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Abstract: Dementia in sub-Saharan Africa has been largely underestimated, but
the cases are expected to increase substantially as African countries are
experiencing highrates of growthin older people. As conventional medicine is
expensive and often inaccessible, the majority of the communities in Africa rely
on traditional medicine for basic health care. Plants may be a valuable source of
neurotherapeutics, particularly of inhibitors of oxytosis/ferroptosis, a
neurodegenerative pathway associated with dementia. This study evaluated the
Quick Response Code anti-oxytotic/ferroptotic activity of different plants used in the traditional
E E medicine of Cote d’Ivoire. Ten plant species (Adenia cissampeloides, Adenia
lobata, Entada mannii, Enantia polycarpa, Harungana madagascariensis,

Kigelia africana, Terminalia ivorensis, Terminalia mantaly, Terminalia superba
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| and Vernonia amygdalina) were selected based on their traditional use and the
E:‘:ﬂ' respective parts were collected in the Agboville region of South-eastern Cote
d’Ivoire. Extracts were prepared by maceration in water and tested for protection

in a nerve cell culture model of oxytosis/ferroptosis. The neuroprotective effects
of the extracts werefurther evaluated in additional cell-based assays, including
intracellular AP toxicity, energy loss, inflammation and neurite differentiation.
Terminalia ivorensis, Terminalia mantaly and Terminalia superba offered the
best protection overall in the assays. They provided strong inhibition of
oxytosis/ferroptosis as well as excellent protection against intracellular AP
toxicity and energy loss. Additional studies are required to confirm the efficacy
of these plants as neurotherapeutics, but the findings highlight the potential of
plants used in the traditional medicine of Céte d’Ivoire to provide new treatments
for dementia.
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Historically, dementia in sub-Saharan Africa
has been largely overlooked. This is partly explained by
limitations on the diagnostic methodology, types of study
settings and geographical coverage (Akinyemi et al.,
2022). While a lot of attention has been given to

INTRODUCTION

The aging of the population is a phenomenon
that is gaining pace globally and that exposes everyone
to an increased risk of diseases that are associated with

the progressive degeneration of the body with age. A
particularly challenging set of these diseases is
Alzheimer’s disease (AD) and related dementias, which
result in severe impairments in memory, thinking and
social abilities as a consequence of pathological
biochemical changes in the central nervous system.

infectious diseases, non-communicable diseases such as
dementia have not been a priority for governments
(Guerchet et al., 2017). This is despite the fact that Africa
has the highest rates of human immunodeficiency virus
(HIV) in the world, and that HIV patients are at an
increased risk of developing cognitive dysfunction and
dementia (Akinyemi et al., 2022). In addition, there still
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is a strong stigma among the communities towards older
people with mental illnesses, which sometimes is
regarded as witchery. Along with a paucity of
information, all these factors translate into a lot of the
dementia cases simply going undiagnosed.

It is estimated that the current prevalence of
dementia in sub-Saharan people aged 60 years and over
is higher than 6% (Guerchet et al., 2017). But as sub-
Saharan African countries are experiencing some of the
fastest growth rates in older people worldwide, these
countries are projected to have a rapid increase in the
number of people living with dementia in the coming
decades (Guerchet et al., 2017). Therefore, more basic
and translational research on dementia is needed in sub-
Saharan Africa so that health policy decisions can be
implemented adequately in the future.

As conventional medicine is expensive and
often inaccessible, the majority of the rural African
communities rely on traditional medicine for basic health
care. This is particularly noticeable in Western Africa,
where the knowledge of medicinal plants and their
therapeutic effects has been preserved by the population
at large and specifically by the traditional medical
practitioners, who maybe consulted for treatment of a
variety of ailments. Herbal medicines are central in
traditional medicine, and they may be prepared from
whole plants or parts of plants, including leaves, bark,
berries, flowers and roots (Ozioma and Nwamaka
Chinwe 2019).

