC (Chlo
lowed by acetone (68.1 ± 5.6), chloroform (22.4 ± 0.7), hex-
ane (15.9 ± 0.7) and aqueous (7.2 ± 0.7) extracts (Table 3).
The total phenolic content has been reported in terms of mg

gallic acid equivalents/g dry material.

5.4.5. TFC

As a basis quantitative determination, Total flavonoid content

in the W. fruticosa extracts was determined using aluminium
chloride colorimetric method. The results have been expressed
in quercetin equivalents (QE) per gram dry extract weight

(Table 3). The flavonoid content in methanol extract was
found to be highest 156.9 mg QE/g, while lowest flavonoid
content was present in the hexane extract (0.45 ± 0.1) repre-

senting a great variation among the different extracts
(Table 3).

5.4.6. TTC

The acetone extract of W. fruticosa had maximum total tannin
content (365 ± 2.4), followed by methanol (338.1 ± 7.0),
aqueous (101.2 ± 1.2), chloroform (15.8 ± 4.3) and hexane

extracts (12.8 ± 9.0) (Table 3) The total tannin content has
been reported in terms tannic acid equivalents/g dry weight.

5.5. Chemical characterization of W. fruticosa methanol leaf
extract.

5.5.1. Chemical profiling by LC-MS

Methanol extract of W. fruticosa was most active in terms of
anti-sickling, anti-oxidant and anti-inflammatory activities. It
was therefore selected for LC-MS analysis for identifying

bioactive compounds that might be responsible for observed
activities. The LC-MS analysis is based on the comparative
analysis of the mass of the currently known compounds

obtained from the literature, databases or libraries. The results
revealed a total of eighty two compounds from those we were
able to identify thirty six compounds (Table 4, Fig. 8). LC-MS

result demonstrated the presence of many compounds like
kempferol, b sitosterol and quercetin that are previously
reported to have anti-sickling properties. Numerous quercetin
derivatives are present in the fraction such as quercetin 3-O-

(600-galloyl)-D galactopyranoside, quercetin 3-O-(600-galloyl)-
D galactopyranoside, quercetin, quercetin 3-O-D-galactoside,
quercetin 3-L-arabinoside, quercetin 3-rhamnoside, quercetin

3-L-arabinoside, quercetin 3-rhamnoside. Out of the total 82
compounds obtained forty seven compounds are unknown
TTC (mg Tannic acid

Equivalents/g dry material)

IC50 DPPH

(lg/mL)

IC50 ABTS

(lg/mL)

– 39.0 ± 0.6 284.7 ± 0.9

12.8 ± 9.0 260.9 ± 7.9 437.9 ± 3.9

365 ± 2.4 – 215.8 ± 5.7*

15.8 ± 4.3 39.3 ± 0.3 337.0 ± 23.9

338.1 ± 7.0 8.1 ± 1.5*** 367.0 ± 0.0

101.2 ± 1.2 36.5 ± 0.6 417.0 ± 1.6

(*** represent P< 0.05 signifying highly significant results compared

roform extract), WFM (Methanol extract), WFW (Aqueous extract).



Fig. 7 FRAP Assay. FRAP value (mM (Fe(II)/g dry weight) of

different W. fruticosa extracts were analyzed at 100, 200, 300, 400,

500 lg/mL. Each value is represented as mean ± SEM of three

replicate experiments. (*** represent P < 0.05 signifying highly

significant results compared to standard). WFH (Hexane extract),

WFA (Acetone extract), WFC (Chloroform extract), WFM

(Methanol extract), WFW (Aqueous extract).
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that may play crucial role in anti-sickling, anti-oxidant and

anti-inflammatory activities.

