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Abstract

Background

The severe late stage Human African Trypanosomiasis (HAT) caused by Trypanosoma bru-
cei rhodesiense (T.b.r) is characterized by damage to the blood brain barrier, severe brain
inflammation, oxidative stress and organ damage. Melarsoprol (MelB) is currently the only
treatment available for this disease. MelB use is limited by its lethal neurotoxicity due to
post-treatment reactive encephalopathy. This study sought to assess the potential of
Ginkgo biloba (GB), a potent anti-inflammatory and antioxidant, to protect the integrity of the
blood brain barrier and ameliorate detrimental inflammatory and oxidative events due to T.b.
rin mice treated with MelB.

Methodology

Group one constituted the control; group two was infected with T.b.r; group three was
infected with T.b.r and treated with 2.2 mg/kg melarsoprol for 10 days; group four was
infected with T.b.r and administered with GB 80 mg/kg for 30 days; group five was given GB
80mg/kg for two weeks before infection with T.b.r, and continued thereafter and group six
was infected with T.b.r, administered with GB and treated with MelB.

Results

Co-administration of MelB and GB improved the survival rate of infected mice. When admin-
istered separately, MelB and GB protected the integrity of the blood brain barrier and
improved neurological function in infected mice. Furthermore, the administration of MelB
and GB prevented T.b.r-induced microcytic hypochromic anaemia and thrombocytopenia,
as well as T.b.r-driven downregulation of total WBCs. Glutathione analysis showed that co-
administration of MelB and GB prevented T.b.r-induced oxidative stress in the brain, spleen,
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heart and lungs. Notably, GB averted peroxidation and oxidant damage by ameliorating T.b.
r and MelB-driven elevation of malondialdehyde (MDA) in the brain, kidney and liver. In fact,
the co-administered group for the liver, registered the lowest MDA levels for infected mice.
T.b.r-driven elevation of serum TNF-a, IFN-y, uric acid and urea was abrogated by MelB
and GB. Co-administration of MelB and GB was most effective in stabilizing TNFa levels.
GB attenuated T.b.r and MelB-driven up-regulation of nitrite.

Conclusion

Utilization of GB as an adjuvant therapy may ameliorate detrimental effects caused by T.b.r
infection and MelB toxicity during late stage HAT.

Author summary

Human African Trypanosomiasis (HAT) is a lethal disease caused by Trypanosoma brucei
gambiense or Trypanosoma brucei rhodesiense (T.b.r) protozoan parasites. The only treat-
ment available for the late, CNS stage due to T.b.r, is melarsoprol (MelB). Notably, MelB
has an arsenic moiety, that makes it very neurotoxic, causing fatal post-treatment reactive
encephalopathy in about 5% of those treated. This level of drug-induced mortality is unac-
ceptable in this day and age. The question is, how can we block T.b.r-induced organ dam-
age and safely administer MelB? In the late stage HAT, parasites wreak havoc by inducing
severe oxidative stress, inflammation and breach of the blood brain barrier (bbb); while
on the other hand, MelB is driving lethal encephalopathy. We used a HAT mouse model
and sought to elucidate the potential of a standardized GB extract-a potent antioxidant
anti-inflammatory, to alleviate T.b.r-driven damage to the bbb, induction of oxidative
stress and inflammation; while ameliorating MelB-driven neurotoxic effects. According to
the results, GB protected from lethal parasite induced organ damage, as well as MelB tox-
icity, providing a novel approach for development of an adjuvant therapy.

Introduction

Human African Trypanosomiasis (HAT) is a neglected disease affecting 36 countries in sub-
Saharan Africa [1]. Sixty million people are at risk of infection and approximately 300,000 peo-
ple are infected annually [2]. Generally, the disease is fatal if left untreated or if the treatment is
inadequate. Consequently, HAT is considered a crucial public health concern in Africa [3].

It has been noted that the disease burden among individuals affected is usually high (Shaw
et al [4]. The Disability Adjusted Life Years, or DALY (an estimate of the number of years of
life lost due to premature death and disability) for every premature death is between 25 and 33
years. The burden remains high on both livelihoods and households even for those patients
who have been successfully treated. The estimated burden ranges from 1.5 to 10 months of
earnings. This is despite the fact that the diagnosis and treatment of the disease is freely given.
The Food and Agriculture Organization estimates US$ 1.5 billion is lost annually due to HAT
[5].

Transmission of the disease occurs when an infected tsetse fly of the Glossina species, bites
a person [6]. Protozoan parasites namely Trypanosoma brucei gambiense and Trypanosoma
brucei rhodesiense (T.b.r) are known to cause infection. The former leads to persistent disease
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in Central and West Africa whereas the latter causes severe disease in Eastern and Southern
parts of Africa [7]. The early stage of HAT, also referred to as the haemo-lymphatic stage is
marked by the growth and proliferation of the trypanosomes in subcutaneous tissues, blood
and lymph. The late stage i.e. neurological or meningo-encephalitic stage presents with inva-
sion of the CNS by the trypanosomes after crossing the blood-brain barrier. The severe
encephalitic phase of HAT caused by T.b.r leads to neuronal inflammation which is distin-
guished by enormous intrusion of effector inflammatory cells, swelling of the parenchymal
vessels accompanied by encephalitis [8].

Various studies suggest that damage to the blood brain barrier is a key feature that worsens
the extent of inflammation in the CNS during severe late-stage disease [8]. According to Stern-
berg et al [9], CNS inflammation is characterised by elevated levels of pro-inflammatory cyto-
kines IFN-y and TNF-0,, accompanied by acute neuro-inflammatory reactions. On the other
hand, anti-inflammatory cytokine IL-10 in the brain plays a protective role. As a result, IL-10
is a key immunomodulator in trypanosomiasis disease. Furthermore, activated macrophages
bring about cytokines IFN-y, IL-1, IL-6 and TNF-a, which cause acute phase reactions and
also help the parasite to grow [10].

Melarsoprol (MelB) is currently the only drug available for treating late-stage HAT due to
T.b.r, because of its ability to cross the blood-brain barrier. This is despite the fact that it causes
extreme toxicities with 10% of patients on melarsoprol developing post-treatment reactive
encephalopathy (PTRE). Unfortunately, about 5% of these patients succumb to this complica-
tion [11]. This is a very high drug-related mortality that can be avoided by the development of
new safer drugs. Moreover, possibly, changes in the structure of MelB to make the drug less
toxic are potential avenues for research. Other potential avenues for intervention include
adjunct therapy that assuages MelB toxicity while improving treatment outcomes. Neurologi-
cal seizures have resulted when melarsoprol is administered in the absence of active trypano-
somes [12]. On this basis, reactive encephalopathy is mainly linked to melarsoprol. PTRE
manifests in the brain as perivascular cuffings along with acute astrocytosis and persistent acti-
vation of the microglia [7]. Notably, this drug generates reactive oxygen species (ROS) together
with similar radicals that change how the innate defense mechanisms of the body react to these
reactive moieties [6]. In addition, melarsen oxide, which is a metabolite of melarsoprol, can
bind to essential metabolic enzymes, generating a destructive vicious cycle of oxidative stress
and cell damage [13]. These toxicities complicate the treatment of late stage HAT due to T.b.r.
The need for a safe treatment for late-stage HAT due to T.b.r is of essence.

Control of severe oxidative/inflammatory damage induced by parasites in HAT is vital.
Moreover, considering the significant inflammatory responses associated with PTRE and anti-
oxidant system failure due to melarsoprol treatment, it is logical to use compounds, which
have anti-inflammatory and antioxidant properties in HAT management. Previous studies
have given beneficial results when compounds with potent antioxidant and anti-inflammatory
properties are used alongside melarsoprol like CoQ10 and anthocyanins [6,14,15].

This study utilized the research grade standardised Ginkgo biloba (EGb 761 Tanakan tab-
lets) as an adjunct therapy to melarsoprol. This product is obtained from leaves of Ginkgo
biloba Linne tree. Generally, the curative outcome is believed to be due to numerous active
components in GB as opposed to any single one of them. The mixture of biologically active
ingredients present in GB has pleiotropic physiological effects, including the inhibition of
amyloid-formation [16-17], antioxidant activity [18-19], anti-apoptosis activity [20], vasodila-
tory effect and inhibition of platelet aggregation [21-22]. Other actions are anti-inflammatory,
immunomodulation, neuroprotection and DNA repair [23]. Notably, GB has demonstrated
beneficial effects in some of the pathologies similar to those triggered by melarsoprol toxicity
and CNS HAT such as cognitive impairment, vascular-driven dementia, oxidative stress and
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inflammation [23]. These prior findings were compelling, making it rational to use GB in this
study, given that vascular dysfunction, inflammation and oxidative stress are vital pathological
events both in late stage HAT and in toxicities driven by melarsoprol therapy. This study
assessed the potential of orally administered Ginkgo biloba in ameliorating negative physiolog-
ical and biochemical events caused by Trypanosoma brucei rhodesiense in mice treated with
melarsoprol.

Materials and methods
Ethical statement

The present study used male Swiss white mice and the experimental procedures were carried
out by adhering to the 3R rules and the ARRIVE checklist which is critical for reporting animal
research [24]. Animal handling, training and all the necessary experimental techniques and
protocols involving mice in the current study were sought and approved by Faculty of Veteri-
nary Medicine, University of Nairobi Committee on Biosafety and Animal Care and Use
(FVM BAUEC/2022/351). Consequently, all the necessary experiments were performed in
compliance with the recommendations of the Helsinki declaration on guiding principles on
care and use of animals. Humane endpoints were monitored to reduce any observable
suffering.

Experimental design

Male Swiss white mice were randomly assigned into six experimental groups (n = 10 per
group). Group one was the normal control group; group two was infected with 5.0 x 10* try-
panosome; group three was infected with 5.0 x 10* trypanosomes and after turning positive,
intraperitoneally treated with melarsoprol once daily for ten days at a dose of 2.2 mg/kg bwt;
group four was infected with 5.0 x 10* trypanosomes and administered orally with Ginkgo
biloba extract (GB) once daily at a dose of 80 mg/kg bwt after turning positive for 30 days,
which was the last day of treatment; group five was given GB once daily from the beginning of
the experiment for 14 days at a dose of 80 mg/kg bwt before infection with 5.0 x 10* trypano-
some. The pre-treatment was meant to help establish adequate serum and tissues levels of GB
components, and consequently result in better protection from T.b.r and MelB toxicity. Addi-
tion of GB before infection will help determine if prior intake of GB can be more effective than
administration post infection with T.b.r. Group six was infected with 5.0 x 10*, given GB once
daily for 14 days at a dose of 80 mg/kg bwt, then concurrently with intraperitoneal melarsoprol
at a dose of 2.2 mg/kg bwt for 10 days, and continued with GB at a dose of 80 mg/kg bwt until
the last day of treatment. The animals were housed in standard mice cages at a temperature of
21-28°C, a 12 h light/dark cycle and provided ad libitum access to water and standard mice
cubes obtained from Unga Feeds Ltd Kenya. Wood-chippings were provided as bedding
material.

Trypanosoma brucei rhodesiense infection and administration with MelB
and GB

Trypanosoma brucei rhodesiense, KETRI 2537, initially established in Kenya, Lambwe Valley
and Busoga, eastern Uganda known for HAT transmission was used in this study. Cryopre-
served trypanosome stabilates in 50 ul capillary cryovial tubes were obtained from the trypano-
some bank at the Biotechnology Research Institute (BIORI)-Muguga and left at room
temperature to allow them to thaw. The viability of the parasites was confirmed microscopi-
cally before counting and infecting two donor mice. Thawed EDTA saline glucose (ESG)
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buffer was used to dilute the parasites after which viability was checked again, and donor mice
were infected systematically to multiply the stock of the trypanosome stabilate after which
each mouse was infected with 5.0 x 10* trypanosomes. Melarsoprol with the strength of 180
mg/5ml administered intraperitoneally for 10 days at a dose of 2.2 mg/kg bwt after dilution
with propylene glycol.