Cote d’Ivoire is one of the most biodiverse
countries in Western Africa as it shares the Guinean
forests of West Africa, one of the biodiversity hotspots
in the world. Several ethnobotanical surveys have been
conducted in the country (Kerhar and Bouquet 1950;
Adjanohoun and Aké Assi 1979; Vangah-Manda 1986;
N’guéssan 1995; Konéet al., 2002).The present study
took place with plants collected in the South-eastern part
of the country, in the District of Lagunes, more precisely
in the Department of Agboville, located just North of
Abidjan (Figure 1). The Department of Agboville is
composed of 103 villages and has a population of
220,050 inhabitants (SODEFOR 1999). The largest
indigenous populations are Abbey and Krobou, two
ethnic entities of the Akan group, in the larger Kwa group
(Sournia and Arnaud, 1978). The Abbey and Krobou are
mostly landowners and farmers, but some devote
themselves to hunting, fishing, sculpture, and a few work
as traditional healers. The original vegetation in the
region was composed of dense, evergreen humid forests
(Avenard et al., 1971). Today, highly degraded by
agricultural and forestry exploitation, it is characterized
by a dense, semi-deciduous humid forests (N’guéssan
2008) and diverse crops of coffee, cocoa, rubber and
bananas. However, there still are classified forests where
protected flora and a fauna can be found. Despite the rich
traditional medicinal knowledge in Coéte d’Ivoire,
rigorous scientific experimentation must be conducted so
that the ethnopharmacological value of its herbal
medicines can be evaluated.

Department of Agboville
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Figure 1: Geographical and administrative context of the Department of Agboville in Cote d'lvoire. The specific locations
where the plants were collected are indicated with red circles (Agboville, Ananguié, Attobrou, Azaguié, Cechi, Grand-
Moutcho, Loviguié, Oress-Krobou, Rubino)
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Because old age is the greatest risk factor for
AD and related dementias, we have been combining cell
culture and animal models of brain aging to understand
AD and to develop medicines that are derived from
natural products. These efforts have identified a unique
mechanism of neurodegeneration called
oxytosis/ferroptosis as a possible link between aging and
AD (Lewerenz et al., 2018; Maher et al., 2020a).
Oxytosis/ferroptosis is a form of non-apoptotic regulated
cell death characterized by glutathione (GSH) depletion
and dysregulated production of reactive oxygen species
(ROS) from mitochondria that results in lethal lipid
peroxidation. All of these changes are detected in the
brain with aging and exacerbated in AD (Currais and
Maher 2013; Maher et al, 2020a), where
oxytosis/ferroptosis may manifest itself over an extended
time period thereby offering a significant window for
therapeutic intervention. We have shown that inhibitors
of oxytosis/ferroptosis are not only protective in
transgenic mouse models of AD (Ates et al., 2020;
Currais et al., 2014b) but also prevent dementia in
SAMP8 mice (Currais et al., 2015; Currais et al., 2019),
a model of accelerated aging.

Plants display a great diversity of biochemicals
to deal with physiological stresses, some of which are
relevant to human medicine. Importantly, the
oxytosis/ferroptosis pathway and associated toxic lipid
peroxidation also occur in plants and many natural
products are likely made to overcome these stresses
(Conrad et al., 2018; Soriano-Castell et al., 2021b). We
have now demonstrated that inhibitors of
oxytosis/ferroptosis can be identified from libraries of
plant compounds (Soriano-Castell et al., 2021a), plant
extracts (Fischer et al., 2019), herbarium collections
(Maher et al., 2020b)and plants used in traditional
medicine (Currais et al., 2014a). Once identified, these

compounds are tested in animal models and used to
uncover regulatory molecular pathways. Therefore, the
potential for discovering new anti-oxytotic/ferroptotic
compounds from plants is immense.

In the present study, ten plant species that are
used in the traditional medicine of Western Africa and
Cote d’Ivoire to treat symptoms relevant to aging and
AD were evaluated for protection against
oxytosis/ferroptosis in nervecell culture. Additional
assays were used to test the effects of extracts from these
plants against other toxicities, such as toxic intracellular
accumulation of amyloid beta (AP), energy loss and
inflammation. These findings result in one of the first
seminal studies to investigate the value of medicinal
plants from Cote d’Ivoire to treat dementia.