6. Discussion

Traditional use of medicinal plants for the treatment of SCD
has led to productive results proving helpful in crisis reduction
and also in vitro reverse sickling. Jobelyn (Sorghum bicolor),

Ciklavit (Cajanus cajan), Dioscovite, Carica papaya leaf
extract and Niprisan (Piper guineense, Pterocarpus osun, Euge-
nia caryophyllum, and S. bicolor) are such herbal products that
are widely used for the treatment of SCD (Imaga N et al.,

2011; Imaga N., 2013). These herbal drugs serve as agents that
alter membrane stability, reduce hemolysis and osmotic fragi-
lity, inhibit HbS polymerization, or reverse the RBC sickling

(Nurain et al., 2017). There has been an increased interest in
determination of potent naturally occurring anti-sickling
agents which could overcome the debilitating effects of avail-

able drugs and the high costs associated with the SCD manage-
ment and treatment (Shah et al., 2020). In the current studyW.
fruticosa, a traditionally used medicinal plant by the tribal

communities of Amarkantak region was evaluated for its
anti-sickling, anti-inflammatory and anti-oxidant potential. A
wide range of chemical compounds including alkaloids, tan-
nins, saponin, flavonoids, glycosides, steroids and polyphenols

were present in different extracts that were in line with previ-
ous reports (Birajdar et al., 2014). The numerous biological
and therapeutic properties associated with these phytocon-

stituents may be responsible for the observed activities in W.
fruticosa leaf extracts. Naturally occurring compounds having
antisickling properties are rich in aromatic amino acids, phe-

nolic compounds, flavonoids and antioxidant nutrients and
are known to display anti-sickling properties either by induc-
ing HbF production, by increasing the delay time required
for HbS polymerization or by affecting the erythrocyte mem-

brane leading to low amounts of intracellular Hb concentra-
tion and thereby inhibiting polymerization (Imaga and
Taiwo., 2017). Similarly properties of plant substances that
are rich in antioxidants and other nutritional components
and their possible effects in the prevention and control of var-

ious diseases can be evaluated (Mollica A et al., 2017). Diets
rich in anti-oxidants, amino acids, vitamins (A, C, and E), sele-
nium or zinc can provide relief to the SCD individuals and pre-

vent crisis (Noguchi CT and Schechter AN. 1978).
The methanol extract of W. fruticosa leaves displayed most

prominent activities in anti-sickling assays. HU known to

increase increased expression of fetal hemoglobin (HbF),
RBC deformability, decrease the expression of adhesion mole-
cules on reticulocytes and reduce the translocation of phos-
phatidylserine from inner to outer leaflet of RBC membrane

lipid bilayer was used as was used as a standard in all the
anti-sickling assays. The methanol extract displayed significant
(p < 0.05) reverse sickling properties compared to those of

HU. The observed activity in plant extracts might be due to
the diversity of plant extracts present in them which must be
further isolated, purified and tested for their potential in

reverse sickling. Compared to the HU or control, the methanol
extract displayed significant polymerization inhibition. Due to
Hb polymerization the permeability of the RBC membranes is

also altered and thus the cation leakage. Increased Ca2
+ levels

are known to damage the normal cell shape and plasticity,
increased K+ leakage and inhibiting Na+, K+pump. Natural
products from plants due to their diverse nature can interfere

with the Hb polymerization, alter the permeability of the
RBC or may regulate the elevated levels of Ca2

+ and might
provide us with novel treatment strategies for the control or

management of SCD. Some phytoconstituents such as ter-
penoids, polyphenols, phenylalanine and hydroxybenzoic acid
components possess anti-sickling properties (Ogoda et al.,

2002; Biapa et al., 2019). Due to the occurrence of inflamma-
tion mediated pathophysiology in SCD patients, current ther-
apeutic approaches targeting molecules of inflammatory

processes seems to be a viable approach. The anti-
inflammatory drugs might work by ameliorating a broad range
of inflammatory mechanisms including reduction of leukocyte
adhesion to the blood vessel wall suppressing the vaso-

occlusive process or by neutralizing important players in the
SCD inflammatory scenario or specific inflammatory cell types
(Ghosh et al., 2013; Belcher et al., 2014). The membrane stabi-

lization assay displayed that the methanol and aqueous
extracts of W. fruticosa prevented hemolysis of RBC that were
comparable to the standard group. Lysosomal enzymes