Oral administration of GB 80 mg/kg once daily was carried out using a gavage. This is the
standard dose used in most studies and recommended by manufacturers [25]. Tanakan tablets
(EGb 761) 40 mg (eCRATER USA) were utilized in this study. Each 40 mg tablet contains a
dry extract from Ginkgo biloba leaves/ folium containing 22.0%-27.0% of flavonoids expressed
as flavone glycosides, 5.4%-6.6% of terpene lactones, 2.8%-3.4% of ginkgolides A, B, C and
2.6%-3.2% of bilobalide, together with other excipients. The tablets were crushed using a clean
mortar and pestle and dissolved at the ratio of 1 tablet in 5 mL of distilled water before giving
the required dose.

Determination of survival rate and parasitaemia

Survival experiments were carried out by monitoring mice daily for any clinical symptoms and
signs, the time and the day at which each mouse succumbed were recorded in an Excel sheet
and then analysed with Log-rank (Mantel-Cox) Test. Infected groups of mice were checked for
the presence of parasitaemia. Mouse-tail blood was collected daily for the first week and thereaf-
ter every other two days. A drop of blood was placed on a clean slide, covered with a cover slip,
and the parasites were counted using a light microscope. In order to assess the parasitaemia
level, the matching technique developed by Herbert & Lumsden [26] was employed.

Sample collection

After the treatment period, mice were euthanized with ketamine (50 mg/ml) and xylazine (100
mg/ml) (Merck KGaA., Darmstadt, Germany) in a ratio of 4:1 through intramuscular injec-
tion. Whole blood samples were collected intracardially, and placed in the EDTA tubes and
used for haematological analyses. For biochemical test blood samples were collected in the
Eppendorf tubes and the sample were centrifuged at 7826¢, for 5 min at room temperature,
and serum (supernatant) was collected. Serum was used for biochemical, nitrite, MDA and
cytokine analyses. After the collection of blood intracardially, intracardial perfusion with 1X
sterile PBS was done before harvesting of spleens, kidneys, livers, lungs, hearts and brains.
These organs were used for GSH and MDA analysis. The organs were homogenized using
homogenization buffer (0.25M Sucrose, 5 mM of Hepes-Tris and protease cocktail inhibitor)
pH 7.4. The homogenates were frozen awaiting further analysis.

Evans blue assay

To assess the stability of the blood brain barrier, Evans blue assay was performed. Mice were
injected intravenously through the tail with 200pL of 1% Evans Blue dye prepared in sterile
PBS. After one hour, mice were euthanized and brains extracted, photographed, weighed and
then placed in falcon tubes containing 1ml of formamide and thereafter incubated for 48
hours at 37°C to extract Evan’s Blue dye from the tissues. The concentration of Evans blue was
measured using a spectrophotometer at 620 nm.

Determination of haematological values, organ function and electrolytes

Whole blood samples in EDTA tubes were analysed for complete blood count using an auto-
mated Benchman Coulter counter. The serum obtained was used to measure the levels of liver
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and kidney enzyme markers, albumin, lipid profile, electrolytes, creatinine, urea and uric acid
levels. An automatic analyzer (Integra 400 plus analyzer, Roche Diagnostics) was used.

Cytokine analysis

The serum levels of the pro-inflammatory cytokines i.e. TNF-o, IFN-y and anti-inflammatory
cytokines IL-10 were assessed via sandwich enzyme-linked immunosorbent assay (Thermo
Fischer Scientific, California, USA) technique following the manufacturer’s guidelines. The

concentration of cytokines was measured using an ELISA reader and the absorbance was
taken at 450 nm.

Reduced glutathione (GSH) assay

The levels of GSH from the brain, liver, spleen, heart, lungs and kidney were measured by
employing the method of Griffith [27]. The organ homogenates were mixed with 5% w/v pre-
pared solution of sulphosalicylic acid together with 0.25 mM EDTA. The brain, liver, kidney,
heart, lungs and spleen homogenate samples were mixed with Ellman’s reagent. The absor-
bance of the reaction was determined spectrophotometrically using a microplate reader
(absorbance set at 405 nm).

Quantification of nitric oxide using Griess assay

Nitric oxide (NO) was quantified as nitrite. Nitrates were reduced to nitrites by enzymatic con-
version by nitrate reductase (SIGMA). The level of nitrites was determined by the Griess
method. NO production was then quantified by measuring colour change at 550 nm using a
spectrometer (Spectra Max 340pc384, Molecular Devices, Sunnyvale, USA).

Assessment of Malondialdehyde (MDA)

To determine lipid peroxidation levels in mice sera and organs, MDA levels were measured by
assays of thiobarbituric acid reactive species (TBARS) [Draper and Hadley [28]. Serum, kid-
ney, liver, spleen and brain samples were mixed with an equal volume of thiobarbituric acid
0.67% and heated at 92-96°C for 30 min. Thiobarbituric acid reactive species production was
quantified at 535nm using a spectrometer. Results were expressed as malondialdehyde per mil-
ligram of protein.

Statistical analysis

One-way ANOVA was done to test the difference among different groups of data with Tukey’s
posthoc test for internal comparison. The mean survival time was analysed by the use of the
Log-rank (Mantel-Cox) Test. The statistical difference in the mean levels of parasitaemia was
determined by t-test. Results were reported as + SEM with levels of significance set at P<0.05.

Results

Co-administration of MelB and GB resulted in improved survival rate in
the course of T.b.r infection

Wild type T.b.r + GB group had a statistically significant (P<0.001) improvement in survival
rate, with a median of 50 days post-infection, compared to the wild type T.b.r infected group
which had a median survival of 43 days post-infection. (P<0.0001) (Fig 1A). All the mice in
the T.b.r infected but untreated group had succumbed to the infection by the 44™ day post-
infection. On the other hand, mice that were infected and supplemented with GB survived for
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a longer duration, up to 50 days post infection. Notably, all the surviving mice were sacrificed
in order to minimize suffering due to high parasitaemia and anaemia. Additionally, results
from the study revealed comparable parasitaemia levels for all treatment groups except for
MelB treated (p>0.05). The first peak of parasitaemia was observed in the initial phase post-
infection between day 4 and 8 for all experimental groups of mice (Fig 1B). This was followed
by cycles of varying parasitaemia across all the groups until the last day of the experiment.
However, mice in the infected group had the highest parasitaemia by the time of the termina-
tion of the experiment. After MelB administration, there was a sharp decline in parasitaemia
in the groups treated with MelB alone or with GB, although this was followed by a steady
increase in parasitaemia, most likely due to relapse.

Exposure to MelB and GB prevented damage to the blood brain barrier in
infected mice

Evans blue assay was performed in order to establish the integrity of the BBB during T.b.r
infection. Evans blue dye binds to serum albumin. The results revealed extravasation of the
Evans Blue dye in brains of mice infected with T.b.r as opposed to those in the normal control
group (Fig 2A); indicating damage and breach of the blood-brain barrier. Notably, the amount
of Evans Blue dye that penetrated the brains of mice administered with GB and MelB were
remarkably lower (p<0.001) in contrast with T.b.r infected mice (Fig 2B). Notably, even in the
absence of MelB, GB preserved the integrity of the blood-brain barrier in infected mice.

Administration of MelB and GB attenuated T.b.r-induced microcytic
hypochromic anaemia

Mice infected with T.b.r had significantly decreased haematocrit (HCT) (p<0.001, Fig 3A),
and RBC (p<0.01, Fig 3B) levels accompanied by low haemoglobin levels (p<0.05, Fig 3C)
when compared to those in the control group; suggesting that T.b.r infection causes anaemia.
Notably, administration of GB and MelB separately nullified the T.b.r-induced suppression of
haematocrit, RBC and haemoglobin when comparisons are made with the infected (untreated)
and normal (uninfected) control. In the presence of GB and MelB, RBC levels and those of
HCT and HGB were comparable to the control, indicating a robust protective effect from T.b.
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r-induced anaemia. In order to find out the specific type of anaemia, the levels of various RBC
indices were assessed. Mice infected with T.b.r had low levels of Mean corpuscular volume
MCV (p<0.01, Fig 3D), Mean corpuscular haemoglobin MCH (p<0.01, Fig 3E), Mean cor-
puscular haemoglobin concentration MCHC (p<0.01, Fig 2F), RDW-SD (p<0.05, Fig 3G)
and RDW-CV (p<0.01, Fig 3H). These features are characteristic of microcytic hypochromic
anaemia. When MelB and GB were administered separately, the suppression of all the blood
indices by T.b.r was blocked. This, therefore, implies that GB, MelB and co-exposure to GB
with MelB averted T.b.r- induced microcytic hypochromic anaemia. Notably, there was no sig-
nificant difference between T.b.r+MelB versus T.b.r+MelB+GB in regard to suppression of
blood indices across the board.

High white blood cell count was recorded when GB was administered alone
or with MelB during T.b.r infection

There was a decrease in total WBC in mice infected with T.b.r compared to those in the con-
trol group (p<0.05). However, mice administered with GB had a significant increase (p<0.01)
in WBC relative to those infected with T.b.r. Similarly, mice co-administered with GB and
MelB recorded a significant increase (p<0.05) in WBC as compared to the infected group (Fig
4A). The levels of total WBC were comparable between MelB treated alone and the group of
mice co-exposed to GB and MelB. The study demonstrated significant T.b.r-driven decline in
neutrophils (p<0.01, Fig 4B). T.b.r infection did not significantly change the level of lympho-
cytes (Fig 4C). However, GB significantly drove elevation of lymphocytes in infected mice. On
the other hand, the infected mice had elevated levels of eosinophils (Fig 4D), monocytes
(p<0.001, Fig 4E) and basophils (p<0.05, Fig 4F). Notably, co-administration with GB and
MelB resulted in a significant increase in neutrophils when compared to T.b.r+MelB (p<0.05)
and a decrease in monocytes and basophils (p<0.05) when compared to the infected group.
Inoculation of mice with T.b.r led to a notable decrease (p<0.05) in platelets when compared
to the control group (Fig 4G). GB protected from T.b.r-driven depletion of platelets. MelB,
when administered alone, did not significantly prevent T.b.r-driven suppression of platelets.
In the presence of GB (T.b.r+MelB+GB), platelet levels were stabilized (p<0.05), and compara-
ble to the control. In this study, it is clear that GB as an adjuvant therapy to MelB, has the
capacity to prevent thrombocytopenia in late-stage HAT.

Effect of MelB and GB on lipid metabolism in T.b.r infected mice

Infection with T.b.r significantly increased total cholesterol (p<0.05, Fig 5A) and triglycerides
(p<0.01, Fig 5B) levels relative to the control group. However, the infected mice had signifi-
cantly low HDL (p<0.01, Fig 5C) compared to the control. Notably, administration of GB and
MelB blocked the T.b.r-induced dyslipidemia. However, there was no significant difference
between T.b.r+MelB and T.b.r+MelB+GB.