MATERIAL AND METHODS

All reagents were obtained from Sigma-Aldrich
(St. Louis, MO, USA), unless otherwise stated.

Plant material

The  fresh  stem/bark  from  Adenia
cissampeloides (AC), Adenialobata (AL), Entada
mannii (EM), Enantia polycarpa (EP), Kigelia africana
(KA), Terminalia ivorensis (TI), Terminalia mantaly
(TM) and Terminalia superba (TS), and fresh leaves
from Harungana madagascariensis (HM) and Vernonia
amygdalina (VA) were collected in the Agboville region
of South-eastern Cote d’Ivoire between November and
December 2020 (Table 1). The identification and
authentication were done by a botanist from the National
Floristic Center (CNF) at the University of Felix
Houphouét-Boigny. The nomenclature follows the
African plant database (APD) and PROTA4U
(PROTA4U).

Table 1: Descriptions of the medicinal plants used in the study

ID | Botanical name Family Common Part Indications
name used
AC | Adenia Passifloraceae | Ekélé Stem + | Anaemia, cholera, depression, fever, gastro-
cissampeloides Bark intestinal disorders, inflammatory illnesses,
(Planch. ex Hook.) insanity, malaria, pain, respiratory problems,
Harms rheumatism.

AL | Adenia lobata (Jacg.) | Passifloraceae | Ayélégnaman

Stem + | Fever, insanity,malaria,pain, respiratory

(DC.) Engl. et Diels

Engl. Bark problems.

EM | Entada mannii Mimosaceae Polta Bark Diabetes, high blood pressure, malaria.
(Oliv.) Tissérent

EP | Enantia polycarpa Annonaceae Pkawoué Bark Fever, jaundice, leprosy, malaria, ophthalmia,

skin infections, sores, ulcers.

HM | Harungana Hypericaceae | Ennvi-vi/
madagascariensis Wombé
Lam. ex Poir.

Leaves | Anemia, angina, asthma, diarrhea, dysentery,
fever, gonorrhea, malaria, parasitic skin
diseases, syphilis, tuberculosis, wounds.

KA | Kigelia africana
(Lam.) Benth.

Bignoniaceae | Gbord

Bark Anaemia, epilepsy, bacterial and fungal
infections, fainting, gastric disorders,
gynaecological disorders, hepatic and cardiac
disorders, infectious diseases, malignant
neoplasms, pain, respiratory problems,
rheumatism, skin problems, weakness, wounds.
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A. Chev.

ID | Botanical name Family Common Part Indications
name used
TI Terminalia ivorensis | Combretaceae | Gho-ti Bark Haemorrhoids, malaria, pain, rheumatism,

sores, ulcers, wounds, yellow fever.

TM | Terminalia mantaly
(Bambara)

Combretaceae | Etagedyirini

Bark Cutaneous and genital problems, diabetes,
dysentery, gastroenteritis, hypertension,
infections, oral problems.

TS | Terminalia superba | Combretaceae | Pai

Bark Aphthae, analgesic, bronchitis, diarrhea,
dysentery, gingivitis, haemorrhoids, malaria,
ovarian problems, sores, swellings, vomiting,

wounds.
VA | Vernonia Asteraceae Abowé/ Leaves | Cough, diarrhea, dysentery, fever, hepatitis,
amygdalina Delile Wabhorvi malaria, pain.

Preparation of extracts

Dried material was powdered and 100 g of
vegetable powder were macerated in 1 L of distilled
water for 24 hours at room temperature. The homogenate
obtained was filtered once with cloth, three times with
absorbent cotton and once with Whatman 3 mm paper.
The filtrate obtained was then dried in a “Venticel” oven
at 55°C for 48 hours. The dried product was solubilized
in water at 50 mg/mL. Samples were frozen at -80 °C for
long-term storage.