released due to defects in lysosomes leads to abnormal autop-
hagy, activation of inflammation, and reduced infection con-
trol (Chowdhury et al., 2014; Simonaro 2016). The
methanolic and aqueous extracts that were capable of RBC

membrane stabilization will also stabilize lysosome membrane
due to its structural similarity to RBC membrane. LOX
metabolizes arachidonic acid leading to the production of leu-

kotrienes that are known to be the mediators of inflammation
(Owusu-Ansah et al., 2016). Inhibitors of LOX can reduce the
production of leukotrines and thus inflammation. Several stud-

ies have demonstrated the inhibitory activities from methanol
and aqueous extracts of W. fruticosa flowers (Kumaraswamy
and Satish 2008). Molecules such as pelargonidin, quercetin

and myricetin have been identified from W. fruticosa flowers
that might be responsible for observed anti-inflammatory
activity (Gabor and Razga 1991; El-Seedi et al., 2003). During
vasoocclusive crisis higher levels of XO are observed that have



Table 4 LC-MS analysis of methanolic leaf extract of W. fruticosa.

Peak No. RT

(Min)

Molecular

weight

(g/mol)

Name of the Compound LC-MS (Obtained

mass, m/z)

Class of

Compounds

Molecular

Formula

Positive

mode

(ES + )

1 1.11 Unknown 381.1

2 4.43 168 1-Cyclohexene-1-methanol, alpha.,2,6,6-

tetramethyl-

169.0 (M + 1) Monoterpenoid C11H20O

3 5.32 228 Tetradecanoic acid 229.1 (M + 1) Saturated fatty acid C14H28O2

4 5.46 Unknown 888.5 (M + 1)

5 6.79 616.5 Quercetin 3-O-(600-galloyl)-D –

galactopyranoside

617.2 (M + 1) Flavonoid

6 7.52,

11.12

302.19 Ellagic acid 303.1 (M + 1) Phenolic

Compound

C14H6O8

7 8.03 434.3 Quercetin 3-L-arabinoside 435.1 (M + 1) Flavonoid C20H18O11

8 8.43 448.4 Quercetin 3-rhamnoside 449.2 (M + 1) Flavonoid C21H20O11

9 9.40 Unknown 287.1 (M + 1)

10 13.92 180 Dihydroactinidiolide 181.1 (M + 1) Terpenes C11H16O2

11 14.30 220 Caryophyllene Oxide/Caryophyllene

Epoxide

221.1 (M + 1) Terpenes C15H24O

12 14.67 256 Hexadecanoic acid 259.1 (M + 3) Saturated fatty acid C16H32O2

13 15.31 430.6 Hecogenin 453.3 (M + Na) Steroid C27H42O4

14 15.66 272 (E, E)-7,11,15-Trimethyl-3-methylene-

hexadeca-1,6,10,14-tetraene/b-Springene
274.3 (M + 2) Aliphatic and

hydrocarbonic

diterpene

C20H32

15 16.14 416.4 Chrysophanol-8-O-D-Glucopyranoside 417.2 (M + 1) Bicyclic flavonoids C21H20O9

16 16.31 340 Eicosanoic acid, ethyl ester/Arachidic acid 341.1 (M + 1) Saturated fatty acid C22H44O2

17 16.45 Unknown 855.4

18 16.85 310 Ethyl Oleate 9-Octadecenoic acid (Z)- 354.4 (M + 2Na-1) Fatty acid C22H43NO3

19 17.30 456.7 Betulinic acid 455.3 (M + 1) Triterpenoid C30H48O3

20 18.79 662.8 Myricetin 3-O- L-arabinopyranoside 664.5 (M + 1) Flavonol glycoside C20H18O12

21 19.08 Unknown 532.4 (M + 1)

22 19.52 Unknown 352.4 (M + 1)

23 19.67 Unknown 352.3 (M + 1)

24 19.81 Unknown 689.5 (M + 1)

25 19.96,

22.05

611.5 Cyanidin 3,5-diglucoside 644.6

(M + 1 + MeOH)

Anthocyanin C27H31O16
+

26 20.08 Unknown 600.5 (M + 1)