GB protected the brain, spleen, heart and lungs from T.b.r and MelB-
induced changes on GSH levels

T.b.r infection caused a significant decrease in brain GSH (p<0.05, Fig 6A) relative to the con-
trol group and those treated with either MelB or GB. MelB administration, when compared to
the control and the infected (untreated), significantly elevated GSH levels in the spleen and
heart (Fig 6B & 6C). Co-administration of MelB and GB (T.b.r+MelB+GB) was significantly
effective in stabilizing GSH levels when compared to MelB (T.b.r+MelB) for the brain, spleen,
heart and lungs. Overall, administration of GB had a positive effect in stabilizing GSH levels
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Fig 4. Effect of administration of MelB and GB on WBC and WBC subtypes in T.b.r infected mice. The figure
shows the levels of blood WBC (A), neutrophils (B), lymphocytes (C), eosinophils (D), monocytes (E), basophils (F)
and platelets (G). Comparison between groups was done using One-way ANOVA followed by Tukey’s posthoc test.
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https://doi.org/10.1371/journal.pntd.0012103.g004

A Total cholesterol Triglycerides C HDL
. ,—x—\
2.5+ r 1 j 41 *k 2.0 *k
—~ r 1 r 1
3 2.0 * * e *kk kk -~
£ 3] I — 2 15
£ £ o
5 0 2 £ 10
2 2 £
] 9 =
2 9 Q 05
o ! = I
S 8
0 S
= 0.0

Fig 5. Effect of MelB and GB administration on lipid metabolism in HAT. The figures show serum levels of total cholesterol (A),
triglycerides (B) and HDL (C). Comparison between groups was done using One-way ANOVA with Tukey’s posthoc test for internal
comparisons. (Indicated level of significance: *p<0.05 **p<0.01 ***p<0.001).
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for the brain, spleen and liver. Notably, GB significantly blocked T.b.r and MelB-driven depletion
of GSH in the brain as well as its elevation in the spleen. It was also noted that infection with T.b.r
led to a significant GSH increase in the spleen (p<0.01, Fig 6B), heart (p<0.001, Fig 6C), kidney
(p<0.001, Fig 6D) and lungs (p<0.001, Fig 6E) as compared to the control group. Co-administra-
tion (T.b.r.+MelB+GB) was more effective in blocking T.b.r-driven changes to GSH levels for the
brain, spleen and heart when compared to T.b.r+MelB. Moreover, T.b.r and MelB-driven deple-
tion of hepatic GSH levels was blocked by GB (p<0.001, Fig 6A). GB provided superior protection
to GSH levels in the presence of T.b.r across all organs investigated (Fig 6A-6F) when compari-
sons are made with the normal control and infected (untreated) control.

The effect of T.b.r, MelB and GB on MDA levels

Mice infected with T.b.r had remarkably high levels of MDA in the brain (p<0.001, Fig 7A),
liver (p<0.001, Fig 7B), spleen (p<0.001, Fig 7C) and kidney (p<0.05, Fig 7D), relative to
those in the normal control group. Serum MDA were significantly elevated (p<0.001, Fig 7E)
in T.b.r infected mice when compared to the control. It is also notable that MelB administra-
tion resulted in significant elevation of MDA in the brain, liver and kidney (Fig 7A, 7B and
7D). Elevation of MDA is a characteristic indicator of active lipid peroxidation. Notably, co-
administration of GB and MelB (T.b.r+MelB+GB) and GB (alone) significantly attenuated T.
b.r and MelB driven elevation of MDA for the liver and serum (Fig 7B and 7E). MDA levels
for the brain and kidney demonstrate superior protection from GB, when compared to MelB.

GB stabilized T.b.r and MelB-driven rise in nitrite

There was a notable elevation in nitrite level (p<0.001, Fig 8) in mice infected with T.b.r as
compared to those in the control group. When compared to the control, MelB significantly
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Fig 7. The effect of T.b.r infection, MelB and GB administration on MDA levels during HAT. The figures show the
MDA levels from brain (A), liver (B), spleen (C), kidney (D) and serum (E). Comparison between groups was done
using One-way ANOVA with Tukey’s posthoc test for internal comparisons. (Indicated level of significance: *p<0.05
#p<0.01 ***p<0.001).

https://doi.org/10.1371/journal.pntd.0012103.g007

raised nitrite levels On the other hand, GB significantly attenuated T.b.r and MelB-driven ele-
vation of nitrite when administered separately or when co-administered (T.b.r+MelB+GB).

Co-administration of MelB and GB stabilized TNF-a and IFN-y levels in T.
b.r infected mice

The infected mice showed a remarkable increase in serum TNF-o (p<0.001, Fig 9A) as well as
IFN-y (p<0.001, Fig 9B) relative to those in the control group; an indication of inflammation.
Notably, the levels of TNF-o and IFN-y decreased in infected mice treated with MelB and
administered with GB before infection and those where Mel B and GB were co-administered.
Treatment with either MelB or GB separately, attenuated T.b.r-induced elevation of pro-
inflammatory cytokines IFN-y and TNF-o.. Additionally, the elevation of the pro-inflamma-
tory cytokines TNF-o and IFN-y was blocked (p<0.001) by co-administration of GB and
MelB; when compared with mice infected with T.b.r or treated with only MelB. Moreover, a
group of infected mice treated with GB had comparable levels of IL-10 relative to the normal
control. Administration of GB before infection with T.b.r significantly reduced the anti-
inflammatory cytokine IL-10 levels (p<0.05, Fig 9C).

The effect of T.b.r infection and administration of MelB and GB on liver
function

Mice infected with T.b.r had significantly high levels of ALT (p<0.001, Fig 10A), AST
(p<0.001, Fig 10B) and ALP (p<0.05, Fig 10C) relative to the normal control group. The
heightened levels of these biomarkers signified active liver damage. A comparative analysis of
MelB or GB treatment to T.b.r infected mice and the normal control, revealed a significant
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**p<0.01 ***p<0.001).
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normalization of the serum levels of ALT (p<0.001) and AST on exposure to MelB or GB.
Additionally, there was a significant abrogation of T.b.r-driven elevation of AST (p<0.001) in
infected mice co-administered with GB and MelB (T.b.r+MelB+GB) in comparison to MelB
(T.b.r+MelB) treated mice (Fig 10B). Only GB was able to significantly attenuate T.b.r-driven
elevation of AP. However, there was no statistical difference in GGT levels across all experi-
mental groups (Fig 10D).

The effect of T.b.r infection and administration of MelB and GB on urea,
uric acid and albumin

Elevated levels of urea (p<0.05, Fig 11A) and uric acid (p<0.001, Fig 11B) were observed in
mice infected with T.b.r when compared to those in the normal control group. MelB was the
most effective in countering T.b.r-driven rise in urea and uric acid when compared to GB.
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Fig 9. Levels of pro-inflammatory and anti-inflammatory cytokines in mice infected with T.b.r and treated with MelB and GB. The
figures show the serum levels of pro-inflammatory cytokines TNF-o. (A), IFN-y (B) and anti-inflammatory cytokine IL-10 (C). Comparison
between groups was done using One-way ANOVA with Tukey’s posthoc used for internal comparisons. (Indicated level of significance:
*p<0.05 **p<0.01 ***p<0.001).
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Significantly low albumin levels (p<0.05, Fig 11C) were observed in infected mice, when com-
pared to those in the normal control group; a phenomenon that was blocked when GB was
given together with MelB. However, no statistical difference was observed in creatinine levels
across all experimental groups (Fig 10D).

Co-administration of Ginkgo biloba and melarsoprol prevented metabolic
acidosis in mice infected with T.b.r

T.b.r infection led to the decrease of potassium (p<0.01, Fig 12A), sodium (p<0.001, Fig 12B),
and chloride (p<0.01, Fig 12C) relative to the normal control group. This signified possible
electrolyte disturbance i.e. metabolic acidosis. A significant increase of potassium (p<0.001),
sodium (p<0.0001) and chloride (p<0.01), was noted following acute exposure to MelB rela-
tive to T.b.r infected mice. Notably, GB alone or in combination with MelB prevented the elec-
trolyte imbalance caused by T.b.r infection.

Discussion

The current study demonstrates that oral administration with GB ameliorates negative bio-
chemical and physiological events caused by T.b.r during severe HAT. Notably, GB prevents
damage to the blood-brain barrier due to T.b.r and reduces oxidative stress and inflammation
caused by both the trypanosomes and melarsoprol. Another notable finding was that GB led to
an improved survival rate of mice infected with T.b.r. The capacity of GB to boost the survival
rate in T.b.r infected mice validates other studies with similar findings. For example, in one
such study, GB improved the survival rate in a mouse model after induction of sepsis with an
inflammatory agent, lipopolysaccharide [29]. The increased survival rate in mice administered
with GB may be attributed to its anti-inflammatory and antioxidant properties; that probably
delay the onset of pathophysiology noted during late-stage HAT. Parasitaemic waves were evi-
dent in this study because the parasite is able to dodge the host immune system [30-32]. The
ability to evade the immune system by the parasite is due to the antigenic variation of the para-
site’s variant surface glycoprotein (VSG) [33]. At the initial phase of parasitaemia, most of the
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Fig 10. The effect of T.b.r infection and administration of MelB and GB on liver function biomarkers (ALT, AST,
ALP and GGT) in the course of T.b.r infection. The figures show the serum levels of ALT (A), AST (B), ALP (C) and
GGT (D). Comparison between groups was done using One-way ANOVA with Tukey’s test as posteriori test.
(Indicated level of significance: *p<0.05 **p<0.01 ***p<0.001).

https://doi.org/10.1371/journal.pntd.0012103.g010

parasites are homotype of similar antigenic categories. This homotype is identified by the host
immune system, and consequently, antibodies are produced [34]. This is then followed by a
declining phase due to the elimination of the parasites of the major variable antigenic type
(VAT). Nonetheless, the minor VATs (heterotype) continue to multiply and eventually
become dominant. This phenomenon leads to parasitaemia waves and enduring chronic infec-
tion [34].

Trypanosoma brucei alters brain function by penetrating the blood-brain barrier and accu-
mulating in the brain [35]. Breach of the blood brain barrier is a major event in the pathogene-
sis of HAT due to T.b.r; and is associated with a myriad of negative, devastating effects on the
CNS. MelB and GB were equally effective in preventing T.b.r-induced damage to the blood
brain barrier. For GB, this observation may be attributed to the flavonoids in GB, that act as
free radical scavengers, while terpene lactones safeguard mitochondrial membranes of neuro-
nal cells from harm caused by free radicals, known to cause oxidative stress and neuronal dam-
age [36]. Gohil and Packer [37] assert that EGb 761 is capable of scavenging hydroxyl radicals
since it possesses superoxide dismutase-like activity. Recently, it was established that a stan-
dardized extract of Ginkgo biloba, EGb 761, has neuroprotective effects in numerous central
nervous systems and neurodegenerative diseases such as Parkinson’s and Alzheimer’s [38].
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Fig 11. Effect of T.b.r infection and administration of GB and MelB on the serum levels of urea, uric acid,
albumin and creatinine during HAT. The figures show the serum levels of urea (A), uric acid (B), albumin (C) and
creatinine (D). Comparison between groups was done using One-way ANOVA with Tukey’s posthoc test for multiple
comparisons. (Indicated level of significance: *p<0.05 **p<0.01 ***p<0.001).

https://doi.org/10.1371/journal.pntd.0012103.9011

The meningoencephalitis stage of HAT is characterised by the penetration of the blood-
brain barrier by trypanosomes and their multiplication in the cerebral spinal fluid and eventu-
ally aggregating in the brain parenchyma [39-40]. This finding was corroborated by our Evans
Blue Assay data, with more dye accumulating in the brain of mice infected with T.b.r. The
amount of Evans blue dye that penetrated the brains of mice co-administered with GB and
MelB was lower, even though this change was not statistically significant. It will be of great
interest to determine if dose response studies utilizing MelB and GB combinations would reg-
ister greater beneficial effects when co-administered in regard to protection of the blood brain
barrier. Further studies in this realm are desirable. The noted protective effects of GB may be
attributable to Ginkgolide B, a constituent of EGb 761, which has been shown to reduce the
permeability of the blood-brain barrier, in cerebral edema [41-42]. Nevertheless, the molecu-
lar mechanisms underlying the capability of GB to protect the breach of the blood-brain bar-
rier requires further scrutiny.