Screening assays
Cell culture:

HT22 mouse hippocampa | nerve cells and
MCB65 human neuroblastoma cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen, Carlsbad, CA, United States) supplemented
with 10% fetal calf serum (FCS) (Hyclone, Logan, UT,
United States), and incubated at 37°C in an atmosphere
with 10% CO,. BV2 mouse microglial cells were grown
in low glucose DMEM supplemented with 10% FCS,
and incubated in similar conditions. PC12 rat
pheochromocytoma cells were grown in high-glucose
DMEM supplemented with 10% FCS and 5% horse
serum.

Oxytosis/ferroptosis:

5 x 10° HT22 cells were plated per well in 96
well plates. After 24 h of culture, the medium was
exchanged with fresh medium, and 5 mM glutamate or
500 nM RSL3 were added alone or in combination with
the plant extracts at the indicated concentrations, as
previously described (Maher et al., 2020b; Soriano-
Castell et al., 2021a). 24 h later, the cellular viability was
measured by the 3-(4, 5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT) assay. In the
absence of a protective extract > 90% of the cells die
under these conditions. In all cases, cells in the dishes
were examined microscopically before the addition of
the MTT reagent to ensure that any positive results in the
MTT assay are not an artifact due to interaction of the
extracts with the assay chemistry.

Intracellular A toxicity:

MC65 cells were regularly grown with 2 pg/mL
tetracycline (Soriano-Castell et al., 2021a). For the
assay, cells were dissociated, plated at 4 x 10° cells per

35 mm tissue culture dish and grown for 24 h. The next
day, the cells were washed with PBS and placed in Opti-
minimal essential media (Opti-MEM, Invitrogen) in the
presence (no induction) or absence (APP-C99 induced)
of 2 pg/mL tetracycline in combination with the plant
extracts. At day 3, the control cells in the absence of
tetracycline were dead, and cell viability was determined
by the MTT assay and confirmed by visual inspection.

Protection against energy loss:

HT22 cells were seeded onto 96 well plates as
described in the oxytosis/ferroptosis assay. The medium
was exchanged 24 h later with fresh medium and the cells
were treated with 15 pM iodoacetic acid (IAA) alone
(which results in 90-95% cell death) or in combination
with the plant extracts at the indicated concentrations
(Soriano-Castell et al., 2021a). After 2 h, the medium
was replaced with fresh medium without 1AA but
containing the compounds. 24 h later, the cellular
viability was measured by the MTT assay.

Inflammation:

BV2 cells were plated at 5 x 10° cells in 35 mm
tissue culture dishes (Maher et al., 2020b). After growth
overnight, the cells were treated with 25 pg/mL bacterial
lipopolysaccharide (LPS) alone or in the presence of the
extracts. After 24h, the medium was removed, spun
briefly to remove floating cells and 100 pL assayed for
nitrite using 100 pL of the Griess Reagent in a 96 well
plate. After incubation for 10 min at room temperature
the absorbance at 550 nm was read on a microplate
reader. The absorbance was normalized to the cell
viability as determined using the MTT assay.

PC12 differentiation:

PC12 cells were plated in 35 mm tissue culture
dishesand the assay carried out as described previously
(Currais et al., 2014a). Briefly, after 3 days of growth,
the medium was replaced with serum-free N2 medium
(Invitrogen, Carlsbad, CA, USA) and the cells were
treated with the extracts. After 24 h, the cells were scored
for the presence of neurites. PC12 cells produce neurites
much more rapidly when treated in N2 medium than
when treated in regular growth medium. For each
treatment, 100 cells in each of three separate fields were
counted. Cells were scored positive if one or more
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neurites longer than one cell body diameter in length
were observed.

Statistical analysis

The ECsos were determined from sigmoidal
dose response curves using GraphPad Prism 9.
Experiments were done at least three independent times.