27 20.25 Unknown 556.4 (M + 1)

28 20.39 448.4 Kaempferol 3-O-glucoside 512.4

(M + Na + CAN)

Phenolic compound C21H20O11

29 20.58 Unknown 722.5 (M + 1)

30 20.74 634.5 Gemin D 678.5 (M + 2Na-1) Hydrolyzable

tannins

C27H22O18

31 21.03 Unknown 590.5 (M + 1)

32 21.88 Unknown 353.3 (M + 1)

33 23.92 Unknown 353.4 (M + 1)

34 24.31 346 6,9,12,15-Docosatetraenoic acid, methyl

ester

397.2

(M + 1 + MeOH)

Polyunsaturated

fatty acid (x-6 fatty

acid)

C23H38O2

35 24.77 Unknown 600.5 (M + 1)

36 24.95 Unknown 353.3 (M + 1)

37 25.51 292 Benzenepropanoic acid / Hydrocinnamic

acid/ 3,5-bis(1,1-dimethylethyl)-4-hydroxy-

325.4

(M + 1 + MeOH)

Phenylpropanoids C9H10O2

38 26.05 Unknown 353.4 (M + 1)

39 26.26 Unknown 568.5 (M + 1)

40 27.94 Unknown 593.3 (M + 1)

41 28.41 Unknown 688.5 (M + 1)

Negative mode (ES-)

1 1.14 Unknown 341.1 (M�1)

2 1.58 314.24 Norbergenin 313.1 (M�1) C-glycoside C13H14O9

3 2.86 784.5 Oenothein-C 783.2 (M�1) Ellagitannin

Oligomer

C34H24O22
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Table 4 (continued)

Peak No. RT

(Min)

Molecular

weight

(g/mol)

Name of the Compound LC-MS (Obtained

mass, m/z)

Class of

Compounds

Molecular

Formula

4 3.96 Unknown 289.1 (M�1)

5 4.44 Unknown 329.1 (M�1)

6 5.14 434.3 Quercetin 3-O-D-xylopyranoside 432.3 (M�2) Flavonoid C20H18O11

7 5.29 Unknown 431.3 (M�1)

8 5.47 Unknown 859.2 (M�1)

9 6.14 414.7 b-sitosterol 412.1 (M�2) Phytosterol C29H50O

10 6.53 Unknown 468.2 (M�1)

11 6.80,

7.01

616.5 Quercetin 3-O-(600-galloyl)-D-

galactopyranoside

615.1 (M�1) Flavonoid C28H24O16

12 7.24 302.23 Quercetin 301.0 (M�1) Flavonoid C15H10O7

13 7.53 464.4 Quercetin 3-O–D-galactoside 463.2 (M�1) Flavonoid

14 8.04 434.3 Quercetin 3–L-arabinoside 433.1 (M�1) Flavonoid C20H18O11

15 8.42 448.4 Quercetin 3-rhamnoside 447.1 (M�1) Flavonoid C21H20O11

16 9.41 Unknown 431.2 (M�1)

17 9.83 Unknown 191.0 (M�1)

18 10.30 Unknown 477.3 (M�1)

19 11.11 302.23 Quercetin 301.0 (M�1) Flavonoid C15H10O7

20 12.69 Unknown 327.3 (M�1)

21 13.33 Unknown 329.3 (M�1)

22 14.51 Unknown 353.1 (M�1)

23 14.66 260 2H-1-Benzopyran-2-one 259 (M�1) Phenolic compound C9H6O2

24 15.32 Unknown 487.4 (M�1)

25 15.57 Unknown 377.1 (M�1)

26 16.15,

21.23

416.4 Chrysophanol-8-O—D

Glucopyranoside

415.2 (M�1) Bicyclic flavonoids C21H20O9

27 16.32 Unknown 337.1 (M�1)

28 17.31 374 10,12-Pentacosadiynoic acid 372.2 (M�2) Amphiphilic

diacetylene

C25H42O2

29 17.87 Unknown 385.2 (M�1)

30 18.02 Unknown 471.4 (M�1)

31 19.97 Unknown 399.3 (M�1)