Various physiological and biochemical processes are ravaged by HAT infection. These
include blood components, resulting in anaemia [43]. Erythrocyte cell damage occurs in the
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Fig 12. Impact of co-administration of MelB and GB on the serum levels of electrolytes (potassium, sodium and chloride) in T.b.r infected mice. The
figures show the serum levels of potassium (A), sodium (B) and chloride (C). Comparison between groups was done using One-way ANOVA with Tukey’s
posthoc test as posteriori test. (Indicated level of significance: *p<0.05 **p<0.01 ***p<0.001).
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course of HAT because of overwhelming oxidative stress [44]. This study confirmed the pres-
ence of trypanosomiasis-mediated anaemia, marked by low counts of RBC, HCT and haemo-
globin. The current study corroborated a previous study by Neves et al. [45] which
demonstrated the presence of microcytic hypochromic anaemia during T.b.r infection. In this
study, it was demonstrated that MelB and GB when administered separately, improved T.b.r-
induced anaemia. Co-administration of MelB and GB though beneficial, did not result in
enhanced synergistic or additive pharmacological effect superior to those noted when adminis-
tered separately in regard to blood indices. Future dose response studies may be able to estab-
lish if specific higher or lower doses may result in a significant effect when MelB and GB are
co-administered. This constitutes an interesting area for scrutiny for future studies. It has been
shown previously that Ginkgo biloba leaf extract has a protective role on red blood cells against
AB- and hypotonic pressure-induced haemolysis, peroxide-induced lipoperoxidation, as well
as glutathione consumption and methaemoglobin formation [46]. It is therefore likely that
these aforementioned properties played a role and possibly protected the erythrocytes and pre-
vented anaemia.

Infection with trypanosomes elicits very strong immune responses. The interaction between
the parasite and the host immune system is driven by the variant surface glycoprotein (VSG),
which is found on the membrane of the trypanosomes [33]. Infection with T.b.r resulted in sig-
nificant downregulation of total WBCs, neutrophils, lymphocytes and platelets. On the other
hand, eosionophils, monocytes and basophils were significantly elevated. Administration of
MelB and GB restored T.b.r driven depletion of WBCs, neutrophils and lymphocystes, while
decreasing the T.b.r-induced elevation of eosinophils, monocytes and basophils. Notably, co-
administration of MelB and GB was significantly superior to T.b.r-induced in stabilizing neu-
trophil levels. This is a significant observation given that severe inflammation is an important
hallmark for T.b.r-driven pathology in the brain. T.b.r-driven eosinophilia was also observed
which was blocked by administration of GB and MelB; perhaps attributable to the anti-inflam-
matory properties of GB. Notably, T.b.r-induced leukocytopenia has been reported in various
studies [47-48]. In the current study, leukocytopenia was observed in infected mice, accompa-
nied by neutrotopenia, which could predispose the infected animals to other infections [47].

In the present study, a T.b.r-induced decrease in the levels of lymphocytes shows trypano-
some-driven suppression of lymphoproliferative responses due to the increased burden of T.b.
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r infection. This outcome is consistent with a prior study on T.b.r infection [49-50]. Notably,
GB significantly restored T.b.r-induced changes to lymphocytes. This clearly demonstrates
GB-driven immune modulation—the mechanism by which GB attenuates T.b.r-driven alter-
ation of lymphocytes could be multifactorial possibly due to its antioxidant and immune-stim-
ulatory properties [51].

The thrombocytopenia observed during T.b.r infection could be attributed to damage to
platelets by ROS [52-53]. Low platelet counts could also be attributable to the pooling of blood
in the spleen, removal of platelets by the mononuclear phagocytic system and increased ‘con-
sumption’ of platelets by disseminated intravascular coagulation reaction during trypanosomi-
asis infections [54-55]. The decline in platelet count was notably blocked when MelB or GB
were administered separately or in combination. However, there was no significant difference
between T.b.r+MelB and T.b.r+MelB+GB in regard to platelet levels. Notably, GB is known to
inhibit platelet aggregation, both in platelet-rich plasma (PRP) and whole blood; and can
therefore can be used as an oral anti-platelet therapeutic agent [56]. It is likely that the free rad-
ical scavenging power of GB played a role in ameliorating T.b.r-driven thrombocytopenia. As
alluded to by Gohil and Packer [37], EGb 761 is capable of scavenging hydroxyl radicals since
it possesses superoxide dismutase-like activity. In light of the current findings and prior studies
on the potential role of GB on platelets, this phenomenon requires further scrutiny to unravel
clear mechanism involved. Obviously, intake of GB may have important implications for
patients at risk of deep vein thrombosis as well as those on blood thinning medications.

The host metabolism is usually affected by trypanosomes in the adipose tissue. T.b.r infec-
tion led to the elevation of cholesterol and triglycerides and decline in HDL levels. The hydro-
lysis of triglycerides to free fatty acids via beta-oxidation is believed to be due to the ability of
trypanosomes to utilize beta fatty oxidation for their energy needs [57]. Other studies have
demonstrated that Trypanosoma cruzi parasite depletes HDL, which in turn results in excess
cholesterol transfer from the periphery to the liver. High levels of triglycerides and low HDL
level disrupts mitochondrial function, resulting in increased ROS, flawed endothelial system
and inflammation [58]. A previous study demonstrated that GB modulates the metabolism of
cholesterol. A study by Rodriguez et al. [59] showed that GB has the capacity to lessen the
emergence and size of atherosclerotic plaques in cardiovascular patients who are at high risk,
reduce lipid peroxidation, and diminish lipoprotein levels. This observation is consistent with
an earlier study that demonstrated the ability of Ginkgo biloba to reduce serum total choles-
terol and triglycerides [56]. Other notable studies showed that GB has an effect on the absorp-
tion of triglyceride and cholesterol as well as cholesterol metabolism; a possible explanation for
the ability of Ginkgo biloba to lower the level of lipids, and therefore deter the development
and progression of artherosclerosis and cardiovascular diseases [60-62]. These prior studies
corroborate findings from the current study that show MelB and GB-driven abrogation of T.b.
r-induced elevation of cholesterol and triglycerides as well as depletion of HDL.

At this point, it is important to note that dyslipidemia is usually associated with the induc-
tion of oxidative stress, by free radicals. In both the early and late stages of HAT, free radicals
are produced resulting in cellular injury. The free radicals bombard membrane lipids as well as
proteins, ultimately overwhelming the endogenic antioxidant capacity driven by reduced glu-
tathione (GSH), superoxide dismutase, and catalase [63]. This study demonstrated that T.b.r
infection resulted in the depletion of brain and liver GSH, a characteristic indicator for oxida-
tive stress. Depletion of GSH is attributed to overwhelming oxidative stress that decimates the
antioxidant system. Moreover, mice infected with T.b.r showed an increase in GSH levels in
the spleen, heart, kidney and lungs. Such an increase signifies an antioxidant response to rising
oxidative stress. The rise in GSH levels is typical feedback to rising oxidative stress. Over-
whelming levels of oxidative stress and severe inflammation are usually present during the
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meningoencephalitic stage of HAT [64]. Furthermore, it is worth noting that melarsoprol as
well as its metabolite, melarsen oxide generates reactive oxygen species (ROS) and leads to oxi-
dative stress [6,13]. The results from this study are consistent with those of Li et al. [65] and
Kaur et al. [66], in which GSH was elevated in neuronal cells when GB was administered due
to its antioxidant activity. In the current study, it was prudent to determine of co-administra-
tion of MelB and GB assuaged MelB-induced toxicity. Indeed, comparisons between T.b.r
+MelB+GB and MelB+T.b.r show that co-administration was more effective in stabilizing
GSH levels for the brain. The presence of GB had a modulatory effect on GSH levels in all the
organs (brain, spleen, heart, kidney, lungs and liver) in the presence of T.b.r and MelB. The
possible role of GB in protecting from T.b.r and MelB-induced negative physiological and bio-
chemical effects during late stage HAT has potential for improving treatment outcome, and
therefore requires further scrutiny through dose-response studies.

Trypanosome invasion is usually associated with elevation of free radicals such as nitric
oxide [67-68] and depletion of systemic antioxidants. In a study by Eze et al. [69], elevation in
the serum and organ lipid peroxidation during Trypanosoma brucei infection in rats was
reported. In the current study, T.b.r infection and treatment with MelB led to an increase in
MDA relative to the uninfected control group, signifying a rise in lipid peroxidation. Brain,
liver, kidney and serum MDA were significantly elevated (p<0.001, Fig 7E) in T.b.r infected
mice when compared to the control. It is also notable that MelB administration resulted in sig-
nificant elevation of MDA in the brain, liver and kidney (Fig 7A, 7B and 7D). Elevation of
MDA is an established characteristic indicator of active lipid peroxidation. Notably, co-admin-
istration of GB and MelB (T.b.r+MelB+GB) significantly attenuated T.b.r and MelB driven ele-
vation of MDA for the liver and serum (Fig 7B and 7E). MDA levels for the brain and kidney
demonstrate superior protection from GB, when compared to MelB. These results corroborate
studies in which EGDb 761 reduced MDA levels and effectively reduced cataractogenesis in
Sprague-Dawley rats and Wistar rats [70-72]. Another study found that Ginkgo biloba reduced
MDA and protected against silver nanoparticles-induced neuronal apoptosis and blood-brain
barrier impairments in rats [73]. Furthermore, other studies have demonstrated the ability of
GB to reduce lipid peroxidation and protect neuronal cells against acute hypoxia and improve
cognitive functions through the improvement of neuronal lesions in Sprague-Dawley rats [65—
66].

The depletion of tissue antioxidant systems has been linked to membrane oxidative stress
and cellular destruction during trypanosomiasis [74]. A study done on ervet monkey species
infected with Trypanosoma brucei rhodensiense showed elevated nitric oxide in serum samples
[68]. This is clearly supported by the current study, in which T.b.r infection as well as treat-
ment with MelB elicited high nitrite levels in mice serum. However, administration of GB sig-
nificantly stabilised levels of nitrite in infected mice and those infected (treated with MelB);
signifying a robust protective effect against T.b.r and MelB-driven elevation of nitrite. These
findings are consistent with those of Lee et al. [75], which concluded that the expression of
pro-inflammatory mediators, such as TNF-a, IL-6, macrophage inflammatory protein (MIP)-
2, nitric oxide synthase (NOS) and COX-2, was suppressed in adult mice by GB.

Serious inflammatory reactions are triggered during trypanosomiasis. These responses are
mediated by the discharge of pro-inflammatory cytokines such as interferon-gamma (INF-y),
tumor necrosis factor (TNF-a), IL-1, IL-2 and IL-6 [76]. Uncontrollable pro-inflammatory
cytokines have been reported as a result of inflammation and anaemia caused by trypanosomes
[43]. As per the current study, T.b.r infection led to heightened levels of pro-inflammatory
cytokines IFN-y and TNF-a. However, there was no significant change in IL-10 levels in
infected mice. INF-y is responsible for the adaptive immune reaction in the course of T.b.r
infection. In a study by Hertz & Mansfed [77], increased INF-y led to a decline in parasite
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count. Additionally, in a different study, IFN-y -knockout mice resulted in uncontrollable
parasitaemia levels as well as decreased survival rates [78].