RESULTS AND DISCUSSION
RESULTS
Plant selection and extract preparation
In this study, ten species of plants used in the
traditional medicine of Cote d’Ivoire were selected to be

Adenia cissampeloides Adenia lobata

Kigelia africana Terminalia ivorensis
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evaluated for their protection against toxic insults that are
characteristic of aging and AD. The selection criteria
were mostly based on the reported therapeutic effects of
these plants on ailments that may have translational value
to dementia, such as memory problems, headaches,
vision decay, neuropathies, different types of pain,
paralysis and movement disorders (Soriano-Castell et al.,
2021b). Diseases associated with old age were also
considered, such as arthritis, body pain, frailty, heart and
kidney problems, inflammation and rheumatism. This
approach rendered the following plants that were
harvested in the Department of Agboville of Cote
d'lvoire (Figure 1) but that can be found in other Western
African countries (Figure 2).

Enantia polycarpa Harungana madascar.

Terminalia superba Vernonia amygdalina
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Figure 2: Distribution across Africa of the different plant species used in this study (APD). Terminalia mantaly is
endemic to Madagascar but it has been introduced into Western Africa

Adenia cissampeloides (AC) is a robust liana up
to many meters long with numerousapplications in
traditional medicine. Its roots, stems and leaves are
commonly used in infusions or decoctions to treat gastro-
intestinal disorders (abdominal pain, constipation,
diarrhoea and dysentery), inflammatory illnesses,
respiratory problems, fever, malaria, cholera, anaemia,
and various forms of pain such as rheumatism, headaches
and back pain (PROTA4U). It can also be used as a
stimulant to treat depression and insanity.

Adenia lobata (AL) is also a large liana, whose
leaf decoction is used to treat fever,insanity, cough and
bronchitis (PROTA4U). In Cote d’Ivoire the leaves are
eaten with palm oil and salt to treat palpitations. The leaf
sap is used against rheumatic, rib and abdominal pains.
The stem sap is taken to treat gastrointestinal problems,
headaches, neck pain and ear inflammation. Other
treated ailments include bacterial infections and malaria.

Entada mannii (EM) is a shrub that can be
scandent or arborescent (JSTOR). Its leaves and bark are
used to treat diabetes, high blood pressure and malaria in
Cote d’Ivoire (Kassi Bosson et al., 2020).

Enantia polycarpa (EP) is a tree whose bark is
used for preparing various traditional medicines. Its bark
decoction is used to treat sores, ulcers, leprosy,
ophthalmia, skin infections,jaundice, fever and malaria
(PROTAA4U).

Harungana madagascariensis (HM) is a small
tree. Its leaves and bark are used to treat anemia, asthma,
tuberculosis, fever, angina, diarrhea, dysentery, syphilis,
gonorrhea, malaria, parasitic skin diseases, and wounds,
with analgesic and anti-inflammatory activities (Iwalewa
et al., 2009).

Kigelia Africana (KA) is a tree with a wide
distribution in Africa (Figure 2) with considerable
pharmacological properties that have been studied due to
its medicinal applications. Its roots, bark, leaves, stems
and fruits can all be used, mostly through decoctions or
topical ointments, to treat gastric disorders, skin
problems, wounds, fainting, anaemia, sickle-cell
anaemia, gynaecological disorders, epilepsy, respiratory
ailments, infectious diseases, hepatic and cardiac
disorders, bacterial and fungal infections, malignant
neoplasms and weakness (PROTA4U). The leaves are
sometimes used to prepare a tonic for general health. In
Cote d’Ivoire, renal and bladder problems are treated
with medicine containing the bark and leaves of KA
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combined with other medicinal plants. KA is also used
for their analgesic and anti-inflammatory properties to
relieve rheumatism, sprains, haematoma, bruising,
toothaches and headaches.

Terminalia ivorensis (T1) is a medium-sized to
large tree whose bark decoctions or powdered bark are
used in traditional medicine to treat wounds, sores,
ulcers, haemorrhoids, malaria, yellow fever, rheumatism
and muscular pain (PROTA4U).

Terminalia mantaly (TM) is a tree endemic to
Madagascar but it has been introduced into Western
Africa and Cote d’Ivoire. It is used against diverse
infections, dysentery, gastroenteritis, hypertension,
diabetes, and oral, dental, cutaneous and genital
problems (Tchuente Tchuenmogne et al., 2017). Studies
on the extracts of this plant have shown antibacterial and
antifungal activities.