32 21.48 Unknown 369.2 (M�1)

33 21.60 Unknown 311.3 (M�1)

34 22.27 Unknown 369.2 (M�1)

35 23.86 Unknown 455.4

36 25.21 Unknown 567.4

37 25.63 Unknown 821.4 (M�1)

38 26.99 Unknown 437.3 (M�1)

39 27.95 Unknown 591.3 (M�1)

40 30.75 256 Hexadecanoic acid 255.3 (M�1) Saturated fatty acid C16H32O2

41 33.30 Unknown 569.4 (M�1)
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been linked to increased levels of ROS, inflammation, tissue
injury and impaired vascular relaxation in SCD (Odebiyi and

Fasola, 2020). Allopurinol, an XO inhibitor was reported to
reduce the oxidative stress in sickle cell erythrocytes in a mur-
ine model of SCD via a direct scavenging mechanism (Pacher

et al., 2006). A recent study suggested that inhibition of XO
decreased the hemolysis in bone marrow transplanted chimeric
SCD mice (Schmidt et al., 2020). A large number of medicinal

plants have been validated to possess XO inhibitors. We
observed moderate XO inhibitory activities in the hexane
and chloroform extract of W. fruticosa leaf extracts that were
comparable to that of the standard drug Allopurinol. Previous

reports on anti-inflammatory effects of W. fruticosa also sup-
port our findings (Hiralal et al., 2014; Raj et al., 2020). Several
studies have reported antioxidant molecules as potent
inhibitors of HbS polymerization and increase in the oxidant
status of sickled erythrocytes (Stuart et al., 1994; Imaga

et al., 2011; Nwaoguikpe and Braide 2012). The higher the
levels of the antioxidants in the plants extracts, the higher is
the possibility of them displaying anti sickling properties that

might be due to reduction in oxidative stress, enhanced mem-
brane stabilizing capabilities or by donation of the free elec-
tron to the iron molecule of Hb (Devi et al., 2008). The use

of W. fruticosa by the traditional healers is justified due to
the evidence of high levels of antioxidant activities observed
in the methanol and hexane extracts that were supported by
the high levels of total phenolics, flavonoids and tannin con-

tent observed in our current study. Similar results were
observed in a recent study where the methanolic extracts dis-
played significant antioxidant activities that correlated with



Fig. 8 LC-MS chromatogram of W. fruticosa methanolic leaf extract. Chromatogram in positive ion mode (A) and Chromatogram in

negative ion mode (B).
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high concentrations of total flavonoid and phenolic content
(Neupane and Lamichhane 2020). In earlier studies, anti-
oxidant capacity has been reported from W. fruticosa leaves,
flowers and bark (Pawar et al., 2011; Finose and Devaki

2011; Chaturvedi et al., 2012). The antioxidant capacity
depends on various mechanisms such as inhibition of genera-
tion and scavenging capacity against ROS/RNS, reducing

capacity, metal chelating capacity, activity as anti-oxidative
enzyme and inhibition of oxidative enzymes (Magalhães LM
et al., 2008) and due to this reason we might have observed dif-

ferential results in our antioxidants assays. FRAP assay is
based on the ability of the antioxidant to reduce Fe(3 + ) to
Fe(2 + ) through the donation of an electron similarly DPPH
or ABTS measure the capability to donate an electron to an
DPPH or ABTS free radical. All the reactions are measured

at different wavelengths and some of the phytoconstituents
might interfere in some specific assay. The oxidative stress
experienced by the SCD patients related to severe complica-

tions due to the increased hemolysis, RBC deformability can
be relieved by the use of extracts of W. fruticosa that can con-
tribute to the effective management of SCD. For identification

of potent metabolites in the most active methanol fraction of
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W. fruticosa leaf extract LC-MS studies were undertaken
where 41 compounds were identified in positive ion mode
and 41 in negative ion mode respectively. Some of the identi-

fied bioactive compounds have been previously reported for
many biological activities such as anti-inflammatory, anti-
microbial, anti-oxidant as well as anti-sickling properties.