The parasites usually shed variant surface glycoproteins which trigger the production of
TNEF-c. In addition, macrophages emit this pro-inflammatory cytokine which is essential for
cell growth, differentiation as well as apoptosis. In the brain, the rising level of TNF-o aids the
trypanosome to cross the blood-brain barrier leading to acute neuropathy [79]. This important
finding may explain the effect of the parasites on the blood-brain barrier. The increased levels
of both TNF-o and IFN-y may, perhaps play a role in the breach of the blood-brain barrier by
the parasites. GB can impede the sequel of inflammatory agents like lipopolysaccharide (LPS)
by enhancing the activity of transforming growth factor (TGF), which leads to a decline in the
gene expression of Interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-o), ulti-
mately decreasing inflammatory processes. Notably, the T.b.r-driven elevation of TNF-o was
diminished by pre-treatment with GB, a finding consistent with earlier studies demonstrating
the role of GB extract in anti-inflammatory processes [80]. The infected mice showed a
remarkable increase in serum TNF-o. as well as INF-y relative to those in the control group; an
indication of inflammation. Notably, both treatment (MelB and GB) and pre-treatment with
GB reduced of pro-inflammatory cytokine IFN-y and TNF-o. Additionally, the elevation of
the pro-inflammatory cytokines TNF-o and IFN-y was blocked (p<0.001) by co-administra-
tion of GB and MelB; when compared with mice infected with T.b.r or treated with MelB.
These observations are consistent with ameliorative effects noted in mice administered with
GB. This finding may also explain the molecular basis for the ability of GB to protect the
blood-brain barrier integrity, since the elevation of TNF-a. drives breach of the blood-brain
barrier in T.b.r infection. Moreover, ginkgolide A, a component of Ginkgo biloba, has the
capacity to counter cyclo-oxygenase-2 (COX-2) and 5-lipo-oxygenase (5-LOX), which are lim-
iting enzymes involved in the conversion of arachidonic acid to prostaglandin and leukotri-
enes respectively, as well as reduction of endoplasmic reticulum stress, which contributes to
inflammation [81]. Moreover, neutrophils, eosinophils, monocytes and T-lymphocytes share a
multifaceted association and; collectively, they coordinate a more heightened immune
response by regulating the secretion of pro-inflammatory cytokines against Trypanosome par-
asites; nonetheless, this association must be strongly controlled as it may contribute to explicit
inflammation and inception of pathology. There is a need for further studies on how GB mod-
ulates pro-inflammatory cytokines in late-stage HAT. This may open new possibilities for con-
trolling inflammation during HAT.

At the onset of trypanosomiasis, IL-10 downregulates IFN-y and TNF-o secretion relieving
inflammatory feedback [43]. After long-term exposure to the parasite, ROS increase and ele-
vate pro-inflammatory cytokine action which overwhelms the activity of the anti-inflamma-
tory cytokine IL-10 [79]. There was no significant change in IL-10 levels after infection with T.
b.r or treatment with melarsoprol and EGb 761.

The kidney and the liver are vital organs usually damaged by the unstable radicals produced
during trypanosomiasis [63]. Elevated levels of ALT, AST and ALP were noted in infected
mice. The heightened levels of these biomarkers signified active liver damage. A comparative
analysis of MelB or GB treatment to T.b.r infected mice and the normal control, revealed a sig-
nificant normalization of the serum levels of ALT (p<0.001) and AST on exposure to MelB or
GB. Additionally, there was a significant abrogation of T.b.r-driven elevation of AST in
infected mice co-administered with GB and MelB (T.b.r+MelB+GB) in comparison to MelB
(T.b.r+MelB) treated mice. Notably, MelB when administered alone, was most effective in sta-
bilizing AST levels in the presence of T.b.r. Only GB was able to significantly attenuate T.b.r-
driven elevation of AP. However, there was no statistical difference in GGT levels across all
experimental groups. Administration of MelB and GB improved the T.b.r-driven
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hepatotoxicity, as demonstrated by low levels of ALT, AST and ALP, consistent with previous
studies [82-83]. The role of MelB in killing T.b.r parasites may play an important role in its
ability to stabilize liver enzymes. The desirable hepatoprotective impact of GB may be ascribed
to its ability to regulate endogenous antioxidant mechanisms, which incredibly modulate liver
toxicity in various experimental models [80].

In the current study, we observed an elevation of urea and uric acid in T.b.r infected mice.
Notably, albumin levels decreased in infected mice in line with previous study by Anosa, [84].
MelB was the most effective in countering T.b.r-driven rise in urea and uric acid when com-
pared to GB. This finding may suggest that changes to urea and uric acid are driven parasites;
that are killed in the presence of adequate concentrations of MelB. Significantly low albumin
levels were observed in infected mice, when compared to those in the normal control group; a
phenomenon that was blocked when GB was given together with MelB. This observation cor-
roborates previous studies [85]. However, no statistical difference was observed in creatinine
levels across all experimental groups.

T.b.r infection resulted in a generalised decrease in serum levels of sodium, potassium and
chloride ions signifying metabolic acidosis, in contrast to prior findings by Karaye et al. [86] in
Trypanosoma congolense and Trypanosoma brucei infected red Sokoto bucks. However, the
findings are consistent with those of Ojo et al. [87] in Trypanosoma brucei brucei infected rats.
Both MelB and GB when administered separately or when co-administered, significantly nor-
malized K, Na and Cl levels in serum. The role of MelB may be linked to destruction of para-
sites whereas, for GB, the effect may be attributed to its role in the protection of the membrane
ultrastructure against free radicals, modulation of some enzymatic systems and ionic pumps
(88].

Conclusion

In conclusion, findings from the current study demonstrate that administration of Ginkgo
biloba ameliorate HAT pathogenesis by reducing oxidative stress, inflammation and organ
damage caused by T.b.r infection as well as toxicities due to MelB. The findings provide a basis
for further studies to elucidate the potential use of Ginkgo biloba as an adjuvant therapy, that
may improve treatment outcomes when used alongside melarsoprol for severe late stage of
HAT. Of particular interest will be dose response studies to establish optimal formulations and
dosage with maximal benefits, as well as identification of specific chemical components in GB
that confer its beneficial effects.

Acknowledgments

We acknowledge the director of Biotechnology Research Institute—Kenya Agricultural and
Livestock Research Organization (KALRO) for providing Trypanosoma brucei rhodesiense
KETRI 2537 and facilities for conducting this study. We also acknowledge The Ministry of
Health (Kenya) for providing melarsoprol which was utilized in the study. We thank Bernard
Wanyonyi for technical support during the study.

Author Contributions

Conceptualization: Janet Khatenje Wendo, James Nyabuga Nyariki, Alfred Orina Isaac.
Data curation: James Mucunu Mbaria.

Formal analysis: Janet Khatenje Wendo, James Nyabuga Nyariki.

Investigation: Janet Khatenje Wendo, Alfred Orina Isaac.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012103  April 15, 2024 21/26


https://doi.org/10.1371/journal.pntd.0012103

PLOS NEGLECTED TROPICAL DISEASES Ginkgo biloba attenuated detrimental events due to T.b.rand melarsoprol

Methodology: James Nyabuga Nyariki, Alfred Orina Isaac.

Project administration: Alfred Orina Isaac.

Resources: James Nyabuga Nyariki, Alfred Orina Isaac.

Supervision: James Mucunu Mbaria, Alfred Orina Isaac.

Validation: James Mucunu Mbaria, James Nyabuga Nyariki.

Writing - original draft: Janet Khatenje Wendo.

Writing - review & editing: Janet Khatenje Wendo, James Nyabuga Nyariki, Alfred Orina

Isaac.

References

1.

10.

11.

12

13.

14.

15.

Simarro PP, Cecchi G, Paone M, Franco JR, Diarra A, Ruiz JA, et al. The Atlas of human African try-
panosomiasis: a contribution to global mapping of neglected tropical diseases. Int J Health Geogr.
2010; 9:57. https://doi.org/10.1186/1476-072X-9-57 PMID: 21040555

Aksoy S, Buscher P, Lehane M, Solano P, Van Den Abbeele J. Human African trypanosomiasis control:
Achievements and challenges. PLoS Negl Trop Dis. 2017; 11(4):e0005454. https://doi.org/10.1371/
journal.pntd.0005454 PMID: 28426685

Buscher P, Cecchi G, Jamonneau V, Priotto G. Human African trypanosomiasis. Lancet. 2017; 390
(10110): 2397-2409. https://doi.org/10.1016/S0140-6736(17)31510-6 PMID: 28673422

Shaw A, Robays J, Fevre EM, Lutumba P, Boelaert M. The Burden of Human African Trypanosomiasis.
In: Preedy VR, Watson RR (eds) Handbook of Disease Burdens and Quality of Life Measures.
Springer, New York, NY; 2010. https://doi.org/10.1007/978-0-83

WHO. Trypanosomiasis, human African (sleeping sickness) Fact sheet. 2017. http://www.who.int/
meidacentre/factsheets/fsn259/en/accessed on 6/4/2017

Rashid K, Wachira FN, Nyariki JN, Isaac AO. Kenyan purple tea anthocyanins and coenzyme-Q10
ameliorate post treatment reactive encephalopathy associated with cerebral human African trypanoso-
miasis in murine model. Parasitol Int. 2014; 63(2):417—-426. https://doi.org/10.1016/j.parint.2014.01.001
PMID: 24440762

Kennedy PG. Human African trypanosomiasis of the CNS: current issues and challenges. J Clin Invest.
2004; 113(4):496-504. https://doi.org/10.1172/JCI21052 PMID: 14966556

Rodgers J, Bradley B, Kennedy PGE. Delineating neuroinflammation, parasite CNS invasion, and
blood-brain barrier dysfunction in an experimental murine model of human African trypanosomiasis.
Methods. 2017; 127:79-87. https://doi.org/10.1016/j.ymeth.2017.06.015 PMID: 28636879

Sternberg JM, Rodgers J, Bradley B, Maclean L, Murray M, Kennedy PG. Meningoencephalitic African
trypanosomiasis: Brain IL-10 and IL-6 are associated with protection from neuro-inflammatory pathol-
ogy. J Neuroimmunol. 2005; 167(1-2):81-89. https://doi.org/10.1016/j.jneuroim.2005.06.017 PMID:
16054238

Magez S, Radwanska M, Drennan M, Fick L, Baral TN, Allie N, et al. Tumor necrosis factor (TNF) recep-
tor-1 (TNFp55) signal transduction and macrophage-derived soluble TNF are crucial for nitric oxide-
mediated Trypanosoma congolense parasite killing. J Infect Dis. 2007; 196(6):954-962. https://doi.org/
10.1086/520815 PMID: 17703428

Pépin J, Milord F. The treatment of human African trypanosomiasis. Adv Parasitol. 1994; 33:1-47.
https://doi.org/10.1016/s0065-308x(08)60410-8 PMID: 8122565

Soignet SL, Tong WP, Hirschfeld S, Warrell RP Jr. Clinical study of an organic arsenical, melarsoprol,
in patients with advanced leukemia. Cancer Chemother Pharmacol. 1999; 44(5):417—421. https://doi.
org/10.1007/s002800050998 PMID: 10501916

Fairlamb AH. Chemotherapy of human African trypanosomiasis: current and future prospects. Trends
Parasitol. 2003; 19 (11):488—-494. https://doi.org/10.1016/j.pt.2003.09.002 PMID: 14580959