Terminalia superba (TS) is a tree widespread in
Western and Central Africa (Figure 2). Bark decoctions
and macerations are used to treat wounds, sores,
haemorrhoids, diarrhoea, dysentery, malaria, vomiting,
gingivitis, bronchitis, aphthae, swellings and ovarian
troubles, and as an analgesic (PROTA4U).

Vernonia amygdalina (VA) is a shrub or small
tree whose leaves are consumed in many dishes. In
traditional medicine, leaf decoctions are used to treat
fever, malaria, diarrhoea, dysentery, hepatitis, cough,
headaches and abdominal pain (PROTA4U).

In the present study, the extracts of all these
plants were prepared by maceration in water, reflecting
the methodsof extraction used in traditional practice.

Determination of anti-oxytotic/ferroptotic activity
Oxytosis/ferroptosis can be triggered by
inhibiting cystine uptake via system xc- with glutamate,
which subsequently depletes intracellular GSH (Maher
et al., 2020a). This leads to inhibition of the GSH-
dependent enzyme GSH peroxidase 4 (Gpx4) and
activation of lipoxygenases (LOXSs). Gpx4 can also be
directly inhibited with the chemical RSL3. In both cases,
ROS and lipid hydroperoxides are generated, leading to
cell death. The plant extracts were screened for their
ability to protect HT22 cells from oxytosis/ferroptosis
induced by glutamate and RSL3. In order to assess the
anti-oxytotic/ferroptotic potency, the half maximal
effective concentrations (ECsgs) of the extracts were
determined (Table 2). No protection was observed with
KA and VA at the concentrations tested. On the other
hand, TI, TS and TM, which belong to the same genus
Terminalia, offered by far the best protection of all of the

extracts against both glutamate and RSL3, with ECses
within the range of 19-59 pg/mL. The other extracts (AC,
AL, EM, EP and HM) also protected, but to a much lesser
extent.

Table 2: Biological activity in the
oxytosis/ferroptosis assay

ID Glutamate RSL3
ECso (Ug/mL)? | ECso (ug/mL)?

AC | 498+68 > 500
AL | 219 +30 340 +28
EM | 178 +39 249 +14
EP | 279 +50 511 +43
HM | 558 +24 490 +40
KA | na® no®

Tl 29 +1 19 +1
T™M | 41 £1 45 +6
TS | 598 42 2
VA | noP no®

@ ECso (ug/mL) — half maximal effective concentration.
® no — no effect.

Assessment of additional bioactivities relevant to
neuroprotection

We have hypothesized previously that drug
candidates that possess multiple biological activities
against different toxicities associated with aging and AD
offer a greater therapeutic advantage to fight the
physiological complexity of the disease (Prior et al.,
2014). Therefore, we tested the plant extracts in
additional cell culture assays that mimic other toxicities
that can be found in the brains of AD patients. These are
intracellular AP toxicity, energy loss and inflammation
(Table 3). In addition, we also assessed the potential of
the extracts to induce neurite outgrowth in PC12 cells.

A significant body of evidence indicates that AP
accumulates within neurons of AD patients before the
appearance of plaques, and that this accumulation may
play a central role in driving the disease (Currais et al.,
2017). To determine the effects of the plant extracts on
intracellular AP toxicity we used the MC65 nerve cell
model. MCB65 cells expresses the C99 fragment of the
amyloid precursor protein (APP) under the control of a
tetracycline-sensitive promoter (Sopher et al., 1994).
When tetracycline is withdrawn, cells express C99 which
is then converted to AP by y-secretase and the cells die
within several days due to AP aggregation within the
cells. As shown in Table 3, all plant extracts protected
the cells to some degree. However, similar to the
oxytosis/ferroptosis assay, Tl, TM and TS showed the
best protection against AP toxicity. EM was also very
protective, at similar levels to the Terminalia.
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Table 3: Biological activity in the intracellular Ap toxicity, energy loss, inflammation and neurite differentiation

assays

ID | AB toxicity ECso (ug/mL)? | Energy loss Inflammation | Differentiation
ECso (ug/mL)? | ECso (ug/mL)? | ECso (pg/mL)?