Quercetin is an antioxidant flavonoid with a potential to pro-
tect against Hb oxidation, the binding of Hb to membrane and
lipid peroxidation thereby reducing oxidative damage and

inflammation in SCD patients (Cesquini M et al., 2003). Quer-
cetin is also reported to inhibit the generation of O2

– by XO
inhibition (Zhang et al., 2018). Quercetin was also found to
reduce hydroxyurea induced cytotoxicity in immortalized

mouse aortic endothelial cells (Kiser ZM et al., 2017).
Oenothein are reported to be antioxidant and anti-
inflammatory in nature (Yoshida T et al., 2018). Kaempferol

is known to possess anti sickling and antioxidant properties
but was found to be toxic to RBC in hemolysis assay. Triter-
penoids such betulinic acid, maslinic acid, oleanolic acid and

their esters isolated from Melaleuca bracteata and Syzygium
aromaticum have been reported to have anti-sickling and
antioxidant properties (Folashade and Omoregie 2013). Betu-

linic acid was also reported to be active in theoretical reactivity
studies while b-sitosterol was found to be unreactive to the
HbS (Muya, JT et al., 2019). Ellagic acid derivatives isolated
from Combretum racemosum have also displayed significant

anti-sickling activities (Famojuro TI et al., 2021). The phyto-
cannabinoids and vanilloids in Eugenia caryophyllata and
Piper guineense may account for the useful effects of Niprisan

in sickle cell crisis. b-Caryophyllene, an cannabinoididentified
in our active extract is also found in P. Guineense and is known
to selectively bind to CB2 receptors involved in SCD pain

crises and thus can provide relief to SCD patients (Ameh SJ
et al., 2012). Hexadecanoic acid and Octadecanoic acid has
been reported from the extracts of Telfairia occidentalis, Anac-

ardium occidentale and Terminalia catappa that stabilized
sickle erythrocyte membrane against osmotic stress (Cyril-
Olutayo MC et al., 2018; Chikezie, PC et al., 2020). Methy-
lated esters such as methyl tetradecanoate, hexadecanoic acid,

methyl ester, pentadecanoic acid, 14-methyl-methyl ester, 9,
12-octadecadienoic acid, (Z, Z)-methyl ester, 11-octadecenoic
acid, methyl ester, and 9-octadecenoic acid, methyl ester (E)-

from the petroleum ether extract of Anacardium occidentale
attenuated HbS aggregation and polymerization (Chikezie
PC et al., 2020). LC-MS analysis confirmed the presence of

several other bioactive compounds that have been previously
validated for numerous biological activities. The possible affin-
ity of these molecules against HbS or the inhibitory action
against XO or LOX can be inferred using multifunctional

approaches such as molecular docking (Uysal A et al., 2019;
Sadeer NB et al., 2019). The interaction of phytochemicals
with the HbS molecule is the probable basis of reversal of

HbS polymerization which is the main reason for observed
pathophysiology in SCD patients. The use of phytochemicals
that covalently bind and modify HbS molecules seems to be

a viable approach for polymerization inhibition or reversal
offering us novel therapeutic options for the treatment of
SCD. The novel compounds present in the methanol extract

are required to be identified and characterized for anti-
sickling properties so that a novel anti sickling agent could
be developed.
7. Conclusion

W. fruticosa is still used in several traditional medicinal sys-
tems and have been reported for anti-bacterial, anti-tumor,

anti-inflammatory and many more activities. Pharmacological
and biochemical investigation of leaves of W. fruticosa
revealed the presence of almost all the major phytoconstituents

including alkaloids, flavonoids, tannin, saponin, glycoside,
steroid and phenolic in all tested extracts. Methanol extract
is the most potent extract having significant reverse sickling,
polymerization inhibition, osmotic fragility and anti-

inflammatory, anti-oxidant activities. The known and
unknown compounds identified by LC-MS analysis need to
be purified and further characterized for anti-sickling potential

so that new therapeutic agents could be developed that could
help in control or management of SCD. The results of the cur-
rent study validate the traditional use of W. fruticosa by tribal

communities.
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