Kitwan L, Makobe C, Mdachi R, Maranga DN, Isaac AO, Nyariki JN. Coenzyme Q1 prevented Trypano-
soma brucei rhodesiense-mediated breach of the blood brain barrier, inflammation and organ damage
in late stage of Human African Trypanosomiasis. J Parasit Dis. 2023; 47(1):167—184. https://doi.org/10.
1007/s12639-022-01553-8 PMID: 36910316

Nyariki JN, Thuita JK, Nyambati GK, Orina Al. Coenzyme Q10 prevented full blown splenomegaly and
decreased melarsoprol-induced reactive encephalopathy in mice infected with Trypanosoma brucei

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012103  April 15, 2024 22/26


https://doi.org/10.1186/1476-072X-9-57
http://www.ncbi.nlm.nih.gov/pubmed/21040555
https://doi.org/10.1371/journal.pntd.0005454
https://doi.org/10.1371/journal.pntd.0005454
http://www.ncbi.nlm.nih.gov/pubmed/28426685
https://doi.org/10.1016/S0140-6736%2817%2931510-6
http://www.ncbi.nlm.nih.gov/pubmed/28673422
https://doi.org/10.1007/978-0-83
http://www.who.int/meidacentre/factsheets/fsn259/en/accessed
http://www.who.int/meidacentre/factsheets/fsn259/en/accessed
https://doi.org/10.1016/j.parint.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24440762
https://doi.org/10.1172/JCI21052
http://www.ncbi.nlm.nih.gov/pubmed/14966556
https://doi.org/10.1016/j.ymeth.2017.06.015
http://www.ncbi.nlm.nih.gov/pubmed/28636879
https://doi.org/10.1016/j.jneuroim.2005.06.017
http://www.ncbi.nlm.nih.gov/pubmed/16054238
https://doi.org/10.1086/520815
https://doi.org/10.1086/520815
http://www.ncbi.nlm.nih.gov/pubmed/17703428
https://doi.org/10.1016/s0065-308x%2808%2960410-8
http://www.ncbi.nlm.nih.gov/pubmed/8122565
https://doi.org/10.1007/s002800050998
https://doi.org/10.1007/s002800050998
http://www.ncbi.nlm.nih.gov/pubmed/10501916
https://doi.org/10.1016/j.pt.2003.09.002
http://www.ncbi.nlm.nih.gov/pubmed/14580959
https://doi.org/10.1007/s12639-022-01553-8
https://doi.org/10.1007/s12639-022-01553-8
http://www.ncbi.nlm.nih.gov/pubmed/36910316
https://doi.org/10.1371/journal.pntd.0012103

PLOS NEGLECTED TROPICAL DISEASES Ginkgo biloba attenuated detrimental events due to T.b.rand melarsoprol

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

rhodesiense. Journal of Coastal Life Medicine. 2014; 2(3): 230-238. https://doi.org/10.12980/jclm.2.
2014c90

Ramassamy C, Longpré F, Christen Y. Ginkgo biloba extract (EGb 761) in Alzheimer’s disease: is there
any evidence? Curr Alzheimer Res. 2007; 4(3):253—-262. https://doi.org/10.2174/
156720507781077304 PMID: 17627482

Luo Y, Smith JV, Paramasivam V, Burdick A, Curry KJ, Buford JP, et al. Inhibition of amyloid-beta
aggregation and caspase-3 activation by the Ginkgo biloba extract EGb761. Proc Nat/ Acad Sci U S A.
2002; 99(19):12197-12202. https://doi.org/10.1073/pnas.182425199 PMID: 12213959

Bridi R, Crossetti FP, Steffen VM, Henriques AT. The antioxidant activity of standardized extract of
Ginkgo biloba (EGb 761) in rats. Phytother Res. 2001; 15(5):449-451. https://doi.org/10.1002/ptr.814
PMID: 11507743

Liu CS, Cheng Y, Hu JF, Zhang W, Chen NH, Zhang JT. Comparison of antioxidant activities between
salvianolic acid B and Ginkgo biloba extract (EGb 761). Acta Pharmacol Sin. 2006; 27(9):1137—-1145.
https://doi.org/10.1111/j.1745-7254.2006.00378.x PMID: 16923333

Wu ZM, Yin XX, JiL, Gao YY, Pan YM, Lu Q, et al. Ginkgo biloba extract prevents against apoptosis
induced by high glucose in human lens epithelial cells. Acta Pharmacol Sin. 2008; 29(9):1042—1050.
https://doi.org/10.1111/j.1745-7254.2008.00837.x PMID: 18718173

Cho HJ, Nam KS. Inhibitory effect of ginkgolide B on platelet aggregation in a cAMP- and cGMP-depen-
dent manner by activated MMP-9. J Biochem Mol Biol. 2007; 40(5):678-683. https://doi.org/10.5483/
bmbrep.2007.40.5.678 PMID: 17927900

Kudolo GB, Wang W, Barrientos J, Elrod R, Blodgett J. The ingestion of Ginkgo biloba extract (EGb
761) inhibits arachidonic acid-mediated platelet aggregation and thromboxane B2 production in healthy
volunteers. J Herb Pharmacother. 2004; 4(4):13-26. PMID: 15927922

Mohanta TK, Tamboli Y, Zubaidha PK. Phytochemical and medicinal importance of Ginkgo biloba L.
Nat Prod Res. 2014; 28(10):746—752. https://doi.org/10.1080/14786419.2013.879303 PMID:
24499319

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting:
The ARRIVE guidelines for reporting animal research. J Pharmacol Pharmacother. 2010 Jul; 1(2):94-9.
https://doi.org/10.4103/0976-500X.72351 PMID: 21350617; PMCID: PMC3043335.

O’Hara M, Kiefer D, Farrell K, Kemper K. A review of 12 commonly used medicinal herbs. Arch Fam
Med. 1998; 7(6):523-536. https://doi.org/10.1001/archfami.7.6.523 PMID: 9821826

Herbert WJ, Lumsden WH. Trypanosoma brucei: a rapid "matching" method for estimating the host's
parasitemia. Exp Parasitol. 1976; 40(3):427—-431. https://doi.org/10.1016/0014-4894(76)90110-7
PMID: 976425

Griffith OW. Determination of glutathione and glutathione disulfide using glutathione reductase and 2-
vinylpyridine. Anal Biochem. 1980; 106(1):207-212. https://doi.org/10.1016/0003-2697(80)90139-6
PMID: 7416462

Draper HH, Hadley M. Malondialdehyde determination as index of lipid peroxidation. Methods Enzymol.
1990; 186:421—-431. https://doi.org/10.1016/0076-6879(90)86135-i PMID: 2233309

Rhee KJ, Kim HC, Jung BD. Effect of Ginkgo biloba extract on the survival rate in lipopolysaccharide-
induced sepsis model mice. Korean Journal of Veterinary Service. The Korean Society of Veterinary
Service. 2012.35.3.191. https://doi.org/10.7853/kjvs

Matthews KR, McCulloch R, Morrison LJ. The within-host dynamics of African trypanosome infections.
Philos Trans R Soc Lond B Biol Sci. 2015 Aug 19; 370(1675):20140288. https://doi.org/10.1098/rstb.
2014.0288 PMID: 26150654; PMCID: PMC4528486.

Stijlemans B, De Baetselier P, Magez S, Van Ginderachter JA, De Trez C. African Trypanosomiasis-
Associated Anemia: The Contribution of the Interplay between Parasites and the Mononuclear Phago-
cyte System. Front Immunol. 2018 Feb 15; 9:218. https://doi.org/10.3389/fimmu.2018.00218 PMID:
29497418; PMCID: PMC5818406.

Ndung'u K, Ngotho M, Kinyua J, Kagira J, Guya S, Ndung'u J, et al. Pathogenicity of bloodstream and
cerebrospinal fluid forms of Trypanosoma brucei rhodesiense in Swiss White Mice. Afr J Health Sci.
2008; 15(1).doi.org/10.4314/ajhs.v15i1.30871.

Vincendeau P, Bouteille B. Immunology and immunopathology of African trypanosomiasis. An Acad
Bras Cienc. 2006; 78(4):645-665. https://doi.org/10.1590/s0001-37652006000400004 PMID:
17143404

Baral TN. Immunobiology of African trypanosomes: need of alternative interventions. J Biomed Biotech-
nol. 2010; 2010:389153. https://doi.org/10.1155/2010/389153 PMID: 20182644

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012103  April 15, 2024 23/26


https://doi.org/10.12980/jclm.2.2014c90
https://doi.org/10.12980/jclm.2.2014c90
https://doi.org/10.2174/156720507781077304
https://doi.org/10.2174/156720507781077304
http://www.ncbi.nlm.nih.gov/pubmed/17627482
https://doi.org/10.1073/pnas.182425199
http://www.ncbi.nlm.nih.gov/pubmed/12213959
https://doi.org/10.1002/ptr.814
http://www.ncbi.nlm.nih.gov/pubmed/11507743
https://doi.org/10.1111/j.1745-7254.2006.00378.x
http://www.ncbi.nlm.nih.gov/pubmed/16923333
https://doi.org/10.1111/j.1745-7254.2008.00837.x
http://www.ncbi.nlm.nih.gov/pubmed/18718173
https://doi.org/10.5483/bmbrep.2007.40.5.678
https://doi.org/10.5483/bmbrep.2007.40.5.678
http://www.ncbi.nlm.nih.gov/pubmed/17927900
http://www.ncbi.nlm.nih.gov/pubmed/15927922
https://doi.org/10.1080/14786419.2013.879303
http://www.ncbi.nlm.nih.gov/pubmed/24499319
https://doi.org/10.4103/0976-500X.72351
http://www.ncbi.nlm.nih.gov/pubmed/21350617
https://doi.org/10.1001/archfami.7.6.523
http://www.ncbi.nlm.nih.gov/pubmed/9821826
https://doi.org/10.1016/0014-4894%2876%2990110-7
http://www.ncbi.nlm.nih.gov/pubmed/976425
https://doi.org/10.1016/0003-2697%2880%2990139-6
http://www.ncbi.nlm.nih.gov/pubmed/7416462
https://doi.org/10.1016/0076-6879%2890%2986135-i
http://www.ncbi.nlm.nih.gov/pubmed/2233309
https://doi.org/10.7853/kjvs
https://doi.org/10.1098/rstb.2014.0288
https://doi.org/10.1098/rstb.2014.0288
http://www.ncbi.nlm.nih.gov/pubmed/26150654
https://doi.org/10.3389/fimmu.2018.00218
http://www.ncbi.nlm.nih.gov/pubmed/29497418
https://doi.org/10.1590/s0001-37652006000400004
http://www.ncbi.nlm.nih.gov/pubmed/17143404
https://doi.org/10.1155/2010/389153
http://www.ncbi.nlm.nih.gov/pubmed/20182644
https://doi.org/10.1371/journal.pntd.0012103

PLOS NEGLECTED TROPICAL DISEASES Ginkgo biloba attenuated detrimental events due to T.b.rand melarsoprol

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

Kristensson K, Nygard M, Bertini G, Bentivoglio M. African trypanosome infections of the nervous sys-
tem: parasite entry and effects on sleep and synaptic functions. Prog Neurobiol. 2010; 91(2):152—171.
https://doi.org/10.1016/j.pneurobio.2009.12.001 PMID: 19995590

Abdel-Kader R, Hauptmann S, Keil U, Scherping |, Leuner K, Eckert A, et al. Stabilization of mitochon-
drial function by Ginkgo biloba extract (EGb 761). Pharmacol Res. 2007; 56(6):493-502. https://doi.org/
10.1016/j.phrs.2007.09.011 PMID: 17977008