AC | 53.81+6.59 452 + 49 no® no®

AL |8.62+3.73 217 + 10 no® no®

EM | 0.97 £0.29 367 +17 161 + 66 no®

EP | 18.34+6.34 no® no® no®

HM | 4.80+0.57 464 + 41 no® no®

KA | 12,59+ 1.23 437 + 26 369 + 21 no®

TI | 0.75+0.02 197 + 10 no® no®

TM | 0.40+0.08 176 £ 6 99 + 11 no®

TS | 0.53+0.09 210 + 46 no® no®

VA | 11.95+ 3.25 no® 83+2 125+ 25

8 ECso (g/mL) — half maximal effective concentration.

b no — no effect.

Energy metabolism in the brain decreases with
age and is associated with nerve cell damage and death
in AD (Currais 2015). The loss of energy can be
mimicked using an in vitro ischemia model, in which
HT22 cells are treated with IAA, a well-known
irreversible inhibitor of the glycolytic enzyme
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(Soriano-Castell et al., 2021a). The effects of the extracts
in this model were evaluated. Again, extracts from TI,
TM and TS protected HT22 cells the best against energy
depletion (Table 3). Although not as good, with the
exceptions of EP and VA that had no effect, the rest of
the extracts also offered some protection.

Inflammation is a major feature in AD (Wyss-
Coray and Rogers, 2012). Activated brain microglia have
been implicated in the pathogenesis of AD, as they
produce a wide array of pro-inflammatory and cytotoxic
factors, including cytokines, that may work in concert to
promote neurodegeneration. Thus, inhibiting the
activation of microglia is another important therapeutic
target. Most of the plant extracts were not active in this
assay (Table 3). Only EM, KA, TM and VA were able to
prevent the production of nitric oxide by microglia
stimulated with LPS.

Connections between nerve cells are impaired
in AD. Thus, promoting the regeneration of these
connections might be of particular benefit. As a model
for this property, we use neurite outgrowth in PC12 cells,
a well-studied model system of neuronal differentiation.
In response to neurotrophic factors such as nerve growth
factor (NGF), PC12 cells undergo a series of
physiological changes culminating in a phenotype
resembling that of sympathetic neurons (Keegan and
Halegoua, 1993). With the exception of VA, no other
extract induced the differentiation of PC12 cells (Table
3).

Overall, our data show that, out of the ten
different plants studied, the three species belonging to
the genus Terminalia— T, TM and TS —showed the best

activities in our assays although no extract was effective
in all of the assays.

DiscussION

In this study, we evaluated the neuroprotective
properties of ten plants used in the traditional medicines
of Western Africa and Cdte d’Ivoire. The selection of
these plants was based on their historical use to treat
symptoms relevant to aging and AD, and the preparation
of their extracts for testing took into account the
traditional methods. It is shown that three plants
belonging to the genus Terminalia— TI, TM and TS —
offered the best protection overall in our assays.

Some of the most common methods of
preparing medicines involve the extraction of the active
components using water through decoctions or
macerations. Therefore, it is important to generate
extracts for pharmacological testing using similar
solvents to ensure that the plant secondary metabolites
(PSMs) in the extract resemble more precisely those that
are present in the traditional medicine. This allows the
investigation of the value of these medicines in a specific
disease context. In this study, all plant extracts were
prepared by maceration in water. We have also purposely
selected the plant parts for extraction that correspond to
the ones used in thepractice.

Our primary screening assay for identifying
neuroprotective  therapeutics  relies on  the
oxytosis/ferroptosis pathway, a key cell death
mechanism that we think may bridge the contribution of
aging to AD (Lewerenz et al., 2018; Maher et al., 2020a).
Since this pathway is characterized by endogenous ROS
production and lipid peroxidation, the fact that TI, TM
and TS strongly inhibited oxytosis/ferroptosis in HT22
cells, indicates that they may be preventing the redox
dysregulation in this model. In order to understand how
TI, TM and TS may be working, future experiments
should address this, as well as their effects on the levels
of intracellular GSH.
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In previous reports, we have tested extracts
from plants and showed that neuroprotective compounds
can be identified fromthe extractsthat are potent and have
ECsos ranging 0.3-50 pg/mL in the oxytosis/ferroptosis
assay (Currais et al., 2014a; Fischer et al., 2019; Maher
et al., 2020b). The anti-oxytotic/ferroptotic activities of
TI, TM and TS that we measured were within this range.
It should be noted that the plant extracts in our previous
studies were prepared using either ethanol or
dichloromethane, which are solvents stronger than water
in addition to extracting a set of PSMs that differ in
polarity.

Given the growing role that oxytosis/ferroptosis
is being reported to play in a diversity of human diseases,
the value of having new therapeutics that target this
pathway cannot be overstated. Features of
oxytosis/ferroptosis have also been observed in heart,
liver, vascular and kidney diseases (Han et al., 2020; Li
et al., 2020). Oxytosis/ferroptosis has been described in
rodent models of ischaemia/reperfusion injury in the
heart (Gao et al., 2015; Fang et al., 2019), liver
(Friedmann Angeli et al., 2014; Wang et al., 2019), acute
kidney injury (Friedmann et al., 2014; Martin-Sanchez et
al., 2017), and haemolytic disorders (NaveenKumar et
al., 2018). Therefore, the value of plant-based
oxytosis/ferroptosis inhibitors may thus extend beyond
diseases of the nervous system.

TI, TM and TS were also the most effective
extracts in the intracellular AP toxicity assay. We have
recently demonstrated a mechanistic overlap between
this toxicity and oxytosis/ferroptosis (Huang et al.,
2020). Therefore, our results with TI, TM and TS were
not completely surprising. It is also interesting that the
three Terminalia offered the best protection against the
loss of energy induced by the IAA. Therefore, it is
possible that some of the active PSMs in these extracts
are common to the three species. Future studies could
address this question through a combination of
fractionation, re-testing and compound identification
with mass spectrometry and nuclear magnetic resonance,
as we have described before (Soriano-Castell et al.,
2021b). It would also be important to test other
Terminalia species. For instance, Terminalia chebula
Retz is widely used in traditional Indian and Iranian
medicine to treat dementia (Das et al., 2020).

One of the clearest therapeutic effects of
traditional medicines that can be detected is anti-
inflammatory action. This is because the inflammatory
process is often acute and can be visually monitored.
Although our assay for inflammation uses brain
microglia, since these cells behave similarly to other
tissue-specific macrophages, the assay is also a good
surrogate for inflammation in general that is caused by a
bacterial pathogen (mimicked by the LPS). Of all the
plants tested, TM and VA performed the best. Because
Tl and TS showed no inhibition of inflammation in
culture, it is possible that the effects of TM are explained

by PSMs specific to this species. This illustrates the type
of pharmacological information that could be
additionally used to select candidate plants in the future
for testing in patients. The lack of anti-inflammatory
activity observed with the other plant extracts, even
though they may have traditional medical usages
associated with inflammatory illnesses, could be
explained by the fact that many of these plants are also
excellent antibacterial agents. So, their effect could be
not on the inflammatory processes directly but rather
upon the primary causes related to the infection.

In summary, the present studies confirm the
value of plants used in the traditional medicine of C6te
d’Ivoire as a potential source for new neuroprotective
therapeutics to treat dementia and possibly other diseases
of old age. More studies are necessary and should focus
on screening additional species. The identification of the
active compounds would also be an important step, but
is not strictly necessary, as the plants are immediately
available to the communities and are already likely safe
due to their history of administration. Therefore, future
research can use the approach described here to identify
additional candidate plants that could be immediately
tested in human patients. Overall, our main goal is to
accelerate the discovery of new treatments for dementia
from the available medicinal plants of Western Africa
while at the same time raising awareness to this
devastating disease.
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