Gohil K, Packer L. Bioflavonoid-rich botanical extracts show antioxidant and gene regulatory activity.
Ann N'Y Acad Sci. 2002 May; 957:70-7. https://doi.org/10.1111/].1749-6632.2002.tb02906.x PMID:
12074962

Du C, Xi C, Wu C, Sha J, Zhang J, Li C. Ginkgo biloba extract protects early brain injury after subarach-
noid hemorrhage via inhibiting thioredoxin interacting protein/NLRP3 signaling pathway. /ran J Basic
Med Sci. 2020; 23(10):1340—1345. https://doi.org/10.22038/ijbms.2020.42834.10090 PMID: 33149868

Grab DJ, Kennedy PG. Traversal of human and animal trypanosomes across the blood-brain barrier. J
Neurovirol. 2008; 14(5):344-351. https://doi.org/10.1080/13550280802282934 PMID: 19016378

Nikolskaia OV, de A Lima AP, Kim YV, et al. Blood-brain barrier traversal by African trypanosomes
requires calcium signaling induced by parasite cysteine protease [published correction appears in J Clin
Invest. 2008 May;118(5):1974]. J Clin Invest. 2006; 116(10):2739-2747. https://doi.org/10.1172/
JCI27798 PMID: 16998589

Singh SK, Srivastav S, Castellani RJ, Plascencia-Villa G, Perry G. Neuroprotective and Antioxidant
Effect of Ginkgo biloba Extract Against AD and Other Neurological Disorders. Neurotherapeutics. 2019;
16(3):666—674. https://doi.org/10.1007/s13311-019-00767-8 PMID: 31376068

Smith JV, Luo Y. Elevation of oxidative free radicals in Alzheimer’s disease models can be attenuated
by Ginkgo biloba extract EGb 761. J Alzheimers Dis. 2003; 5(4):287-300. https://doi.org/10.3233/jad-
2003-5404 PMID: 14624024

Musaya J, Matovu E, Nyirenda M, Chisi J. Role of cytokines in Trypanosoma brucei-induced anaemia:
A review of the literature. Malawi Med J. 2015; 27(2):45-50. https://doi.org/10.4314/mmj.v27i2.3 PMID:
26405511

Ayo JO, Kobo PI. Haematological changes in Trypanosoma brucei brucei infected wistar rats treated
with a favonoid mixture and/or diminazene aceturate. Biol Med.2014; 6(3). https://doi.org/10.4172/
0974-8369.1000213

Neves JV, Gomes AC, Costa DM, et al. A role for hepcidin in the anemia caused by Trypanosoma bru-
cei infection. Haematologica. 2021; 106(3):806—818. Published 2021 Mar 1. https://doi.org/10.3324/
haematol.2019.227728 PMID: 31919087

He J, Lin J, Li J, Zhang JH, Sun XM, Zeng CM. Dual effects of Ginkgo biloba leaf extract on human red
blood cells. Basic Clin Pharmacol Toxicol. 2009; 104(2):138—144. https://doi.org/10.1111/j.1742-7843.
2008.00354.x PMID: 19143753

Lorne S. Trypanosomiasis. A Veterinary Perspective. New York: Pergamon Press, 1986; pp 351-420.

Maxie MG, Losos GJ, Tabel H. Experimental bovine trypanosomiasis (Trypanosoma vivax and T. con-
golense). |. Sumptomatology and clinical pathology. Tropenmed Parasitol. 1979; 30(3):274-282. PMID:
542998

Oula JO, Mose JM, Waiganjo NN, Chepukosi KW, Mitalo NS, Isaac AO, et al. Vitamin B12 blocked Try-
panosoma brucei rhodesiense-driven disruption of the blood brain barrier, and normalized nitric oxide
and malondialdehyde levels in a mouse model. Parasitol Int. 2023; 96:102775. https://doi.org/10.1016/j.
parint.2023.102775 PMID: 37390918

Mitalo NS, Waiganjo NN, Mokua Mose J, Bosire DO, Oula JO, Orina Isaac A, et al. Coinfection with
Schistosoma mansoni Enhances Disease Severity in Human African Trypanosomiasis. J Trop Med.
20283; 2023:1063169. Published 2023 Nov 3. https://doi.org/10.1155/2023/1063169 PMID: 37954132

Wairimu NW, Wairagu P, Chepukosi KW, Obiero GF, Okanya PW, Isaac AO, et al. Sodium Metabisul-
fite-Induced Hematotoxicity, Oxidative Stress, and Organ Damage Ameliorated by Standardized
Ginkgo biloba in Mice. J Toxicol. 2023; 2023:7058016. Published 2023 Oct 10. https://doi.org/10.1155/
2023/7058016 PMID: 37854041

Fernandes M, Irulegui |, Deane MP, Ruiz Rde C. Trypanosoma cruzi: course of infection in platelets-
depleted mice. Rev Inst Med Trop Sao Paulo. 1992; 34(1):9-13. https://doi.org/10.1590/s0036-
46651992000100002 PMID: 1307413

Morrell CN. Platelets: killers of parasites or patients?. Blood. 2017; 129(12):1571-1572. https://doi.org/
10.1182/blood-2017-01-764621 PMID: 28336729

Kagira J, Thuita J, Ngotho M, Mdachi R, Mwangangi D, Ndung'u J. Haematology of experimental Trypa-
nosoma brucei rhodesiense infection in vervet monkeys. Afr J Health Sci 2008; 13(3):59-65. https://
doi.org/10.4314/ajhs.v13i3.30837

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012103  April 15, 2024 24/26


https://doi.org/10.1016/j.pneurobio.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19995590
https://doi.org/10.1016/j.phrs.2007.09.011
https://doi.org/10.1016/j.phrs.2007.09.011
http://www.ncbi.nlm.nih.gov/pubmed/17977008
https://doi.org/10.1111/j.1749-6632.2002.tb02906.x
http://www.ncbi.nlm.nih.gov/pubmed/12074962
https://doi.org/10.22038/ijbms.2020.42834.10090
http://www.ncbi.nlm.nih.gov/pubmed/33149868
https://doi.org/10.1080/13550280802282934
http://www.ncbi.nlm.nih.gov/pubmed/19016378
https://doi.org/10.1172/JCI27798
https://doi.org/10.1172/JCI27798
http://www.ncbi.nlm.nih.gov/pubmed/16998589
https://doi.org/10.1007/s13311-019-00767-8
http://www.ncbi.nlm.nih.gov/pubmed/31376068
https://doi.org/10.3233/jad-2003-5404
https://doi.org/10.3233/jad-2003-5404
http://www.ncbi.nlm.nih.gov/pubmed/14624024
https://doi.org/10.4314/mmj.v27i2.3
http://www.ncbi.nlm.nih.gov/pubmed/26405511
https://doi.org/10.4172/0974-8369.1000213
https://doi.org/10.4172/0974-8369.1000213
https://doi.org/10.3324/haematol.2019.227728
https://doi.org/10.3324/haematol.2019.227728
http://www.ncbi.nlm.nih.gov/pubmed/31919087
https://doi.org/10.1111/j.1742-7843.2008.00354.x
https://doi.org/10.1111/j.1742-7843.2008.00354.x
http://www.ncbi.nlm.nih.gov/pubmed/19143753
http://www.ncbi.nlm.nih.gov/pubmed/542998
https://doi.org/10.1016/j.parint.2023.102775
https://doi.org/10.1016/j.parint.2023.102775
http://www.ncbi.nlm.nih.gov/pubmed/37390918
https://doi.org/10.1155/2023/1063169
http://www.ncbi.nlm.nih.gov/pubmed/37954132
https://doi.org/10.1155/2023/7058016
https://doi.org/10.1155/2023/7058016
http://www.ncbi.nlm.nih.gov/pubmed/37854041
https://doi.org/10.1590/s0036-46651992000100002
https://doi.org/10.1590/s0036-46651992000100002
http://www.ncbi.nlm.nih.gov/pubmed/1307413
https://doi.org/10.1182/blood-2017-01-764621
https://doi.org/10.1182/blood-2017-01-764621
http://www.ncbi.nlm.nih.gov/pubmed/28336729
https://doi.org/10.4314/ajhs.v13i3.30837
https://doi.org/10.4314/ajhs.v13i3.30837
https://doi.org/10.1371/journal.pntd.0012103

PLOS NEGLECTED TROPICAL DISEASES Ginkgo biloba attenuated detrimental events due to T.b.rand melarsoprol

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Robins-Browne RM, Schneider J, Metz J. Thrombocytopenia in trypanosomiasis. Am J Trop Med Hyg.
1975; 24(2):226-231. https://doi.org/10.4269/ajtmh.1975.24.226 PMID: 804267

Dutta-Roy AK, Gordon MJ, Kelly C, Hunter K, Crosbie L, Knight-Carpentar T, et al. Inhibitory effect of
Ginkgo biloba extract on human platelet aggregation. Platelets. 1999; 10(5):298-305. https://doi.org/
10.1080/09537109975933 PMID: 16801106

Trindade S, Rijo-Ferreira F, Carvalho T, Pinto-Neves D, Guegan F, Aresta-Branco F, et al. Trypano-
soma brucei Parasites Occupy and Functionally Adapt to the Adipose Tissue in Mice. Cell Host
Microbe. 2016; 19(6):837-848. https://doi.org/10.1016/j.chom.2016.05.002 PMID: 27237364

Miao Q, Ndao M. Trypanosoma cruzi infection and host lipid metabolism. Mediators Inflamm. 2014;
2014:902038. https://doi.org/10.1155/2014/902038 PMID: 25276058

Rodriguez M, Ringstad L, Schafer P, Just S, Hofer HW, Malmsten M, et al. Reduction of atherosclerotic
nanoplaque formation and size by Ginkgo biloba (EGb 761) in cardiovascular high-risk patients. Athero-
sclerosis. 2007; 192(2):438—-444. https://doi.org/10.1016/j.atherosclerosis.2007.02.021 PMID:
17397850

Al-Zakaria Safaa A.; Thanon Imad A-J; Saadallah Luma M. "Effect of Ginkgo biloba on lipid profile in
hypertensive patients on Valsartan monotherapy". Annals of the College of Medicine, Mosul, 40, 2,
2018, 29-33. https://doi.org/10.33899/mmed.2018.160002

Bustanji Y, Al-Masri IM, Mohammad M, Hudaib M, Tawaha K, Tarazi H, et al. Pancreatic lipase inhibi-
tion activity of trilactone terpenes of Ginkgo biloba. J Enzyme Inhib Med Chem. 2011 Aug; 26(4):453-9.
https://doi.org/10.3109/14756366.2010.525509 PMID: 21028941

Xie ZQ, Liang G, Zhang L, Wang Q, Qu Y, Gao Y, et al. Molecular mechanisms underlying the choles-
terol-lowering effect of Ginkgo biloba extract in hepatocytes: a comparative study with lovastatin. Acta
Pharmacol Sin. 2009; 30(9):1262-1275. https://doi.org/10.1038/aps.2009.126 PMID: 19701231

Umar IA, Ogenyi E, Okodaso D, Kimeng E, Stancheva Gl, Omage JJ, et al. Amelioration of anaemia
and organ damage by combined intraperitoneal administration of vitamins A and C to Trypanosoma bru-
cei brucei-infected rats. Afr J Biotechnol. 2007; 6(18):2083-2086. https://doi.org/10.5897/AJB2007.
0002322

Checconi P, Limongi D, Baldelli S, Ciriolo MR, Nencioni L, Palamara AT. Role of Glutathionylation in
Infection and Inflammation. Nutrients. 2019; 11(8):1952. https://doi.org/10.3390/nu11081952 PMID:
31434242

LiH, Sun X, YuF, Xu L, Miu J, Xiao P. In Silico Investigation of the Pharmacological Mechanisms of
Beneficial Effects of Ginkgo biloba L. on Alzheimer’s Disease. Nutrients. 2018; 10(5):589. https://doi.
org/10.3390/nu10050589 PMID: 29747475

Kaur S, Sharma N, Nehru B. Anti-inflammatory effects of Ginkgo biloba extract against trimethyltin-
induced hippocampal neuronal injury. Inflammopharmacology. 2018; 26(1):87—104. https://doi.org/10.
1007/s10787-017-0396-2 PMID: 28918573

Beschin A, Brys L, Magez S, Radwanska M, De Baetselier P. Trypanosoma brucei infection elicits nitric
oxide-dependent and nitric oxide-independent suppressive mechanisms. J Leukoc Biol. 1998; 63
(4):429-439. https://doi.org/10.1002/jlb.63.4.429 PMID: 9544572

Sternberg JM, Njogu Maina N, Gickhuki CW, Ndung’U JM. Nitric oxide production in vervet monkeys
(Cercopithecus aethiops) infected with Trypanosoma brucei. Parasite Immunol. 1998; 20(8):395-397.
https://doi.org/10.1046/j.1365-3024.1998.00164.x PMID: 9767605

Eze JI, Anene BM, Chukwu CC. Determination of serum and organ malondialdehyde (MDA) concentra-
tion, a lipid peroxidation index, in Trypanosoma brucei-infected rats. Comparative Clinical Pathology.
2008; 17(2), 67—72. https://doi.org/10.1007/s00580-008-0722-6

Lu Q, Hao M, Wu W, Zhang N, Isaac AT, Yin J, et al. Antidiabetic cataract effects of GbE, rutin and quer-
cetin are mediated by the inhibition of oxidative stress and polyol pathway. Acta Biochim Pol. 2018; 65
(1):35-41. https://doi.org/10.18388/abp.2016_1387 PMID: 29281744

Cao S, Gao M, Wang N, Liu N, Du G, Lu J. Prevention of Selenite-Induced Cataratogenesis by Ginkgo
biloba Extract (Egb761) in Wistar Rats. Curr Eye Res. 2015; 40(10):1028-1033. https://doi.org/10.
3109/02713683.2014.980005 PMID: 25380229

Khedr MH, Shafaa MW, Abdel-Ghaffar A, Saleh A. Radioprotective efficacy of Ginkgo biloba and Angel-
ica archangelica extract against technetium-99m-sestamibi induced oxidative stress and lens injury in
rats. Int J Radiat Biol. 2018; 94(1):37—44. https://doi.org/10.1080/09553002.2018.1407463 PMID:
29157082

Lebda MA, Sadek KM, Tohamy HG, Abouzed TK, Shukry M, Umezawa M, et al. Potential role of a-lipoic
acid and Ginkgo biloba against silver nanopatrticles-induced neuronal apoptosis and blood-brain barrier
impairments in rats. Life Sci. 2018; 212:251-260. https://doi.org/10.1016/}.1fs.2018.10.011 PMID:
30304694

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012103  April 15, 2024 25/26


https://doi.org/10.4269/ajtmh.1975.24.226
http://www.ncbi.nlm.nih.gov/pubmed/804267
https://doi.org/10.1080/09537109975933
https://doi.org/10.1080/09537109975933
http://www.ncbi.nlm.nih.gov/pubmed/16801106
https://doi.org/10.1016/j.chom.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27237364
https://doi.org/10.1155/2014/902038
http://www.ncbi.nlm.nih.gov/pubmed/25276058
https://doi.org/10.1016/j.atherosclerosis.2007.02.021
http://www.ncbi.nlm.nih.gov/pubmed/17397850
https://doi.org/10.33899/mmed.2018.160002
https://doi.org/10.3109/14756366.2010.525509
http://www.ncbi.nlm.nih.gov/pubmed/21028941
https://doi.org/10.1038/aps.2009.126
http://www.ncbi.nlm.nih.gov/pubmed/19701231
https://doi.org/10.5897/AJB2007.0002322
https://doi.org/10.5897/AJB2007.0002322
https://doi.org/10.3390/nu11081952
http://www.ncbi.nlm.nih.gov/pubmed/31434242
https://doi.org/10.3390/nu10050589
https://doi.org/10.3390/nu10050589
http://www.ncbi.nlm.nih.gov/pubmed/29747475
https://doi.org/10.1007/s10787-017-0396-2
https://doi.org/10.1007/s10787-017-0396-2
http://www.ncbi.nlm.nih.gov/pubmed/28918573
https://doi.org/10.1002/jlb.63.4.429
http://www.ncbi.nlm.nih.gov/pubmed/9544572
https://doi.org/10.1046/j.1365-3024.1998.00164.x
http://www.ncbi.nlm.nih.gov/pubmed/9767605
https://doi.org/10.1007/s00580-008-0722-6
https://doi.org/10.18388/abp.2016%5F1387
http://www.ncbi.nlm.nih.gov/pubmed/29281744
https://doi.org/10.3109/02713683.2014.980005
https://doi.org/10.3109/02713683.2014.980005
http://www.ncbi.nlm.nih.gov/pubmed/25380229
https://doi.org/10.1080/09553002.2018.1407463
http://www.ncbi.nlm.nih.gov/pubmed/29157082
https://doi.org/10.1016/j.lfs.2018.10.011
http://www.ncbi.nlm.nih.gov/pubmed/30304694
https://doi.org/10.1371/journal.pntd.0012103

PLOS NEGLECTED TROPICAL DISEASES Ginkgo biloba attenuated detrimental events due to T.b.rand melarsoprol

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ayo JO, Aliu YO, Amber El, Oladele SB, Ayo RG. Pathophysiologic mechanisms of leucocyte-gener-
ated free radicals in disease processes. A review. Zariya Vet. 1999; 6:100-111.

Lee CY, Yang JJ, Lee SS, et al. Protective effect of Ginkgo biloba leaves extract, EGb761, on endo-
toxin-induced acute lung injury via a JNK- and Akt-dependent NFkB pathway. J Agric Food Chem.
2014; 62(27):6337-6344. https://doi.org/10.1021/jf501913b PMID: 24956234

Karori SM, Ngure RM, Wachira FN, Wanyoko JK, Mwangi JN. Different types of tea products attenuate
inflammation induced in Trypanosoma brucei infected mice. Parasitol Int. 2008; 57(3):325-333. https://
doi.org/10.1016/j.parint.2008.02.003 PMID: 18456544

Hertz CJ, Mansfield JM. IFN-gamma-dependent nitric oxide production is not linked to resistance in
experimental African trypanosomiasis. Cell Immunol. 1999; 192(1):24-32. https://doi.org/10.1006/
cimm.1998.1429 PMID: 10066343

Namangala B, Noél W, De Baetselier P, Brys L, Beschin A. Relative contribution of interferon-gamma
and interleukin-10 to resistance to murine African trypanosomosis. J Infect Dis. 2001; 183(12):1794—
1800. https://doi.org/10.1086/320731 PMID: 11372033

Kato CD, Matovu E, Mugasa CM, Nanteza A, Alibu VP. The role of cytokines in the pathogenesis and
staging of Trypanosoma brucei rhodesiense sleeping sickness. Allergy Asthma Clin Immunol. 2016;
12:4. Published 2016 Jan 22. https://doi.org/10.1186/s13223-016-0113-5 PMID: 26807135

Gargouri B, Carstensen J, Bhatia HS, Huell M, Dietz GPH, Fiebich BL. Anti-neuroinflammatory effects
of Ginkgo biloba extract EGb761 in LPS-activated primary microglial cells. Phytomedicine. 2018;
44:45-55. https://doi.org/10.1016/j.phymed.2018.04.009 PMID: 29895492

Achete de Souza G, de Marqui SV, Matias JN, Guiguer EL, Barbalho SM. Effects of Ginkgo biloba on
Diseases Related to Oxidative Stress. Planta Med. 2020; 86(6):376—386. https://doi.org/10.1055/a-
1109-3405 PMID: 32097975

Al Kury LT, Dayyan F, Ali Shah F, Malik Z, Khalil AAK, Alattar A, et al. Ginkgo biloba Extract Protects
against Methotrexate-Induced Hepatotoxicity: A Computational and Pharmacological Approach. Mole-
cules. 2020; 25(11):2540. https://doi.org/10.3390/molecules25112540 PMID: 32486047

Parimoo HA, Sharma R, Patil RD, Sharma OP, Kumar P, Kumar N. Hepatoprotective effect of Ginkgo
biloba leaf extract on lantadenes-induced hepatotoxicity in guinea pigs. Toxicon. 2014; 81:1-12. https://
doi.org/10.1016/j.toxicon.2014.01.013 PMID: 24472344

Anosa VO. Haematological and biochemical changes in human and animal trypanosomiasis. Part I.
Rev Elev Med Vet Pays Trop. 1988; 41(1):65—78. PMID: 3057543

Elatrash AM, El-Haleim SZ. A Protective role of Ginkgo biloba on monosodium glutamate: induced liver
and kidney toxicity in rats. Res J Pharm Biol Chem Sci. 2015; 6 (1): 1433—1441.

Karaye GP, Sackey AKB, Tekdek LB, Lawan IA. Biochemical response of red sokoto bucks experimen-
tally infected with Trypanosoma congolense and Trypanosoma bruceitreatment and relapse Saudi J.
Biomed. Res. 2017; 2(4):86—90.

Ojo RJ, Enoch GA, Adeh FS, Fompun LC, Bitrus BY, Kugama MA. Comprehensive analysis of oral
administration of Vitamin E on the early stage of Trypanosoma brucei bruceiinfection. J Parasit Dis.
2021; 45(2):512-523. https://doi.org/10.1007/s12639-020-01322-5 PMID: 34295050

Clostre F. De I'organisme aux membranes cellulaires: les différents niveaux d’actions pharmacologi-
ques de I'extrait de Ginkgo biloba [From the body to the cell membrane: the different levels of pharma-
cological action of Ginkgo biloba extract]. Presse Med. 1986; 15(31):1529—1538.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012103  April 15, 2024 26/26


https://doi.org/10.1021/jf501913b
http://www.ncbi.nlm.nih.gov/pubmed/24956234
https://doi.org/10.1016/j.parint.2008.02.003
https://doi.org/10.1016/j.parint.2008.02.003
http://www.ncbi.nlm.nih.gov/pubmed/18456544
https://doi.org/10.1006/cimm.1998.1429
https://doi.org/10.1006/cimm.1998.1429
http://www.ncbi.nlm.nih.gov/pubmed/10066343
https://doi.org/10.1086/320731
http://www.ncbi.nlm.nih.gov/pubmed/11372033
https://doi.org/10.1186/s13223-016-0113-5
http://www.ncbi.nlm.nih.gov/pubmed/26807135
https://doi.org/10.1016/j.phymed.2018.04.009
http://www.ncbi.nlm.nih.gov/pubmed/29895492
https://doi.org/10.1055/a-1109-3405
https://doi.org/10.1055/a-1109-3405
http://www.ncbi.nlm.nih.gov/pubmed/32097975
https://doi.org/10.3390/molecules25112540
http://www.ncbi.nlm.nih.gov/pubmed/32486047
https://doi.org/10.1016/j.toxicon.2014.01.013
https://doi.org/10.1016/j.toxicon.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24472344
http://www.ncbi.nlm.nih.gov/pubmed/3057543
https://doi.org/10.1007/s12639-020-01322-5
http://www.ncbi.nlm.nih.gov/pubmed/34295050
https://doi.org/10.1371/journal.pntd.0012103

